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Optimization and Mechanism Study of Bonding Properties of
CFRP/A17075 Single-Lap Joints by Low-Temperature Plasma
Surface Treatment
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Abstract: This paper studied favorable low-temperature plasma (LTP) surface treatment modes
for Carbon Fiber Reinforced Polymer (CFRP)/Al7075 single-lap joints using complex experimental
methods and analyzed the failure modes of the joints. The surface physicochemical properties of
CFRP after LTP surface treatment were characterized using scanning electron microscopy (SEM),
contact angle tests, and X-ray photoelectron spectroscopy (XPS). The influence mechanism of LTP
surface treatment on the bonding properties of CFRP/Al7075 single-lap Joint was studied. The results
of the complex experiment and range analysis showed that the favorable LTP surface treatment
parameters were a speed of 10 mm/s, a distance of 10 mm, and three repeat scans. At these
parameters, the shear strength of the joints reached 30.76 MPa, a 102.8% improvement compared
to the untreated group. The failure mode of the joints shifted from interface failure to substrate
failure. After low-temperature plasma surface treatment with favorable parameters, the CFRP surface
exhibited gully like textures, which enhanced the mechanical interlocking between the CFRP surface
and the adhesive. Additionally, the surface free energy of CFRP significantly increased, reaching
a maximum of 78.77 mJ/m?. XPS results demonstrated that the low-temperature plasma surface
treatment led to a significant increase in the content of oxygen-containing functional groups, such as
C-O, C=0, and O-C=0, on the CFRP surface.

Keywords: carbon fiber reinforced polymer; low-temperature plasma surface treatment; single-lap
joint; shear strength; surface physicochemical properties

1. Introduction

Carbon fiber is a fiber material composed of carbon atoms. It possesses not only low
density and high strength but also excellent high-temperature and low-temperature resis-
tance, good thermal shock resistance, a low thermal expansion coefficient, and outstanding
corrosion resistance. Carbon fiber reinforced polymers (CFRP) find extensive applica-
tions in critical industries such as aerospace, automotive, rail transportation, wind energy,
and construction [1].

The use of CFRP is the primary approach for aircraft lightweighting in the current avi-
ation industry. The range and application areas of CFRP have become crucial indicators for
assessing the level of aircraft structural advancement. Additionally, they serve as important
criteria for airlines when purchasing aircraft. With the continuous increase in the proportion
of CFRP in aircraft components, the issue of connecting CFRP with traditional lightweight
alloys such as aluminum alloys has become inevitable. The traditional mechanical joining
method has advantages in terms of load transmission and ease of disassembly, making it
the main joining method for aircraft structures [2]. When mechanical joining is employed
between composite materials and metals, the differences in their mechanical properties of-
ten lead to reduced connection efficiency. Moreover, joint strength, stiffness, and durability
are compromised. Compared to traditional mechanical joining methods, adhesive bonding
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offers advantages such as lightweight structures and stress-free concentration, leading to
its increasingly widespread application in composite connections [3]. Adhesive bonding
techniques are commonly used for connecting secondary load-bearing components or
participating in connections in an auxiliary manner [4-6]. Adhesive bonding techniques
complement mechanical joining by providing uniform stress distribution to joints, thereby
avoiding localized stress concentration [7,8]. Therefore, enhancing the bonding properties
of adhesive joints has become an important issue in the practical application of composites.

Due to the low surface energy and high chemical inertness of CFRP surfaces, when
CFRP is directly involved in adhesive bonding, the interfacial bond strength between CFRP
and the adhesive layer is extremely low, making the joint highly susceptible to failure.

Therefore, it is necessary to perform certain surface treatments to improve the bonding
strength of CFRP. Common surface treatment methods used before bonding include solvent
cleaning, mechanical surface treatment, chemical surface treatment, plasma treatment, laser
treatment, and so on [9,10]. Among these methods, mechanical surface treatment can cause
significant damage to the substrate surface and generate contaminants. Chemical surface
treatment can lead to environmental issues due to chemical emissions and low efficiency.
Laser treatment carries the risk of fiber damage and delamination [11]. Low-temperature
plasma (LTP) surface treatment, as a dry surface modification technique, can introduce
reactive functional groups on the surface of CFRP, thereby increasing its surface energy
and effectively improving its bonding properties.

Compared to other surface treatment methods, low-temperature plasma surface treat-
ment also offers advantages such as cleanliness and high efficiency. It holds great promise
in the field of composites due to these advantages [12-17].

In practical applications, artificial gas discharge methods are commonly used to
generate stable and controllable low-temperature plasmas. Some commonly used gas
discharge methods include glow discharge, dielectric barrier discharge, corona discharge,
and jet discharge [18,19].

The academic community has extensively researched the application of low-temperature
plasma treatment for surface modification of composites. Chang et al. [20] investigated the
effects of acetone cleaning, plasma treatment, and sandblasting treatment on the bonding
properties of CFRP adhesive joints. The results indicated that both plasma treatment and
sandblasting improved joint strength. However, plasma treatment primarily led to cohesive
failure of the adhesive, while sandblasting caused interfacial damage to the CFRP, indicating
fiber damage during the sandblasting process. In terms of improving lap shear strength,
plasma treatment was found to be more effective than sandblasting. Matthias et al. [21]
used low-temperature atmospheric pressure plasma generated by a plasma jet to improve
the bonding properties of polypropylene (PP). They conducted a comprehensive surface
analysis by employing various O,/Nj mixtures. The results showed that the majority of
plasma-induced polar functional groups were present in the form of water-soluble low
molecular weight oxide species, within a few nanometers of the surface, regardless of the
composition of the gas mixture. These chemical changes also indicate that there are differences
in the interaction mechanisms between plasma reactants and the polymer surface, resulting
in variations in the bonding properties of the polymer. Rafailovic et al. [22] employed
atmospheric pressure plasma treatment to activate CFRP surfaces and enhance the properties
of electroplated copper coatings on them. The results showed that a sufficiently long treatment
time resulted in significant etching of the top epoxy resin layer of the carbon fibers, making
them more conducive to subsequent copper metallization. The bonding properties of the
Cu-carbon fiber composite layer were enhanced through longer plasma activation, eliminating
the need for any additional chemical surface treatment apart from the standard solution used
for self-catalytic Cu deposition.

Chris et al. [23] investigated the impact of atmospheric plasma treatment (APT) on
the surface properties of amine-cured carbon fiber/epoxy resin composites. The results
indicated that APT significantly increased the surface roughness of the solvent-wiped
surface, and the silicon-containing substances reacted with oxygen species in the plasma,
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forming a layer of silicon dioxide. APT slightly reduced the shear strength of the solvent-
wiped surface in lap shear samples, while it increased the shear strength of samples
contaminated with organic silicon.

Based on the current state of research, the majority of studies have focused on com-
paring low-temperature plasma surface treatment with other surface treatment methods,
highlighting its advantages in improving the strength of composite material adhesive joints.
However, in practical applications, many variables are involved in the low-temperature
plasma surface treatment process, such as treatment velocity, treatment distance, number of
repeat scans, discharge power, gas composition, etc. Surprisingly, there is limited research
on the coupling effects of these variables on the strength of adhesive joints. Therefore,
this study employed a complex experimental design to investigate the effects of three
parameters—velocity, distance, and number of repeat scans—on the bonding properties of
CFRP/ Al7075 single-lap joints during the LTP surface treatment process. By utilizing the
range analysis method, the main parameters influencing the bonding strength of the joints
were identified. Next, the favorable parameters from the complex experiment were selected
to further optimize the main influential parameters. This resulted in the determination of
the LTP surface treatment parameters that achieved the highest bonding strength of the
joints. Additionally, a characterization analysis was conducted to examine the macroscopic
failure modes of the joints after LTP surface treatment. Finally, a characterization analy-
sis was conducted on the surface wettability, surface topography, and surface chemical
structure of CFRP after LTP surface treatment, aiming to investigate the mechanism of LTP
surface treatment on the bonding properties of CFRP/Al7075 single-lap joints.

2. Materials and Methods
2.1. Experimental Materials

The CFRP (EH918, Hengshen, Zhenjiang, China) used for preparing the lap joints
was manufactured by curing EH918 epoxy resin with HF40C carbon fiber(Hengshen,

Zhenjiang, China). The properties of EH918 epoxy resin and HF40C carbon fiber are shown
in Tables 1 and 2.

Table 1. Properties of EH918 epoxy resin.

Density Tensile Strength Flexural Strength Elongation at Break Curing Temperature

1.26 g/cm? 105 MPa 80 MPa 23%~26% 210 °C

Table 2. Properties of HF40C carbon fiber.

Linear Density Tensile Strength Tensile Modulus Elongation at Break Density

445 g /km 5600 MPa 295 GPa 1.9% 1.80 g/cm3

The aluminum alloy used for preparing single-lap joints was 7075-T6 high-strength
aerospace aluminum alloy (Jingteng Metal, Shanghai, China) and its properties are shown
in Table 3.

Table 3. Properties of A17075-Té6.

Density Yield Strength (0.2%) Tensile Strength Shear Strength Elastic Modulus Hardness

2.81 g/cm? 503 MPa 572 MPa 330 MPa 71.7 GPa 150 HB

The adhesive used for preparing single-lap joints was DP460, a high-strength two-
component epoxy structural adhesive (DP460, Minnesota Mining and Manufacturing
Corporation, Saint Paul, MN, USA). The main properties of DP460 are shown in Table 4.
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Table 4. Properties of DP460 adhesive.

Elastic Modulus Tensile Strength Shear Strength Elongation at Break
2.7 GPa 37 MPa 32 MPa 4%

2.2. LTP Surface Treatment Device

The LTP surface treatment device used in this study was a pulsed corona discharge
low-temperature plasma jet generation device. It mainly consists of three components: a
pulsed high-voltage power supply, a vortex blower, and a plasma spray gun, as shown in

Figure 1.
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Figure 1. LTP surface treatment device.

The basic principle of the LTP surface treatment device is as follows: when the pulsed
high-voltage power supply is activated, a high-frequency, high-voltage AC electric field
is formed between the small curved positive electrode inside the discharge chamber and
the surrounding negative electrode. This electric field causes the air inside the discharge
chamber to dissociate, forming a sustained discharge of low-temperature plasma. Once
the power of the LTP surface treatment device is stable, the vortex blower is activated to
continuously supply compressed air into the discharge chamber. This airflow helps to
expel the low-temperature plasma from the discharge chamber, forming a stable LTP jet. In
this study, only air was used as a plasma-forming gas for LTP; no other gases were used.

In addition, this study combined the LTP jet generation device with a three-axis motion
platform, enabling control over the velocity and distance of LTP surface treatment. The
three-axis motion platform utilized a UMAC (Universal Motion and Automation Controller)
motion control system (OMRON, Kyoto, Japan). This motion control system, paired with
the Pewin32 Pro2 software, allowed for control over the motion parameters of the plasma
spray gun in the X, Y, and Z directions.

2.3. Sample Preparation

According to GB/T 7124-2008, “Adhesives—Determination of tensile lap-shear strength
of rigid-to-rigid bonded assemblies”, CFRP and Al7075 were processed into standard di-
mensions of 100 mm X 25 mm X 2 mm. The standard adhesive bonding sample size is
shown in Figure 2.
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CFRP Strengthening plate
\ —— |
/ / \
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Figure 2. Standard adhesive sample size.

To eliminate the influence of other factors on the surface properties of the samples,
it was necessary to perform certain pretreatments on the samples before conducting LTP
surface treatment. According to GB/T 21526-2008 “Guidelines for Surface Treatment of
Metals and Plastics Before Structural Adhesive Bonding”, the CFRP and Al7075 surfaces
were ultrasonically cleaned using acetone and dried in a vacuum oven. For Al7075, 800-grit
water abrasive sandpaper was used for horizontal, vertical, and circumferential sanding
to remove the weak oxide layer on the surface of Al7075 before acetone cleaning. Once
the sample surfaces had been properly cleaned, aluminum strengthening plates with a
thickness of 2 mm were attached to the clamping areas.

After the pretreatment of the samples was completed, the CFRP underwent LTP
surface treatment using the LTP surface treatment device with different process parameters,
as shown in Table 5. During the processing, scanning of the same surface area was repeated
1 to 3 times, depending on the test parameters. Five samples were prepared for each
parameter group, and the LTP surface treatment process is shown in Figure 3.

Table 5. LTP surface treatment parameters.

A B C
Level
Velocity (mm/s) Distance (mm) Number of Repeat Scans
1 5 10 1
2 10 15 2
3 15 20 3

Distance '

y o
e,

$

Figure 3. LTP surface treatment process.
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After the samples underwent LTP surface treatment, the DP460 adhesive was dis-
pensed into a 1:1 mixing nozzle using a dispensing gun, ensuring thorough and uniform
mixing. The mixed adhesive was then applied onto the overlapping area of the sample.
According to the testing standard GB/T 7124-2008, the typical adhesive layer thickness
was 0.2 mm. To ensure consistency in the thickness of the adhesive layer, two parallel 0.2
mm metal wires were used along the loading direction for control purposes.

As shown in Figure 4, metal wires parallel to the load direction were placed on the
surface of the sample. The end of the sample was then aligned with the 12.5 mm overlap
area line. Fixtures were used to secure both sides of the overlapping area and apply equal
pressure to the sample for curing. Finally, a tool was used to remove the excess adhesive.
To eliminate errors caused by environmental temperature and humidity, each group of five
samples was placed in a vacuum drying oven at 30 °C for 4 h to ensure complete curing of
the adhesive. After the adhesive had fully cured, the samples were removed from the oven
and subjected to testing.

12.5mm

Load
direction

\> Adhesive
/

Figure 4. Placement of metal wires.

2.4. Shear Strength Test

The determination of shear strength for a single-lap joint follows the standard GB/T
7124-2008 titled “Determination of Shear Strength of Adhesives (Rigid-to-Rigid Materi-
als)”. The testing procedure was conducted using an electronic universal testing machine
(CMT5150, Sans, Shenzhen, China). Throughout the testing process, the loading rate was
maintained at 2 mm/s. When the specimen failed during testing, the peak load and force-
displacement curve of the specimen were measured and recorded. The tests are repeated
five times for each set of parameters, and the average values were calculated. The shear
strength of the specimens was then determined using Equation (1).

T = Fm
T BxL

M

In Equation (1), T represents the shear strength of the specimen in megapascals (MPa),
F,, represents the peak load of the specimen in newtons (N), and B and L represent the lap
width and lap length of the joint in millimeters (mm).

2.5. Characterization of Surface Physicochemical Properties

The failure modes of CFRP/Al7075 single-lap joints with different LTP surface treat-
ment parameters were characterized using a Digital Vision Microscope (DVM-6V, Leica,
Wetzlar, Germany). By observing the morphology of the joint fracture surfaces, the failure
modes of joints under different processing parameters were analyzed to reveal the influ-
ence mechanism of low-temperature plasma surface treatment on the bonding strength of
the joints.

The surface morphology of CFRP with different LTP surface treatment parameters
was characterized using a scanning electron microscope (Sigma 300, ZEISS, Oberkochen,
Germany). Before scanning, a sputter coater (Quorum SC7620, Oxford Instrument Tech-
nology, Ltd, Oxford, UK) was used to coat the sample surface with a thin gold layer for
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45 s. The scanning process was performed at an accelerating voltage of 3 kV, with a probe
current ranging from 3 pA to 20 nA. By observing the microstructure of the sample surface,
the impact of low-temperature plasma treatment on the microstructure of CFRP surfaces
was analyzed.

The surface chemical structure of CFRP with different LTP surface treatment pa-
rameters was characterized using an X-ray photoelectron spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The XPS instrument utilized Al K« radiation as the excita-
tion source (hv = 1486.6 eV). The analysis chamber maintained a vacuum level better than
5.0 x 10~7 mBar, and the working voltage was set at 12 kV. Before the experiment, the CFRP
was cut into samples with dimensions of 10 mm x 10 mm X 2 mm, and the samples were
cleaned using acetone to remove any contaminants from the surface. Then, the samples
underwent low-temperature plasma surface treatment using different parameters. The
full-spectrum scan step size was 1 eV, and the narrow-spectrum scan step size was 0.1
eV. By analyzing the XPS data, the effects of low-temperature plasma treatment on the
chemical structure of the CFRP surface were investigated.

The contact angles of the surface of CERP after LTP surface treatment were measured
using a Contact Angle Measurement Instrument (JC2000D2S, Powereach, Shanghai, China).
For each group of samples, the contact angles at different positions on the surface were
measured five times, and the average value of the measurement data was taken. A droplet
volume of 2 pL. was used, and water and ethylene glycol were chosen as the test liquids.
The surface free energy parameters of the two tested liquids are known, as shown in Table 6.
According to the Owens-Wendt-Rabel-Kaelble method [24], the surface free energy of CFRP
can be calculated from the joint Equations (2) and (3).

YL (L + cos8) = 2y/1rd +2,/+8} 2)
s =78+ 7% ®)

Table 6. Surface energy parameters of water and glycol [24].

Test Liquid 7{ (mN/m) 9} (mN/m) vz (mN/m)
Water 21.8 51.0 72.8
Glycol 29.3 19.0 483

In Equations (2) and (3), v is the surface free energy of the test liquid, € is the contact
angle, ’y‘é and ’yg are the polar and dispersion components of the surface free energy of
CFRP, 74 and "yf are the polar and dispersion components of the surface free energy of
the test liquid, and v is the total surface free energy of CFRP. Through surface contact
angle and surface energy analysis, the effects of low-temperature plasma treatment on the
wettability and chemical activity of the CFRP surface were investigated.

3. Results and Discussion
3.1. Results of Complex Experiment and Range Analysis

Table 7 presents the shear strength of CFRP/AI7075 lap joints with different LTP
surface treatment parameters (velocity, distance, and number of repeat scans) in complex
experiments; the numbers 1, 2, and 3 in parentheses represent the different levels of each
parameter. The results indicate that the shear strength of the joint in experiment T5 was
the highest, reaching 26.44 MPa, which represents a 74.29% improvement compared to the
untreated group. The LTP surface treatment parameters for this condition were a velocity
of 10 mm/s, a distance of 15 mm, and three repeat scans.
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Table 7. The results of the complex experiment.

N A B C Average Shear Standard

o Velocity (mm/s) Distance (mm) Number of Repeat Scans Strength (MPa) Deviation
Untreated / / / 15.17 0.32
T1 5(1) 10 (1) 1(1) 25.8 0.49
T2 5 15 (2) 2(2) 23.63 0.23
T3 5 20 (3) 3(3) 21.96 0.13
T4 10 (2) 10 2 23.71 0.42
T5 10 15 3 26.44 0.50
T6 10 20 1 22.61 0.50
T7 15 (3) 10 3 24.65 0.32
T8 15 15 1 24.86 0.44
T9 15 20 2 22.06 0.32

The range analysis of the complex experiment results is presented in Table 8. In the
table, Ky, represents the sum of the shear strength of the joint at level n for factor m, while
kyun represents the arithmetic mean of Kj;;;,. The range of factor m is denoted as R;, and is
calculated using Equation (4). A larger value of R, indicates a greater influence of factor m
on the experimental results.

Ry = max(kml/ ko, - - /kmn) - min(kml/ kma, - - - /kmn) 4)

Table 8. The range analysis of the complex experiment.

A B C
Velocity (mm/s) Distance (mm) Number of Repeat Scans
Ky 70.88 73.64 72.76
K; 72.76 74.93 69.40
K; 71.57 66.64 73.05
ky 23.63 24.55 24.25
ky 24.25 24.98 23.13
ks 23.86 22.21 24.35
R 0.63 277 1.21
Ranking B>C>A

The range analysis results indicate that the factors have the following order of impact
on the shear strength of the joint: distance > number of repeat scans > velocity. Among

these factors, distance (B) has the most significant impact on the shear strength of the joint.

3.2. Optimization of Main Influencing Parameters

Based on the range analysis results, it is evident that distance has the most significant
impact on the shear strength of the joint. Therefore, the favorable experimental parameter
T5 from the complex experiment is selected. By keeping the velocity and number of repeat

scans constant and varying the distance, further optimization of the distance is conducted.

The experimental plan is presented in Table 9.

Table 9. Optimization experiments of distance.

A B C
No.
Velocity (mm/s) Distance (mm) Number of Repeat Scans
1 10 20 3
2 10 15 3
3 10 10 3
4 10 5 3
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The shear strength of CFRP/Al7075 lap joints with different LTP surface treatment
distances is shown in Figure 5.

35+
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Figure 5. Shear strength of CFRP/AI7075 adhesive joints with different LTP surface treatment
distances.

Figure 5 shows that after LTP surface treatment at a distance of 20 mm, the shear
strength of CFRP/AIl7075 lap joints significantly increased compared to the untreated
group, with an improvement of approximately 50.96%. As the distance decreases, the shear
strength of the lap joint exhibits a trend of initially increasing and then decreasing. Ata
distance of 10 mm, the shear strength of the lap joint reaches a peak value of 30.76 MPa.
However, when the distance is further reduced to 5 mm, the shear strength of the joint
drastically drops to 16.41 MPa. Based on this observation, it can be concluded that the
CFRP/ Al7075 lap joint exhibits the best bonding properties when the LTP surface treatment
parameters are set as follows: a velocity of 10 mm/s, a distance of 10 mm, and three repeat
scans. When the distance is further reduced, the LTP jet may cause excessive ablation of the
resin on the surface of CFRP, damaging the properties of CFRP and resulting in a significant
decrease in the shear strength of the joint.

The load-displacement curves of CFRP/Al7075 single-lap joints with different LTP
surface treatment distances are shown in Figure 6.

10000
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Figure 6. Load-displacement curves of CFRP/Al7075 single-lap joints with different LTP surface
treatment distances.

Figure 6 shows that the CFRP/Al7075 single-lap joints treated with LTP surface
treatment exhibit higher elastic moduli compared to the untreated group. This indi-
cates that the interface bonding strength between the CFRP surface and the adhesive
layer is enhanced after undergoing LTP surface treatment. When the distance is 10 mm,
15 mm, or 20 mm, the elastic moduli of the joints remain at a high level, and the peak load
continuously increases with the increase in failure displacement. The joint with a distance
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of 5 mm and the untreated group both exhibit lower elastic moduli and lower peak loads.
However, the reasons for this phenomenon differ between the two. The decrease in elastic
modulus of the joint at a distance of 5 mm may be attributed to the excessive burning of
the surface resin and fibers by the LTP process, leading to rapid debonding of the surface
fibers and a significant reduction in joint shear strength. The lower elastic modulus of the
untreated joint is due to the low interface bonding strength, resulting in a noticeable ductile
failure process observed in the load-displacement curve.

3.3. Failure Mode Analysis

The typical failure modes of adhesive joints are primarily categorized into three types:
substrate failure, interface failure, and adhesive failure. Under normal circumstances,
adhesive joints can exhibit two or more failure modes, known as mixed failure. The
different failure modes observed reflect the strength relationships between the substrate,
adhesive, and interface [25].

Among the three failure modes, substrate failure is an ideal failure mode because
it signifies that the adhesive bonding strength exceeds that of the substrate itself. This
indicates that the adhesive bonding strength meets the required standards. Cohesive failure
refers to separation within the adhesive layer itself, indicating that the adhesive’s strength is
lower than the interface bonding strength between the adhesive and the substrate. Interface
failure refers to separation between the adhesive and the substrate at the bonding interface.
If interface failure occurs in a joint, it typically indicates lower strength.

The failure modes of CFRP/Al7075 adhesive joints with different LTP surface treat-
ment distances are shown in Figure 7.

CFRP Interface | | Substrate
Failure : e Failure
-

'(c)

Cohesive
Failure

|
| Substrate C:I!lesive ¢ S:b.sltrate i
- Fai ailure \ E R ailure '
l Failyes |, Interface | = |
‘ = ,Failure

Substrate |
Failure

Figure 7. Failure modes of CFRP/AIl7075 adhesive joints with different LTP surface treatment
distances (a) Untreated (b) 20 mm (c) 15 mm (d) 10 mm (e) 5 mm.
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Figure 7 shows that the failure mode of the untreated group joint is interface failure. In
this case, the interface bonding strength between CFRP and the adhesive is weaker than that
of Al7075, resulting in lower shear strength of the joint. At a distance of 20 mm, larger areas
of CFRP substrate failure, as well as small areas of interface failure and cohesive failure,
begin to appear on the fracture surface. This indicates that after LTP surface treatment,
the interface bonding strength between CFRP and the adhesive is significantly improved.
Consequently, the shear strength of the joint is substantially increased. At a distance of
15 mm, the area of CFRP substrate failure increases further, and the shear strength of the
joint continues to increase as well. At a distance of 10 mm, the fracture surface shows
complete CFRP substrate failure, and the shear strength of the joint reaches its peak. At
a distance of 5 mm, there is also extensive CFRP substrate failure on the fracture surface.
However, at this distance, the damaged CFRP surface exhibits severe burn marks, indicating
that LTP has had a significant negative impact on the performance of CFRP itself. This also
explains the sudden decrease in the shear strength of the joint.

In general, the changes in the failure mode of the joint correspond closely to the
changes in the shear strength of the joints. LTP surface treatment primarily improves the
bonding properties of the joint by enhancing the interface bonding strength between the
CFRP surface and the adhesive.

3.4. Surface Wettability Analysis

Research has shown that the type of liquid, the microstructure, and the surface free
energy of the material, as well as different interfaces, can all influence the wettability of
materials. Composites with good wettability have a higher ability to be infiltrated by
adhesives, resulting in the formation of high-strength bonding interfaces [26,27]. Therefore,
in this study, the contact angles of CFRP surfaces with water and glycol were measured to
characterize the surface wettability of CFRP.

The contact angles between the CFRP surface and water and glycol at different LTP
surface treatment distances are shown in Figure 8.
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Figure 8. Contact angle between CFRP surface with water and glycol at different LTP surface

Contact angle (°)
(=)
=}

treatment distances.

From Figure 8, it is evident that the contact angles between the CFRP surface of the
bank group and the two test liquids are relatively large. However, after undergoing LTP
surface treatment, there is a significant decrease in the contact angles of the CFRP surface.
As the distance decreases, the reduction in contact angles becomes gradually smaller. When
the distance reaches 10 mm and 5 mm, the contact angles remain nearly constant.

According to the Owens-Wendt-Rabel-Kaelble method [24], the dispersion compo-
nent, polar component, and total surface free energy of the CFRP surface at different LTP
treatment distances are calculated, as shown in Figure 9.
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Figure 9. Dispersion component, polarity component, and total surface free energy of CFRP with
different LTP surface treatment distances.

The surface free energy of polymers is primarily composed of polar and dispersion
components. The polar component refers to the energy of interaction between polar
molecules on the material surface, while the dispersion component refers to the energy of
interaction caused by the instantaneous dipoles of the surface molecules (van der Waals
forces). Changes in the polar and dispersion components reflect variations in the surface
chemical activity of the material [28].From Figure 9, it can be observed that the dispersion
component of the CFRP surface in the untreated group accounts for a higher proportion of
the total surface energy, and the total surface energy is low. After LTP surface treatment,
the polar component of the CFRP surface significantly increases, while the dispersive
component slightly decreases. As a result, the total surface energy of CFRP experiences
a significant increase. As the distance decreases, the proportion of the polar component
in the surface free energy of CFRP increases, while the dispersive component continues
to decrease. After reaching a distance of 10 mm, the magnitude of the increase in the
polar component diminishes significantly, and the surface free energy no longer shows a
noticeable improvement. This indicates that there is a saturation point for the improvement
of surface wettability of CFRP by LTP surface treatment. Once the surface wettability of
CFRP reaches this saturation point, further reduction in distance will have no significant
impact on the surface energy of CFRP.

3.5. Surface Morphology Analysis

According to the theory of mechanical interlocking, when an adhesive flows over the
surface of a material, it diffuses and infiltrates into small pores on the surface, displacing
any air present. Once the adhesive cures, a mechanical interlock is formed between the
adhesive and the material surface. Therefore, the surface morphology of the material also
has a significant effect on the bonding strength [29]. The surface micromorphology of CFRP
with different LTP surface treatment distances is shown in Figure 10.

Figure 10 shows that the surface of the CFRP in the untreated group appears smooth
and flat, with good bonding between the fibers and the resin. There are also a few resin
particles present on the surface. At a distance of 20 mm, the LTP surface treatment has
caused a slight ablation on the CFRP surface, leading to the exposure of bare carbon fibers.
Additionally, there is an increase in the presence of small granular resins. At a distance of
15 mm, the LTP surface treatment further deepens the ablation on the CFRP surface. In
addition to the small granular resins, larger areas of pits are now appearing on the CFRP
surface. At a distance of 10 mm, significant changes in the morphology of the CFRP surface
are observed. Gully like textures are now distributed across the entire surface of the CFRP.

12
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At a distance of 5 mm, the resin on the surface of the CFRP undergoes more severe ablation,
leading to localized fiber debonding on the outermost layer.

) Granular

Exposed
carbon fiber

.Exposed
carbon fiber ' ° . Tiny ' -

Granular S oy Ty Granular

Figure 10. Surface micromorphology of CFRP with different LTP surface treatment distances
(a) Untreated (b) 20 mm (c) 15 mm (d) 10 mm (e) Partial Enlarged Image of 10 mm group
(f) 5 mm.

In general, when the LTP surface treatment distance is 20 mm or 15 mm, the ablation
depth of the CFRP surface is not significant. The surface morphology remains relatively flat,
showing minimal difference compared to the CFRP from the untreated group. At a distance
of 10 mm, a significant change in the morphology of the CFRP surface occurs, resulting
in gully like textures. These textures contribute to enhancing the mechanical interlocking
between the adhesive and the CFRP surface, thereby resulting in the highest shear strength
of the joint. At a distance of 5 mm, the LTP surface treatment reaches a critical point for the
ablation of CFRP. At this point, the resin is severely ablated, and localized fiber debonding
occurs, resulting in a significant decrease in the shear strength of the joint.

3.6. Surface Chemical Structure Analysis

Research has shown that the excited-state radicals present in LTP carry a significant
amount of energy, capable of breaking any organic chemical bond. Through LTP surface
treatment, a series of complex grafting and crosslinking reactions occur on the CFRP
surface, leading to changes in the surface’s chemical structure. The fracture of certain
organic bonds in CFRP generates new reactive groups, thereby enhancing the surface’s
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chemical activity [17]. The relative elemental content and XPS wide-scan spectrum of CFRP
surfaces with different LTP surface treatment distances are shown in Table 10 and Figure 11.

Table 10. Relative elemental content of CFRP with different LTP surface treatment distances.

Relative Content of Elements (Atomic %)

Distance
C O N Si o/C N/C
Untreated 90.72 4.55 0.87 3.86 0.05 0.01
20 mm 64.91 27.03 5.32 1.67 0.42 0.08
15 mm 64.25 28.6 4.36 2.28 0.45 0.07
10 mm 58.55 33.6 3.33 2.53 0.57 0.06
5 mm 55.71 37.37 4.76 2.16 0.67 0.08
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Figure 11. XPS wide-scan spectrum of CFRP with different LTP surface treatment distances.

Based on Figure 11, it can be seen that the surface of the control group’s CFRP primarily
consists of carbon, and the content of nitrogen and oxygen is relatively low. After LTP
surface treatment at a distance of 20 mm, the oxygen content on the surface of CFRP
significantly increases, while the nitrogen content also shows a slight increase. As the
distance decreases, the oxygen-to-carbon ratio shows a continuous increase, while the
nitrogen-to-carbon ratio does not show significant changes. This indicates that changes
in the LTP surface treatment distance primarily affect the content of oxygen-containing
functional groups on the surface of CFRP, while having a minimal impact on nitrogen-
containing functional groups. At the same time, the silicon content on the surface of
CFRP with different LTP surface treatment distances exhibits an irregular variation trend,
which may be related to the use of silicon-containing release agents during the CFRP
fabrication process.

The results of Cls peak fitting of CFRP with different LTP surface treatment dis-
tances are shown in Figure 12. The black scattered points in the figure represent the raw
data, the red curve represents the fitted curve, and the gray curve represents the base-
line. The absorption peaks of different functional groups are represented by curves of
different colors.

The results of the C1s peak fitting indicate that the oxygen-containing radicals in LTP
primarily react with the C=C and C-C groups on the surface of CFRD, resulting in the
formation of oxygen-containing functional groups such as C-O, C=0, and C-C=0. After
the LTP surface treatment, the C=C groups on the surface of CFRP in the untreated group
disappear and are converted into oxygen-containing functional groups. Furthermore, as
the distance decreases, the C-C groups also continuously react with oxygen-containing
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radicals, leading to the generation of oxygen-containing functional groups. This continuous
reaction process increases the oxygen-to-carbon ratio on the surface of CFRP.
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Figure 12. Results of Cls peak fitting of CFRP with different LTP surface treatment distances
(a) Untreated (b) 20 mm (c) 15 mm (d) 10 mm (e) 5 mm.

The relative content of C1s groups on the surface of CFRP with different LTP surface
treatment distances is shown in Table 11.

Table 11. The relative content of Cls groups on the surface of CFRP with different LTP surface

treatment distances.

Relative Content of C1s Groups (Atomic %)

Distance

Polar Groups/Non-Polar Groups

C=C C-C C-0 C=0 0-C=0
Untreated 8.70 83.97 7.33 / / 0.07
20 mm / 41.62 34.78 / 23.60 1.40
15 mm / 42.02 45.39 12.59 / 1.41
10 mm / 36.05 42.22 11.70 10.03 1.77
5mm / 25.95 35.78 38.46 / 2.85
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According to Table 11, it is evident that the types and quantities of C1s functional
groups on the surface of CFRP undergo changes with different LTP surface treatment
distances. The LTP surface treatment primarily increases the content of oxygen-containing
functional groups on the surface of CFRP. As the treatment distance decreases, the oxygen-
containing radicals continuously react with the C-C groups, leading to the formation of
oxygen-containing functional groups. The proportion of polar functional groups to non-
polar functional groups on the surface of CFRP increases from an initial value of 0.07 to
2.85. This significant increase in the ratio indicates a substantial improvement in surface
chemical activity.

Overall, LTP surface treatment significantly improves the surface chemical activity
of CFRP. As the distance decreases, the proportion of oxygen-containing polar functional
groups on the surface of CFRP continuously increases. This enhancement effectively
improves the surface energy and wettability of CFRP, ultimately leading to improved
interface bonding properties with adhesives.

4. Conclusions

(1) The results of the complex experiment and range analysis indicate that the ranking
of the impact of the three parameters on the shear strength of the joint is as follows:
distance > number of repeat scans > velocity. At a velocity of 10 mm/s, a distance
of 10 mm, and three repeat scans, the joint shows the highest shear strength of
30.76 MPa, which is a 102.76% improvement compared to the joints in the untreated
group. Interface failure between CFRP and the adhesive is the main cause of low
strength in the joints of the untreated group. The LTP surface treatment effectively
improves the interface bonding strength between CFRP and the adhesive;

(2) LTP surface treatment significantly improves the wettability of CFRP compared to the
untreated group. However, as the treatment distance decreases, there is a saturation
value for the surface wettability of CFRP. Once the saturation value is reached, the
wettability of CFRP no longer significantly improves;

(3) When the treatment distance is 10 mm, the CFRP surface exhibits gully like tex-
tures, which enhance the interface bonding strength between CFRP and the adhesive
through mechanical interlocking. When the treatment distance is 5 mm, the surface
resin of the CFRP experiences severe ablation, leading to localized fiber debonding;

(4) After LTP surface treatment, the oxygen content on the surface of CFRP significantly
increases. As the treatment distance decreases, the proportion of oxygen-containing
functional groups increases, leading to higher chemical reactivity of the CFRP surface.
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Abstract: In this work, a novel approach involving coating fine PEEK powder on prepreg is introduced
to improve wedge peel strength and reduce interlaminar voids. CF/PEEK laminates with resin
interleaving are in situ consolidated by laser-assisted fiber placement. The morphology of the
powdered surface is obtained using an optical profilometer, and the surface roughness and volume
of added resin are calculated accordingly. Interface and surface temperature are measured during the
layup process. Thermal history indicates that very short bonding time is the dominating factor for
voids and limited interlayer strength. Laminate porosity and microscopic features are characterized
with an optical microscope. The porosity of resin-interleaved laminates decreases to 3.7%, while
the resin content only increases by 4.5% in the meantime. This is because interlayer resin particles
rapidly melt under laser heating and quickly fill the voids between layers. The wedge peel strength of
resin-interleaved laminates can increase by 30.1% without a repass treatment. This could be attributed

to the increase in resin intimate contact and reduction in interlayer voids.

Keywords: thermoplastic composite; laser-assisted forming; automated fiber placement (AFP);

microstructures; mechanical properties

1. Introduction

The application of thermoplastic composites is gradually expanding. Their advanta-
geous properties, including lightweight, short cycle time, and recyclability, have attracted
attention in the aerospace industry [1-3]. Laser-assisted fiber placement (LAFP) is a promis-
ing additive technique that the thermoplastic prepreg can be consolidated in situ during the
layup process. However, the performance of laminates manufactured by AFP currently lags
behind those produced by traditional methods like molding and autoclaving. Minimizing
this performance gap is the focus of recent studies [4,5].

The impact of processing parameters in LAFP has been thoroughly investigated,
including laser power, nip-point temperature, compaction force, laying speed, mold tem-
perature, etc. [6-10]. However, the lower strength is essentially attributed to interlayer
voids, because the consolidation time between layers is usually less than 1 s during layup.
This characteristic of LAFP cannot be altered.

According to the fusion bonding model proposed by Lee W. et al. [11,12], a low degree of
resin contact leads to interlaminar voids and consequently lower bonding strength. The ex-
posed dry fibers on the thermoplastic tape surface are obstacles between layers [13-15]. A direct
manner to reduce such voids is by adding resin between layers. In the work of Qureshi [4],
Hulcher [16], and Miao [17], resin film interleaved thermoplastic laminates manufactured by
AFP have shown better properties in peel strength and interlaminar shear strength (ILSS),
respectively. However, further thermal treatment like repass treatment is needed to melt the
added resin film. Repass treatment means reheating and pressing the current layer by the
AFP machine without laying new tape [18,19]. This process comes at the cost of produc-
tion efficiency. Moreover, the resin film used usually has a thickness of 15-100 um [17,20].
Fiber-dominated properties are weakened because of the increase in resin volume content [21].

Coatings 2024, 14, 635. https:/ /doi.org/10.3390/ coatings14050635 18 https:/ /www.mdpi.com/journal/coatings



Coatings 2024, 14, 635

In this work, a novel approach involving coating fine PEEK powder on prepreg is
introduced to enhance wedge peel strength and reduce interlaminar voids. Unlike resin
films, the added resin powder melts more rapidly during laser heating, eliminating the
necessity for subsequent heat treatment. Moreover, minimal amounts of resin powder can
be added, ensuring the mechanical properties of the laminate. This study investigates the
surface morphology of prepreg with coated PEEK powder and explores the thermal history
during layup. The feasibility of adding PEEK powder to improve the wedge peel strength
is discussed.

2. Materials and Methods
2.1. Material and Equipment

A unidirectional thermoplastic prepreg Cetex TC1200 AS-4D/PEEK (TenCate Co.,
Ltd., Nijverdal, The Netherland)was used in this work. CF/PEEK has excellent mechanical
and heat resistance properties. It has been commonly used for LAFP-related research
work [6,8-10]. The tape is 12 inches in width when received and is slit to 6.35 mm for fiber
placement. The relevant properties of the as-received tape are listed in Table 1.

Table 1. Properties of the as-received AS4D/PEEK tape.

Glass
Resin Mass Meltin Void
s 2 . . g
Area Density/g/m Content/% Thickness/mm Transformatlgn Temperature/°C Content/%
Temperature/°C
223 34 0.143 143 343 0.7

Placement trials were performed using a laser ATP system designed by the authors, as
depicted in Figure 1.

Feed reel
Compaction Roller
Laser head

Laser nrradiation area
Prepreg

Figure 1. Laser AFP equipment used in this study.

The laser ATP head was mounted on an industrial robot (KUKA KP2700). A 2 kW
near-infrared laser source (Raycus Fiber Laser Technology Co., Wuhan, China) ensured the
energy needed for the layup process. The laser power was sufficient to heat the material
to its melting temperature (343 °C). A customized integrating lens caused the laser beam
to focus on the nip point with spot sizes of 7 x 20 mm. A coaxial temperature sensor
(Sensortherm sensor, Steinbach, Germany) was integrated into the lens to detect laser spot
temperature. Due to the high energy density of the laser, the material heating rate was rapid,
so the laser power was close-loop-regulated by a control system (Sensortherm M serious
controller) according to its rapid PID algorithm. In this way, the nip-point temperature
remained constant during the layup process.

A Fluoro rubber roller with 55 shore hardness (Yangzhong Rubber and Plastics Co.,
Yangzhong, China) was used to provide sufficient consolidation force at elevated tempera-
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tures. A torque motor attached to the feeding reel could adjust the tow tension to the set
value. The prepreg surface temperature and interlaminar temperature during the layup
process were measured with an infrared camera (FOTRIC Infrared Technology Co., Dallas,
TX, USA) and a K-type thermocouple (0.1 mm in diameter), respectively.

The key parameters of the LAFP equipment are listed in Table 2.

Table 2. Key parameters of the LAFP equipment.

Part Name Part Parameter
Roller diameter 34 mm
Compaction force 10-150 N
Layup speed 10-200 mm/s
Laser wavelength 1064 nm
Laser irradiation area 7 x 20 mm
Lens focal length 400 mm

2.2. Resin Powder Interleafing

Resin film (15-100 pm) could be added between layers to enhance interlaminar
strength. However, resin-rich interleaves reduce fiber-related properties such as tensile
strength, as the fiber fraction is relatively decreased. In preliminary experiments, it was
observed that the resin film applied to the surface of the prepreg was not easily melted
during laser heating. This was attributed to the significantly higher absorption rate of
carbon fibers compared to the resin, resulting in the rapid heating of the fibers and the
slower heating of the resin film. Consequently, the film hindered interlaminar bonding
rather than facilitating this process. Therefore, additional thermal treatment like repass
treatment is necessary for film interleafing. However, such additional thermal treatment
sacrifices laydown efficiency. Using powder coating helps reduce the amount of resin
added, contributing to the mechanical properties of the component. Moreover, resin parti-
cles have a large surface area, making them more prone to melting under laser irradiation
without any further treatment.

Victrex 90G PEEK powder was selected due to its low viscosity. This type of resin
is produced by Victrex Company (Lancashire, UK) in the UK and is commonly used in
injection molding. It exhibits the ability to rapidly fill interlayer voids once melted [22,23].
It is a high-performance thermoplastic polymer, semi-crystalline, depth-filtered granules for
injection molding and other processes, with very easy flow properties. Typical application
areas include complex geometries with thinner cross-sections or long flow lengths. It is also
suitable for aggressive environments and food contact applications. The relevant properties
of the PEEK powder are listed in Table 3. The average diameter of the powder was about
20 um when received. The small size of the particles facilitated a large specific surface area,
enabling rapid melting under laser heating.

Table 3. Relevant properties of the PEEK powder.

Material Data Conditions Typical Value
Melting temperature/°C 343

Glass transition (Tg)/°C 143

Thermal conductivity/Wm 1K1 At23°C 0.29

Density g/cm? Crystalline 1.30

Density g/ cm? Amorphous 1.27

Melt viscosity/pa-s at 400 °C 90

Tensile strength/MPa 110

Tensile Modulus/GPa 3.9

The PEEK powder was coated onto the prepreg surface using an electrostatic spraying
device. As shown in Figure 2, due to electrostatic attraction, the powder can stably adhere
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to the film surface. The amount of added powder was controlled by the air pressure during
spraying. The weight of added power is calculated according to the mass difference of
the prepreg before and after powder coating. Three different coating levels, namely low,
medium, and high coating amounts, were set as experimental variables, designated as P1,
P2, and P3, respectively. The control group in the experiment, which consisted of prepreg
without resin addition, is labeled as NP (no powder). The precise quantities of powder
addition are displayed in Table 4.

Resin powder

Slice &

Collect to reel
powder spray

Figure 2. Schematic diagram of prepreg slit and powder spray.

Table 4. The amount of resin powder coated on prepreg.

Powder Layer Resin Mass Surface Area

Thickness in Powder Weight . Covered by
Samples A 2 Fraction .

verage (g/m*) (%) Resin

(um) (%)
NP 0 0 34 12.7
P1 6.1 7.9 38.5 25.5
P2 9.3 12.2 40.4 50.6
P3 16.6 21.6 44.7 81.2

2.3. Placement Trials

According to studies in the literature, higher temperatures, increased pressure, and
appropriate fiber tension can yield optimal bonding strength. Based on the author’s
preliminary experiments, the optimal layup process parameters were a layup speed of
100 mm/s, a fixed nip temperature of 400 degrees, a layup pressure of 100 N, and a fiber
tension of 8 N. These process parameters were compatible with the layup equipment in
this paper and closely align with the recommendations in the literature [6,9,10,24].

A schematic diagram of laser-assisted forming with PEEK powder coating is shown
in Figure 3a. A thermal insulation board was placed on the mold to prevent heat loss and
promote interlayer bonding. The first prepreg layer was double-sided-taped onto a thermal
insulation board, followed by subsequent layers being sequentially laid up to form a [0]4
laminate. To facilitate peel testing, a small piece of aluminum foil was placed between the
second and third layers as a pre-cut crack. Ultimately, an interleaved laminate with a size
of 6.35 x 300 mm was produced, as depicted in Figure 3b.

Multiple specimens were prepared for each set of experimental parameters. Among
these, five were used for peel testing, while one was used for cross-sectional profiles. After
trimming the edges of the specimens, their widths were measured using a vernier caliper,
with the specimen width maintained at 6.35 mm.
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Figure 3. Schematic diagram of laser-assisted forming with PEEK powder coating (a) and manufac-

tured samples (b).

2.4. Interlaminar Strength Characterization

The quality of the interlaminar bond is essential to product quality. Composite inter-
laminar properties are usually evaluated by short beam strength (SBS, ASTM D2344 [25])
and double-cantilever beam (DCB, ASTM D5528 [26]) tests. Both are sensitive to resin
properties and are often utilized for benchmarking. However, plastic deformation in ther-
moplastic laminates during SBS testing may lead to complex failure modes and inaccurate
interlaminar strength [6]. This is thought to be due to the voids and poor fiber-resin
bonding in laminates.

The wedge peel test has been employed to evaluate the interlaminar properties of
samples made by the AFP process [24,27]. The wedge peel test requires a specimen only
4-6 layers thick, while the DCB test requires the thickness to be between 3 and 5 mm,
which means 24 to 40 layers, so the specimen preparation and testing of the peel test is
more time-saving. The wedge peel test shares similar failure modes with the DCB test and
shows a high correlation with test results. Peaks in both the wedge peel strength and DCB
fracture toughness data are observed to occur well [28]. These favorable factors make it a
commonly used quality indicator in AFP studies.

The wedge peel test equipment used in this study is illustrated in Figure 4. It has a
clamp attached to a universal testing machine and a peeling blade separating the specimen.
The peeling blade has a thickness of 3.2 mm and an angle of 30 degrees. The peel force
was measured using a 200 N force sensor, while peel displacement was obtained through
position sensors in the universal testing machine, both sampled at a frequency of 50 Hz.
During the peel test, significant variability in peel force was observed at the initial and final
peel ends of the specimen, and these data were discarded. Data from the relatively stable
peel region in the middle of the specimen were selected for statistical analysis.

A SENSOFAR-SNEOX 3D optical profiler (Sensofar, Barcelona, Spain)was used to
evaluate surface morphology so that the as-received tape surface and the coated surface
morphology were compared. Furthermore, according to surface profile data, the average
thickness of interleaved powder resin was calculated. The precise quantities of powder
addition are displayed in Table 4. An integrated SNEOX 3D optical microscope (Sensofar,
Barcelona, Spain)was used for the micrographs of the material surface and for observing
the resin particle size.

Samples made by laser-assisted consolidation were ground and polished, and the
polished surfaces of cross-sections were observed with an optical microscope to analyze the
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characteristics of voids and fiber-resin distribution. The optical microscope used for cross-
section observation was Leica DVM5000 (Heidelberg, Germany). Porosity was calculated
according to micrographs, with the help of Image] software v1.53.

Clamp

Wedge

Crack tip

Figure 4. Image of wedge peel test device.2.5. Other Characterization Tests.

PEEK resin within the raw material undergoes fusion with the added PEEK powder
during laser consolidation. To discern the interface between these constituents, a polarizing
filter with a yellow color was attached to the optical microscope. Due to the optical
differences between the two resins, the interface between them can be distinguished. This
allows for the study of the flow behavior of PEEK powder during the forming process.

3. Results and Discussion
3.1. Surface Micrographs

For the experiment, different resin coating amounts were set as experimental variables,
labeled P1, P2, P3, and NP (no resin added). Their 3D surface morphology images are
shown in Figure 5. Figure 5a depicts the surface without coating, and it can be seen that
the surface consists of many exposed fibers, while resin-covered areas are only 12.7%.
Although the raw material contains 34% resin, these resins are concentrated within the
material rather than on its surface. Therefore, the exposed fibers on the surface become
obstacles to the molding process. It is these areas of exposed fibers that cause interlayer
voids and lower interlayer strength. Figure 5b—d correspond to different levels of PEEK
powder coating, with resin particle sizes approximately 20 pm. It can be observed that
with the increase in PEEK powder coating amount, the size of exposed fibers decreases
continuously, and the average thickness of resin on the prepreg surface increases.

Based on the surface morphology data, the average resin thickness and the proportion
of resin-covered area on the surface of the prepreg under different coating amounts were
calculated, as demonstrated in Table 4. This suggests that as the PEEK powder content
increases, the proportion of exposed fibers on the prepreg surface decreases. Powder
coating has a relatively minor impact on laminate resin fraction. The average thickness of
the resin interleaf of samples P1 and P2 are only 6.1 and 9.3 pm, significantly thinner than
the resin films reported in the literature. According to the measurement, the average resin
thickness of P3 samples is 16.6 um, which is close to the resin film thickness reported in the
literature. This powdered interleaf has a relatively minor impact on the fiber content of the
laminate while maintaining fiber-related mechanical properties, such as tensile strength.

According to the fusion bonding model, close contact between interlayer resins is
essential for interlayer bonding. However, this process is impeded by exposed fibers in the
LAFP process. In regions with abundant fibers on the prepreg surface, the resin must be
squeezed into the interlayer from the interior of the prepreg. Achieving this squeezed resin
flow is challenging for LAFP due to the resistance of fiber and the very limited process time.
Powder coating dramatically increases the resin content on the surface of the prepreg, rising
from 12.7% (as-received prepreg) to 81.2% in the P3 sample. Therefore, adding interlayer
powder helps improve the intimate contact of the prepreg and enhances the interlayer
bonding strength.
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Figure 5. The 3D surface morphology images of the sample: (a) NP, (b) P1, (c) P2, and (d) P3.

3.2. Thermal History

In order to analyze the thermal history during the forming process, an infrared thermal
imager and K-type thermocouples were used to measure the surface temperature of the
prepreg and the interlayer temperature, respectively. The measurement results indicate
that interlayer powder coating has no significant impact on the thermal history during
processing. This thermal history test was conducted using a 1080 nm laser source (provided
by LASERLINE Company Munich, Germany), and very similar results were achieved.
This phenomenon can be attributed to two reasons. Firstly, the surface temperature of
the prepreg was controlled in a closed-loop manner using the layup equipment, and the
irradiation point temperature remained stable at the set value of 400 °C. Secondly, the
amount of added powder particles was minimal, which had little effect on the thermal
properties of the laminate.

The surface temperature of the P1 sample measured with the infrared thermal imager
is shown in Figure 6a. Surface temperature data for the first, second, third, and fourth
layers were recorded. The temperature rapidly increases with laser irradiation, and the
heating rate and peak temperature are regulated with the laser heating controller. Since
the processing parameters for each layer are exactly the same, the thermal histories are
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almost identical. Figure 6 also shows that the temperature before and after roller contact is
370 °C and 290 °C, respectively. This indicates that the resin remains in a molten state for
approximately 1 s.
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Figure 6. Thermal history of prepreg during layup. surface temperature (a); interface temperature (b).

Figure 6b shows the temperature at a spot between the first and second layers during
the process obtained with a K-type thermocouple. As shown in Figure 6b, the thermal
couple was attached to the first layer. When laying the second layer, the spot temperature
matches the set temperature at 400 °C, higher than the Tm of PEEK(343 °C). When laying
the third and fourth layers, laser heat conduction occurred downwards, causing the peak
temperature at the spot to reach 315 °C and 230 °C, respectively. The transferred heat
increased the local temperature above the resin’s Tg point (251 °C).

Although the interlayer bonding time for in situ consolidation was very short, when
laying subsequent layers, heat and pressure conduction occurred downwards, causing
the substrate prepreg to undergo extra heating and compaction. The interlayer resin of
the substrate prepreg cannot melt during this process, nor can it fill the interlayer voids.
However, the additional heat and pressure facilitate the segment movement of the resin [29],
which positively affects the interlayer bonding strength.

3.3. Wedge Peel Strength

The wedge peel strength of all samples was tested to assess the effect of coated powder
on interlayer strength. The test results are shown in Figure 7. The unstable peeling force
was induced at the beginning and end of a sample. This may be attributed to the change
in the speed of the universal test machine and interlayer defects. Unstable data were
excluded from the analysis, and the average wedge peel force of each group of samples
was calculated accordingly.

The wedge peel strengths of the samples were calculated as S = F/w, where S, F, and w
mean the wedge peel strength, wedge peel force, and sample width, respectively. To make
the results more reliable, the width of every sample was measured and trimmed to 6.35
mm. Therefore, the defects on the edges of the samples did not affect the experimental
results. The wedge peel strength of each experimental group is shown in Figure 8.

As shown in Figure 8, when the prepreg surface is uncoated, the peel strength is
2.6 N/mm. As the powder coating amount increases, the peel strength increases, reaching
3.4 £ 0.3 N/mm and 3.2 & 0.4 N/mm, respectively. This indicates that a small amount
of resin powder can melt at a laying speed of 100 mm/s, and the melted resin quickly
flows to fill the interlayer voids, resulting in tighter interlayer bonding. However, when the
average thickness of the coated powder increases to 21.6 g/m?, the peel strength decreases.
Due to the significant difference in laser absorption between resin particles and carbon
fibers, carbon fibers primarily absorb the radiation heat of the laser beam. The heat is
then transferred to the surrounding resin through thermal conduction. When the powder
coating is too much, or the resin layer thickness is too thick, the energy transferred by
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thermal conduction is insufficient to melt all the coated resin. The unmelted resin particles

instead greatly hinder interlayer bonding, resulting in lower peel strength and larger
scatter values.
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Figure 7. Force-displacement graphs for wedge peel test: NP (a), P1 (b), P2 (c), and P3 (d).
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Figure 8. The effect of the weight of coated powder on wedge peel strength and resin mass fraction.

3.4. Porosity and Microstructure

The microscopic cross-sectional images of the specimens prepared under different
experimental conditions are shown in Figure 9. And the effect of the weight of coated
powder on porosity in shown in Figure 10.

Figure 9a depicts a specimen without surface powder coating, where noticeable voids
are present. The porosity content of the sample is 7.2% as shown in Figure 10. Figure 9b,c
show micrographs of specimens with 7.9 g/m? and 12.2 g/m? coated PEEK powder, and
sample porosity is 3.4% and 2.1% respectively. In Figure 9b, regions with higher resin
content can be observed. Despite the lower resin addition, there are still voids between
the layers, but the dispersion of fibers and resin becomes relatively more uniform. This
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indicates that the added resin melts and flows during the layup process, which fills the
interlayer voids under compaction force. At this point, the interlayer wedge peel strength
is also the highest, reaching 3.3 N/mm. As shown in Figure 9c¢, as the amount of added
powder increases to 12.2 g/m?, a clear resin-rich area appears between the layers.. If the
resin coating amount continues to increase and reaches 21.6 g/m?, as shown in Figure 9d,
voids begin to appear again in the interlayer resin region. According to Figure 10, sample
porosity rises to 8.0%. This indicates that the resin is not fully melted at this point and that
resin particles impede interlayer bonding.

Figure 9. Microstructure of interleaved laminates: (a) NP, (b) P1, (c) P2, and (d) P3. White ellipses
indicate voids and green rectangles indicate resin-rich areas.
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Figure 10. The effect of the weight of coated powder on porosity and resin mass fraction.

Upon zooming in on Figure 9b, it can be observed that the coated resin particles not
only fill the interlayer voids after melting but also infiltrate along the voids toward the
thickness direction of the prepreg. This is because the resin inside the prepreg experiences
the hindrance effect of fibers, resulting in weaker flowability in the thickness direction,
making it difficult to fill the interlayer voids [13]. However, the resin coated between layers
exhibits strong fluidity, filling the interlayer voids and infiltrating “backward” into the
prepreg. The added resin powder effectively reduced the porosity of the laminate.
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If the powder coating is excessive, for example, exceeding 20 g/m?, it becomes difficult
to melt during the laying process. This results in longer defect areas along the interface.
In Figure 9d, aggregated resin was found in the microscopic image of the specimen parallel
to the fiber direction. Although the resin is heated and deformed into an oval shape, it
does not fully melt. As a result, the surrounding fibers form “eye-shaped” defect areas.
This discovery suggests that for resin interlayers thicker than 30 um, achieving in situ
consolidation by LAFP becomes impracticable.

The schematic diagram of interlayer void formation and the void filling of coated
resin during layup are shown in Figure 11. There are some dry fibers and fiber-rich areas
on the tape surface as depicted in Figure 11a. Laser heating cannot increase the resin
content on the surface; instead, it tends to soften and roughen the surface. Due to the short
processing time of high temperature and consolidation force, it is not possible to let resin
flow completely [8], which causes many interlaminar voids and dry fibers, as depicted in
Figure 11a. The added resin particles can rapidly melt during laser heating, flow under
pressure, and fill the interlayer voids. This mechanism elucidates how powder coating
can reduce the interlayer porosity and enhance peel strength, as depicted in Figure 11b.
However, if excessive PEEK powder is added between the layers, it may not fully melt
during the consolidation process. The unmelted PEEK particles are heated and compressed
by compaction force, forming an “eye-shaped” defect area. This is shown in Figure 11c.

Compacnon force
4+ 3 Interlayer voids
Laser heating
(1)

Compaction force RESI” flow

Low porosity

Laser heating

,® L gl L WY
n.:'ooo .... '.0:' o.='.o...o‘=
2%se2.ee °P% ¢ ceedc e
(b)
Compaction force  Incomplete
* + ‘ * ‘,’ melt

Laser heating
® 0 0g® @
0% 0 ®, %, n ° °
oe Tl L oo e0gq0 o
...:. ......‘ . ...............
:.. ....i .... ..........

(c)

Figure 11. Schematic diagram of resin/fiber distribution: (a) during the LAFP process; (b) with
coated PEEK powder; (c) excessive PEEK powder.

4. Conclusions

In this study, a novel approach involving the coating of fine PEEK powder on prepreg
was introduced to enhance wedge peel strength and reduce interlaminar voids in CF/PEEK
laminates consolidated in situ by laser-assisted fiber placement. Morphological analysis
revealed a decrease in dry fiber and more uniform fiber-resin distribution. The thermal
history during layup indicated a short bonding time as a dominant factor influencing void
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formation and limited interlayer strength. Furthermore, wedge peel strength significantly
increased with the addition of a small quantity of resin, attributed to improved resin contact
and reduced interlayer voids.

The successful implementation of this novel approach highlights its potential for
improving the mechanical properties of thermoplastic composites manufactured by laser-
assisted fiber placement. By optimizing resin powder coating levels, it is possible to
achieve enhanced interlayer bonding strength while maintaining fiber-related mechanical
properties. Future research could explore the applicability of this method across various
thermoplastic composite systems and processing conditions, further advancing the field of
additive manufacturing in aerospace.
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Abstract: FeCoNiCrAl0.8Cu0.55i0.5 high-entropy alloys were fabricated using vacuum induction
melting and laser deposition processes, followed by a comparison of the structural and mechanical
properties of two distinct sample types. The as-cast FeCoNiCrAl0.8Cu0.5Si0.5 alloy is comprised of
BCC1, BCC2, and Cr3Si phases, while the laser-deposited alloy primarily features BCC1 and BCC2
phases. Microstructural analysis revealed that the as-cast alloy exhibits a dendritic morphology
with secondary dendritic arms and densely packed grains, and the laser-deposited alloy displays
a dendritic structure without the formation of granular interdendritic regions. For mechanical
properties, the as-cast FeCoNiCrAl0.8Cu0.55i0.5 alloy demonstrated higher hardness than the as-
deposited alloy, with values of 586 HV0.2 and 557 HVO0.2, respectively. The wear rate for the
as-cast alloy was observed at 3.5 x 10~7 mm3/Nm, with abrasive wear being the primary wear
mechanism. Conversely, the as-deposited alloy had a wear rate of 9.0 x 10”7 mm?/Nm, characterized
by adhesive wear. The cast alloy exhibited an icorr of 4.062 uA-cm~2, with pitting as the form of
corrosion. The laser-deposited alloy showed an icorr of 3.621 nA-cm~2, with both pitting and
intergranular corrosion observed. The laser-deposited alloy demonstrated improved corrosion
resistance. The investigation of their microstructure and mechanical properties demonstrates the
application potential of FeCoNiCrAl0.8Cu0.55i0.5 alloys in scenarios requiring high hardness and
enhanced wear resistance.

Keywords: FeCoNiCrAl0.8Cu0.55i0.5; high-entropy alloy; laser deposition; microstructure; wear
resistance; corrosion resistance

1. Introduction

Multicomponent alloys have transcended the constraints of traditional alloy design
principles, expanding their compositional range into the central regions of the multicompo-
nent phase diagram [1-3]. High-entropy alloys (HEAs), a subset of multicomponent alloys,
are typically composed of four or more alloying elements in equiatomic or near-equiatomic
ratios. These alloys exhibit unique microstructural characteristics and noteworthy mechan-
ical and physical properties, positioning them as potential substitutes for some traditional
alloys and lightweight materials across various industries, including aerospace, biomedical,
and marine [4-7].

The initial exploration of HEA was driven by the high-entropy effect, aiming to inhibit
the formation of intermetallic compounds through the combination of multiple elements [8,9].
This approach enabled the creation of single-phase alloy structures, such as the FCC and
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BCC structures found in CoCrCuFeNi and AlICoCrFeNi HEAs, respectively [10-14]. The
CoCrFeMnNi HEA, with its characteristic FCC structure, boasts high thermodynamic
stability, superb malleability and machinability, exceptional fracture toughness, and an
elevated limit for low-temperature damage resistance. AICoCrFeNi HEA, which possesses
a BCC structure, is distinguished by its significant strength. Although FCC alloys exhibit
high toughness and single-phase BCC alloys demonstrate high strength, there remains a
need to develop alloys that can simultaneously meet the requirements for high toughness
and high strength. Regarding the corrosion of HEAs, the principal metal elements have a
significant impact. The Cr element is typically used as a solute in the synthesis of stainless-
steel materials. It enhances the alloy by forming a dense oxide film, as seen in martensitic
stainless steels (such as 1Cr13, 2Cr13Ni2, 3Cr13, and 4Cr13) and austenitic stainless steels
(alloy steels containing elements like Cr-Ni and Cr-Ni-Mn). The element promotes the
formation of the BCC in CoCrFeNi alloys, causing the primary phase to shift from FCC
to a dual-phase structure of FCC and BCC. This shift leads to galvanic corrosion between
different phases within the alloy, reducing its overall corrosion resistance. The Co promotes
the formation of the phase in HEAs. As the proportion of the FCC phase increases and
the BCC phase decreases, the toughness of the alloy improves, which can significantly
expand the application of HEAs in specific service environments. However, an increase in
Co content in HEAs reduces the proportion of other corrosion-resistant elements, thereby
affecting the overall corrosion resistance of the alloy. The mixing enthalpy of the Cu
element is positive, indicating weak bonding with most other elements. This often results
in segregation in the interdendritic regions. Galvanic corrosion occurs between Cu-rich and
Cu-poor phases, with the Cu-rich phase preferentially dissolving during metal corrosion.
Therefore, HEAs containing Cu generally exhibit poor corrosion resistance.

With advancements in HEAs, performance enhancements have been realized through
adjustments in manufacturing techniques and changes in elemental compositions. The
AlCoCrFeNi2.1 eutectic HEA possesses FCC and BCC structures [15,16]. Combined with
a suitable casting process, it achieves a balanced interaction between strength and ductil-
ity. Traditional casting methods, such as directional solidification and vacuum induction
melting, are commonly used for producing eutectic HEAs. These methods ensure process
reliability and reduced defect rates. However, the as-cast eutectic HEAs typically have
coarse microstructures, with lamellae thicknesses in the micrometer range, posing chal-
lenges to strengthening efforts [17-19]. Additionally, realizing the desired properties in
eutectic HEA components often requires further thermomechanical treatments [16,20,21].
Hsu et al. studied the friction and wear performance of the AlICoCrFexMo0.5Ni high-
entropy alloy system [22]. The trend indicates that hardness is inversely proportional to the
coefficient of friction, and the higher the hardness of the alloy, the better its wear resistance.
The wear resistance of body-centered cubic phase alloys is superior to that of face-centered
cubic phase alloys. Additionally, the more significant the solid solution strengthening
effect, the better the wear resistance of the alloy. Chuang et al. studied the wear resistance
of AlxCo 1.5CrFeNil.5Ti series high-entropy alloys and found that Col.5CrFeNil.5Ti and
Al0.2Co 1.5CrFeNil.5Ti alloys exhibit excellent wear resistance.

Adjusting the content of principal elements can also enhance alloy performance. In the
AlxCrFeCoNi HEA series (where x ranges from 0 to 2.0 in molar ratio), the increase in Al
content leads to a transition in the alloy’s microstructure: from single-phase FCC at x =0 to
0.4 to dual-phase FCC + BCC at x = 0.5 to 0.8, and finally to single-phase BCC at x = 0.85 to
2.0 [23]. Alloys with a single-phase FCC structure exhibit good ductility but lower strength.
For example, the Al0.3CrFeCoNi HEA has a tensile elongation of approximately 47%, with
a yield strength of approximately 259 MPa. On the other hand, alloys with a single-phase
BCC structure display higher strength but reduced ductility. Alloys with a dual-phase
FCC + BCC structure offer a favorable combination of high strength and ductility.

Metallurgical theories indicate that alloy properties are influenced not only by ma-
nipulating metal elements like Ti, Cr, and Al but also by the incorporation of non-metal
elements, which are key in the microstructure and performance of high-entropy alloys
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(HEAs). Research led by Zhang et al. showed that adding boron to FeCoCrNi HEAs triggers
the precipitation of the Fe3B, which improves the hardness and wear resistance. In marine
environments, the corrosion resistance of bridge steel related to Si content initially increases
and then decreases, suggesting a complex mechanism of Si’s impact on corrosion properties.
HEAs, characterized by multiple components, high entropy of mixing, significant lattice
distortion, and slow diffusion, are also affected by the addition of non-metal elements like
Si, which influence their mechanical properties. Thus, considering non-metal elements
such as Si is crucial in the design and research of HEAs to optimize their microstructure
and performance.

Recently, additive manufacturing has provided a new avenue for producing HEA
components with complex geometrical structures [24-26]. Among these, laser deposition, a
powder-fed additive manufacturing technique, operates on the principle of using a high-
energy laser beam for point-by-point, layer-by-layer scanning to rapidly melt and solidify
the powder, thereby directly constructing integrated three-dimensional metal components.
Combining the advantages of HEAs and this technology holds the promise of overcoming
manufacturing bottlenecks for high-performance complex structural components. Current
advancements in optimizing laser process parameters have enabled the printing of nearly
fully dense HEAs, with room-temperature mechanical properties significantly surpassing
those of cast alloys [27,28]. Further research indicates that the high-temperature gradients
and cooling rates during the laser deposition process are conducive to the formation of
alloys with excellent microstructural morphology, significantly enhancing the interphase
strengthening effect and verifying the feasibility of tailoring the mechanical properties of
HEAs [29,30].

This study leverages the theory of forming solid solution alloys by adjusting metal
element ratios under the high-entropy effect and further regulating alloy mechanical
properties by adding non-metal elements. We also designed the FeCoNiCrAl0.8Cu0.55i0.5
HEA structure. By comparing HEAs in both laser-deposited and as-cast conditions, we
investigate the influence of different processing techniques on the microstructure and
properties.

2. Materials and Methods

The experiment prepared FeCoNiCrAl0.8Cu0.55i0.5 HEA samples using a vacuum
induction melting furnace and a Rofin DCO050 laser deposition manufacturing system. For
cast samples, raw materials in pure forms of Si, Cr, Cu, Co, Ni, Fe, and Al were used
to prepare cast samples. The vacuum induction furnace melts these materials under a
high-purity argon atmosphere, preventing contamination and oxidation. The induction
process generates heat through electromagnetic induction, allowing for uniform heating
and melting of the materials. This melting was repeated four times to ensure a homoge-
neous composition. The molten alloy was then cast into high-entropy alloy button samples
using a copper mold in an argon atmosphere.

Laser deposition was performed using the coaxial powder feeding method. This
method works by directing a high-power laser beam and a stream of metal powder simul-
taneously onto a substrate. The laser melts the substrate and the powder, which is fed
through a nozzle aligned with the laser beam. As the laser moves, the molten material
solidifies, forming a new layer. Spherical powders of Fe, Co, Ni, Al, Cr, Cu, and Si, provided
by Changsha Tian Jiu Powder Co. (Changsha, China), with a purity greater than 99.5% and
a particle size of 200-325 mesh, were selected. The powders were mixed using a planetary
ball mill, and argon gas was added to the mixing chamber to prevent oxidation of the
elements during the mixing process. Our research team conducted systematic process
experiments on the Al0.8CrFeCoNiCu0.5 Hé, ultimately determining the optimal laser
deposition parameters for achieving the best-forming quality, which are as follows [31]:
a beam diameter of 1.2 mm; a laser power of 1850 W; a powder feed rate of 5.6 g/min;
a scanning speed of 120 mm/min; a duty cycle of 70%; a pulse frequency of 50 Hz; an
overlap rate of 30%; and a carrier gas flow rate of 5 L/min.
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The HEA was characterized using an Empyrean Panalytical XRD, scanning at 4 (°)/min
within a range of 20° to 90°. This scanning range was selected to ensure comprehensive
coverage of the most relevant diffraction peaks, providing accurate phase identification. An
SEM and EDS (JSM-6510,Tokyo, Japan) were utilized to observe the samples” microstruc-
ture and wear morphologies. These instruments were chosen due to their high resolution,
enabling detailed analysis of the microstructure to correlate with wear performance.

Hardness was assessed with an HV-1000 microhardness teste (Shenyang, China),
applying a 1000 g load with a 10 s dwell time. This specific load and dwell time were
chosen to ensure repeatable measurements while minimizing potential indentation size
effects that could skew the hardness values.

The corrosion test for the samples was recorded using a Nova2 electrochemical work-
station provided by Metrohm (Herisau, Switzerland) The equipment was selected due to
its high sensitivity and accuracy, which is crucial for capturing fine variations in electro-
chemical behavior. Analysis and computational tasks related to the data were conducted
using ZView software (Scribner Associates Inc., Southern Pines, NC, USA).

The setup for the experiments featured a tri-electrode system, where the HEA was des-
ignated as the working electrode. A saturated calomel electrode was chosen as the reference
due to its stable and well-defined potential, while a platinum sheet electrode was used as
the auxiliary electrode for its high conductivity and resistance to corrosion. Electrochemical
impedance spectroscopy (EIS) measures the response by applying a small sinusoidal per-
turbation (potential or current) and calculating the impedance at each frequency. Therefore,
EIS can detect minute changes in the electrode surface state and relevant electrochemical
processes at the electrode/electrolyte interface without altering the surface state.

An MM200-type machine (Jinan Hengxu Testing Machine Co., Ltd., Changzhou,
China) was used to assess the samples” wear test. Testing conditions were set to room
temperature and 20% relative humidity. A GCr15 steel ball was selected as the friction pair
due to its standard use in wear testing, ensuring comparability with the existing literature.
Testing was performed for 30 min under specified loads, which were carefully chosen to
mimic practical applications. The ball’s velocity, hardness (61 HRC), diameter (50 mm),
and thickness (10 mm) were noted. Wear resistance was calculated using the formula:

_ Vloss
L xN
L=2nRvt
mR> b, b [, b2
Viess= B ﬁarcsm(ﬁ) ~3 R-— T

where V) represents the wear volume, B is the length of the wear track (mm), b is the
width of the wear track (mm), v is the wheel speed (r/min), and L is the total sliding
distance of the wear block on the sample surface (mm).

3. Results and Discussion
3.1. Phase Analysis

Figure 1 presents the XRD spectra of both cast and laser-deposited FeCoNiCrAl0.8Cu0.5
5i0.5 samples. It is observed that the laser-deposited alloy exhibits BCC1 and BCC2 while
the cast alloy shows BCC1, BCC2, and Cr35i phases. This indicates that the manufacturing
process influences the phase precipitation behavior of the FeCoNiCrAl0.8Cu0.55i0.5 HEA.
According to Gibbs” phase rule [32], a seven-component alloy system can potentially
form up to eight phases. In the FeCoNiCrAl0.8Cu0.55i0.5 HEA, the actual number of
phases is significantly less than the theoretical maximum. This discrepancy arises because
the diversity of elements and the increased atomic percentage of each element in the
alloy elevate the system’s mixing entropy. Although the as-cast FeCoNiCrAl0.8Cu0.55i0.5
HEA produces Cr3Si, the significantly reduced Gibbs free energy limits the formation of
additional phases, still resulting in an alloy predominantly composed of BCC phases.
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Figure 1. The XRD of FeCoNiCrAl0.8Cu0.55i0.5 HEA.

Furthermore, the presence of Cr3Si in the cast alloy suggests that the silicon content
exceeds the alloy’s solubility limit. The formation of Cr3Si could be attributed to the
high melting point of chromium (1907 °C), which may preferentially bond with silicon
during the alloy solidification process to form Cr3Si compounds. Additionally, despite
the differences in lattice types between chromium (BCC) and silicon (DC), compared to
aluminum (FCC), iron (FCC), cobalt (FCC), and nickel (FCC), the lattice type mismatch
between silicon and chromium is relatively minor. Since the added silicon content exceeds
the solubility limit in the alloy, it forms compounds with Cr. The absence of Cr3Si in the
laser-deposited FeCoNiCrAl0.8Cu0.55i0.5 HEA can be speculated to relate to the rapid
heating and cooling during the laser deposition process, which provides inadequate time
for silicon compounds to precipitate.

To identify the key elements influencing the phase formation of the FeCoNiCrAl0.8Cu0.5
Si0.5 HEA, phase equilibrium information calculations were conducted. ThermoCalc soft-
ware (version 2022a) was utilized, incorporating the latest high-entropy alloy database
TCHEAG®6. Figure 2 illustrates the calculated equilibrium solidification of the FeCoNi
CrAl0.8Cu0.55i0.5 HEA. The data suggest that the alloy solidifies in the BCC phase, with
the liquidus temperature at 1470 °C and the solidus temperature at 1276 °C. The Cr3Si
phase emerges around 1136 °C, with its volume fraction increasing as the temperature
decreases. Concurrently, the BCC2 phase appears near this temperature. When the tem-
perature drops to 1115 °C, the FCC phase emerges, followed shortly by the FCC2 phase.
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Figure 2. Phase equilibrium information of HEA predicted by ThermoCalc software.
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3.2. Microstructure Analysis

Figure 3 shows the surface composition maps of as-cast and laser-deposited FeCoNi
CrAl0.8Cu0.55i0.5 HEAs, while Table 1 provides a comparison of the compositions. It
can be observed that the contents of Fe, Co, Ni, Cr, Al, and Cu are close to the nominal
composition of the alloy, while the Si content is slightly lower. Comparing the compositions
of the cast and deposited alloys reveals that the Fe content is higher in the deposited alloy,
while the Cu and Si contents are lower. This discrepancy may be due to the loss of Cu and
Si during the high-temperature heating in the laser deposition process.

Figure 3. Surface composition maps of FeCoNiCrAl0.8Cu0.55i0.5 HEAs: (a) as-cast alloy; (b) laser-
deposited alloy.

Table 1. Composition of as-cast and laser-deposited FeCoNiCrAl0.8Cu0.55i0.5 HEAs.

Element (Atomic %) Al Cr Fe Co Ni Cu Si
As-cast alloy 13.85 18.94 18.23 17.20 17.04 8.24 6.50
Laer-deposited alloy 13.77 18.97 20.79 17.79 17.26 7.56 4.92

The microstructure of FeCoNiCrAl0.8Cu0.55i0.5 HEAs was analyzed. Figure 4a de-
picts the microstructural morphology of the as-cast alloy. It is observed that the HEA
exhibits a typical dendritic structure, with the formation of secondary dendrite arms.
Figure 4b shows a magnified view of the dendritic arms, where a dense granular structure
on the surface of the dendrites can be identified. The formation of secondary dendrite
arms is generally attributed to solute segregation during the solidification process [33].
Figure 4c,d presents the morphology of laser-deposited alloy, revealing a granular mor-
phology without the formation of secondary dendrite arms or granular structures. In
Wang’s study [34] on the NixCo00.6Fe0.2CrySizAlTi0.2 HEA, annealing the alloy at 800
°C for 10 h resulted in the precipitation of the Cr35Si hard phase. In Hsu’s research [22]
on NiCo0.6Fe0.2Cr1.5S5iAlTi0.2 and NiCo0.6Fe0.2Cr1.3SiAl, the prepared alloys exhibited
BCC, FCC, and Cr35i structures. This indicates that in transition metal high-entropy alloys,
Si tends to form the Cr3Si structure with Cr under certain processing conditions.
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Figure 4. The microstructure of the FeCoNiCrAl0.8Cu0.55i0.5 HEA: (a) low-magnification SEM of as-
cast alloy; (b) high-magnification SEM of as-cast alloy; (c) low-magnification SEM of laser-deposited
alloy; (d) high-magnification SEM of laser-deposited alloy.

A compositional scan of the laser-deposited alloy, as depicted in Figure 5, revealed
the interdendritic segregation of Al, Ni, and Cu elements, while Si is uniformly distributed
throughout the structure. XRD analysis indicates the alloy consists of two BCC phases,
suggesting the interdendritic region is likely composed of an Al-Ni-rich BCC phase. Solidi-
fication theory explains that secondary dendritic arms arise from solute segregation during
the alloy’s solidification process [35]. With more than five elements mixed in the alloy,
solute segregation can cause the alloy to deviate from its nominal composition, reducing
local mixing entropy and failing to prevent the formation of high-enthalpy intermetallic
compounds. For high-entropy alloys containing Si, the size difference in Si atoms facilitates
a higher diffusion rate among elements, leading to easier compositional undercooling at
the solid-liquid interface front under lower solidification rates. Additionally, the negative
mixing enthalpy enhances the bonding between elements, making regions with a high
Si content more prone to forming high-enthalpy intermetallic compounds during solidi-
fication. However, with sufficiently high cooling rates, the rapidly moving solid-liquid
interface can more readily trap solutes, leading to a tendency to form metastable supersatu-
rated solid solutions upon solidification. Therefore, compared to FeCoNiCrAl0.8Cu0.55i0.5
alloys prepared using vacuum arc melting, rapid cooling techniques favor the formation of
HEAs with simpler phase structures.

Figure 5. Compositional scan of the laser-deposited FeCoNiCrAl0.8Cu0.55i0.5 HEA.
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3.3. Hardness

Hardness tests were conducted on the FeCoNiCrAl0.8Cu0.55i0.5 HEA, revealing that
the hardness values for the cast and laser-deposited alloys were 586 HV0.2 and 557 HV0.2,
respectively, with the laser-deposited alloy exhibiting lower hardness compared to the
cast alloy. The absence of the Cr35i hard phase in the laser-deposited alloy, which is
present in the cast alloy, contributes to the increased hardness of the cast alloy. Compared
to conventional steels, both as-cast and laser-deposited FeCoNiCrAl0.8Cu0.55i0.5 HEAs
show significantly higher hardness values than traditional steel materials, such as the 304
stainless steel (185 HV0.2) [36].

3.4. Wear Resistance

Wear testing was performed on both as-cast and laser-deposited FeCoNiCrAl0.8Cu0.5
5i0.5 HEAs. The as-cast alloy exhibited a scratch length, scratch width, and wear rate
of 6.2 mm, 2.1 mm, and 3.5 x 107 mm3/(N-m), respectively. The laser-deposited al-
loy displayed a scratch length, scratch width, and wear rate of 6.4 mm, 2.4 mm, and
9.0 x 1077 mm?, respectively. These results indicate that the as-cast alloy exhibits en-
hanced wear resistance relative to the laser-deposited alloy.

Figure 6 presents the wear surfaces of the FeCoNiCrAl0.8Cu0.55i0.5 HEA. On the
as-cast alloy surface, distinct plowing grooves are observable, indicative of abrasive wear
mechanisms, as depicted in Figure 6a. The surface of the laser-deposited alloy exhibits
adhesion, characteristic of adhesive wear, as shown in Figure 6b. The microstructure of
the as-cast FeCoNiCrAl0.8Cu0.55i0.5 HEA reveals the presence of secondary dendrites
and particulate phases. Considering the wear morphology, it can be inferred that during
the wear process, under the action of shear forces, the asperities of the counterface shear
off the particulate phases from the material’s surface. Under compressive forces, these
particulate phases are driven into the matrix surface. As wear progresses, the asperities
of the counterface repeatedly rub against the alloy surface, ultimately forming grooves.
Moreover, due to the matrix’s higher hardness, no adhesive layer is formed. The surface
of friction samples from laser-deposited alloy exhibits features of adhesive wear. Under
load, the asperities of the counterface cold weld to the surface of the sample, resulting in
spalling pits upon detachment. Thus, the different processing methods significantly affect
the FeCoNiCrAl0.8Cu0.55i0.5 HEA’s microstructure, ultimately influencing the alloy’s
wear behavior.

10pum

Figure 6. Wear morphology of FeCoNiCrAl0.8Cu0.55i0.5 HEA: (a) as-cast alloy; (b) laser-deposited alloy.

3.5. Corrosion Resistance

Figure 7 presents the dynamic potential polarization curves and electrochemical
impedance spectra (EIS) for two types of samples in a 3.5% NaCl solution. Table 2 sum-
marizes fitting results for the case illustrated in Figure 7a. The corrosion current density
(icorr) for the cast alloy is 4.062 tA-cm~ 2, which is higher than that of the laser-deposited
alloy at 3.621 pA-cm~2. After the dynamic potential polarization test, the surface morphol-
ogy of the alloy is shown in Figure 7. Figure 8a shows the corrosion morphology of the
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0.2

as-cast alloy, which shows that the corrosion form is pitting. Relative to the as-cast alloy,
the laser-deposited alloy exhibits shallower pitting pits and shows signs of intergranular
corrosion, as depicted in Figure 8b. These results indicate that the laser-deposited alloy
exhibits superior corrosion resistance.
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Figure 7. HEA samples in 3.5% NaCl solution showing (a) dynamic potential polarization curves;
(b) Nyquist plots.

Table 2. Fitting parameters of polarization curves for HEA samples in 3.5% NaCl solution.

ECOI‘I‘ ICOI‘I‘

Sample W) (A-cm~2)
As-cast alloy —0.285 4.062
Laser-deposited alloy —0.281 3.621

Figure 8. Corrosion morphology of FeCoNiCrAl0.8Cu0.55i0.5 HEA: (a) as-cast alloy; (b) laser-
deposited alloy.

As demonstrated in the impedance spectra in Figure 6b, the capacitive reactance arc
radius of the laser-deposited alloy is larger. The capacitive reactance arc radius is related
to the resistance of the corrosion process; a larger radius signifies greater resistance to the
reaction and, consequently, a lower corrosion rate [37]. An equivalent circuit with two-time
constants is used to extract quantitative information from the EIS, as shown in Table 3. The
mathematical expression for an equivalent circuit is as follows [38]:

Z=Rs + 1/j{lwCPE; + 1/[R¢ + 1/(jwCPEf + 1/Rt]}
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Table 3. Equivalent circuit-fitting data for FeCoNiCrAl0.8Cu0.55i0.5 HEA.

Rs Cefr.a Ret Cef.ct Ret
Sample (Q-cm?) (uF/cm?) fid (Q-cm?  (uFlem~2) nf (Q-cm?)
As-cast alloy 14.92 27.01 1 341.1 60.4 0.724 2847
Laser-deposited alloy 19.69 12.01 1 372.7 46.68 0.686 3511

Z is the impedance of the circuit; w is the angular frequency; j is the imaginary unit.
The CPE is defined as [38]:
CPE =1/Yy(jw)"

Y is the prefactor of the CPE; n is the exponent of the CPE (-1 < n < 1). When
n=1, —1,and 0 [39], the CPE acts as an ideal capacitor, inductor, and resistor, respectively.
A larger n value indicates a smoother passive film, smaller CPE values, and fewer defects
in a homogeneously structured passive film [40]. In the equivalent circuit, the CPE is
typically used to describe ideal capacitive behavior [41]. The effective capacitance value
is independent of the solution conditions and provides a more reliable description of
electrochemical performance than the CPE [42]. The mathematical expression for converting
CPE to C. is given as [43]: Cegr = CPE(fm)" !, where fy, is the frequency at which the
imaginary part of the impedance reaches its maximum value. The charge transfer resistance
and effective capacitance are indicators of an alloy’s corrosion resistance. A higher Rt and
a lower C,¢ suggest stronger corrosion resistance. The laser-deposited alloy exhibits the
largest Rt and the smallest Cqgs. The EIS results further demonstrate the superior corrosion
resistance of the laser-deposited alloy.

4. Conclusions

FeCoNiCrAl0.8Cu0.55i0.5 high-entropy alloys (HEAs) were fabricated using both vac-
uum arc melting and laser deposition techniques to investigate the effects of these distinct
processes on the microstructure and properties of the alloys. The following conclusions
were drawn:

(1) Phase Structure:

As-cast Alloy: The phase structure consists of BCC1, BCC2, and Cr3Si phases.
Laser-deposited Alloy: The phase structure consists of BCC1 and BCC2 phases.

(2) Microstructure:

As-cast Alloy: The microstructure comprises dendritic and interdendritic structures,
with secondary dendritic arms and particle phases formed on the dendrites.

Laser-deposited Alloy: The microstructure displays a dendritic structure without
granular interdendritic regions and with interdendritic segregation of Al, Ni, and Cu
elements, while Si is uniformly distributed throughout the structure.

(3) Hardness and Wear Resistance:

As-cast Alloy: Demonstrates a hardness of 586 HV0.2 and a wear rate of
3.5 x 1077 mm®/Nm, with abrasive wear as the primary wear mechanism.

Laser-deposited Alloy: Exhibits a slightly lower hardness of 557 HV0.2 and a wear
rate of 9.0 x 10~7 mm?/Nm, also with abrasive wear as the primary wear mechanism.

(4) Corrosion Resistance:

The as-cast alloy exhibited an icorr of 4.062 wA-cm ™2, with pitting as the primary form
of corrosion.

Laser-deposited Alloy: Showed an icorr of 3.621 wA-cm ™2, with both pitting and inter-
granular corrosion observed, demonstrating better overall corrosion resistance compared
to the as-cast alloy.
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Abstract: Incorporating expensive alloying elements into bulk steel for corrosion protection is
undesirable, considering that only the surfaces are exposed to aggressive environments. Therefore,
this work focused on developing and optimizing a new surface functioning technology through in
situ observation of thermal interactions between the metallic powders at elevated temperatures. The
study revealed that the Cu-Ni powder mixture, with 12.5 wt% Ni, began to melt at 1099.5 °C and was
fully melted at 1175 °C, significantly different from the Cu-Ni solid solution and bulk Cu or Ni. As a
result of high-temperature reactions, copper penetration of up to 35 um for pure copper and 55 pm
for copper-chromium composite coatings occurred due to liquid metal corrosion. In contrast, the
copper-nickel composite coating exhibited a cupronickel solution microstructure with FeNi dendrites
and a nickel-rich transition layer. This cupronickel coating, with a chemical composition of 89.3 wt%
Cu, 6.2 wt% Ni, and 4.5 wt% Fe, demonstrated uniform thickness, superior surface morphology, and
continuous coverage on the steel substrate. Furthermore, the Ni-rich transition layer played a vital
role in preventing copper penetration along the grain boundary of the steel matrix while forming a
chemical binding between the coating and the substrate. The practicality of the coating was further
confirmed through the hot-rolling procedure and subsequent electrochemical corrosion tests, which
resulted in a 44% improvement in corrosion resistance.

Keywords: surface alloying; anti-corrosion coating; cupronickel

1. Introduction

Corrosion poses a significant threat to the structural integrity of marine and offshore as-
sets, which results in surface degradation, mechanical failure, environmental pollution, and
loss of life. Steel, being a primary material used in various industries such as transportation,
oil and gas, petrochemical, construction, and marine engineering, has been subject to nu-
merous corrosion prevention methods throughout history [1], such as corrosion inhibitors,
alloying, sacrificial anode, and protective coatings. Protective coatings, in particular, have
proven to be effective in extending the service life of steel structures [2,3]. Examples of
protective coatings include paints, organic/inorganic coatings, diffusion coatings, thermal
spray metallic coatings, and galvanization [4-7]. Alloying, another essential methodology,
involves adding alloying elements such as Cu, Cr, Ni, P, Si, and Mn to bulk steel. These
elements help form a protective passivation layer, known as patina, on the surface when
exposed to a corrosive environment, thus protecting the material underneath [8]. Both
protective coatings and alloying have their advantages and limitations. Applying protec-
tive coatings is time-consuming and expensive, requiring complex procedures for surface
preparation and application [9,10]. Alloying, on the other hand, involves adding expensive
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elements to the bulk material when only the surface is exposed to harsh environments.
Moreover, alloying could alter the material’s mechanical properties of the bulk material,
which is not always desirable.

Cu, Cr, and Ni are widely used alloying elements to enhance the corrosion resistance
of steels. These elements facilitate the formation of an adhesive oxide layer when exposed
to aggressive environments, thereby improving the product’s service life [11]. Due to its
low cost, copper is commonly introduced as a base alloying element. However, adding
Cu can lead to hot shortness, a complex high-temperature chemical reaction process. The
relatively low melting Cu-enriched phase liquefies at high temperatures and penetrates
along the austenite grain boundaries of the steel matrix, resulting in cracking during
processes like hot-rolling [12]. Ni plays a crucial role in preventing hot shortness by being
noble compared to Fe, exhibiting less tendency to oxidize when oxide scales form on the
steel surface. Furthermore, Ni and Cu are completely soluble in each other, increasing the
melting point of the Cu-enriched liquid phase and restricting it from penetrating grain
boundaries. Akamatsu et al. [13] found that the liquid phase decreases as the percentage of
Ni increases, and no more liquid phase is observed when the percentage of Ni is equal to or
greater than that of Cu. Yamamoto et al. [14] developed a new surface melting technology
whereby the surface layer of the slab at the back of the continuous caster is uniformly
melted utilizing plasma or electromagnetic heating. Ni, as a wire, is added as an alloying
agent to the melted surface layer to prevent Cu in the surface layer from promoting hot
shortness at subsequent rolling. The surface melting technology proves that Ni and Cu can
be introduced on steel surfaces for anti-corrosion without incurring adverse hot shortness.
Cupronickels, alloys of Cu and Ni, are known for their high resistance to corrosion and
biofouling properties [15], which are widely used in marine engineering, coinage, and
cryogenic applications [16]. Tolulope Loto [17] found that Cu-Ni 90/10 exhibited superior
corrosion resistance at a high NaCl concentration solution, i.e., the corrosion rate of Cu-Ni
90/10 was just 0.74 mm/yr compared to the 2.68 mm/yr value of Cu-Zn 70/30 alloy at
4.5% NaCl concentration. The addition of Cr in steel is beneficial [18]. S. A. Park et al. [19]
conducted electrochemical corrosion tests on low-alloy steel containing 0.1%, 0.3%, and 0.5%
Cr after immersion in a chloride-containing environment for seven days and demonstrated
that the addition of up to 0.3% Cr positively affected corrosion behavior, whereas 0.5% Cr
promoted localized corrosion.

Surface alloying is an exciting technique to alter steel’s surface properties without
compromising the properties of the bulk material. It has been implemented for several
different purposes, such as enhancing surface hardness, scratch resistance, corrosion resis-
tance, etc. Carburizing, nitriding, boriding, chromizing, and aluminizing are examples of
conventional surface alloying methods. Typically, this process involves heating the material
at high temperatures and introducing the desired alloying element into the atmosphere
in a gaseous or plasma state or through a sand bath. However, the material needs to be
heated for several hours in the atmosphere to achieve the desired diffusion thickness [20].
It is crucial to select the appropriate temperatures and understand the thermal interactions
between the alloying element particles and the steel surface at those temperatures when
designing a surface alloying technique [21-23]. For example, the fully melted Cu-based
coating could increase the risk of liquid metal embrittlement, leading to crack formation or
complete failure during service [24-26]. In contrast, insufficient heating would not result in
a solid solution for successful surface alloying [23].

Thermal analysis software such as Thermo-Calc can predict alloys” phase transforma-
tions and thermal behaviors based on their compositions under equilibrium conditions.
However, these calculations rely on equilibrium conditions and are based on pre-alloyed
materials that may or may not be achieved during the rapid heating and cooling of metallic
powders. A high-temperature confocal laser scanning microscope has been extensively
used by various researchers to observe in situ the thermal behaviors of alloys during heating
or cooling processes [27-30]. It can capture real-time images of the specimen as it under-
goes solidification or transforms into a liquid phase. It has been successfully employed to
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study phase transformations, slag formation, dissolution of elements/compounds, and
other helpful information [31,32]. Raman spectroscopy has also been widely used for
in situ and operando exploration of material properties, real-time monitoring of high-
temperature reactions, and understanding of high-temperature heat treatments. Bochme
et al. [33] used a heating stage coupled with a Raman microscope to investigate the for-
mation and stability properties of hydroxylapatite in situ. Molten salt chemistry has been
explored using ultraviolet-visible (UV-vis) absorbance and Raman spectroscopy [34]. More
recently, Zhang et al. [35,36] developed a customized in situ high-temperature fiber-optic
Raman probe to reveal the structure of glass and slag and investigate in situ molten flux for
continuous casting in steel manufacturing at temperatures up to 1400 °C.

Current research focuses on developing and optimizing a new surface alloying tech-
nology that can be implemented on commonly hot-rolled carbon steels by integrating
Cu-based metallic compounds and steel matrix to form a corrosion-resistant surface coat-
ing. Unlike adding alloying elements to the bulk material, this technique solely alloys the
surface, creating a protective coating without altering the properties of the bulk material.
Surface alloying of steel at a high temperature presents a promising solution to improve
the corrosion resistance of carbon steel at a low manufacturing cost.

The proposed approach combines and modifies surface diffusive coatings and thermal
spray coating techniques to create a more cost-effective method that can be integrated into
steel strip and plate manufacturing, eliminating the need for additional processing costs [37].
In conventional diffusion coating, the substrate surface gets enriched by the diffusing
elements. However, no physical coating is developed, and the surface becomes an alloy of
the substrate and the diffusing elements [38,39]. On the other hand, thermal spray coatings
involve spraying hot coating materials onto the cold substrate surface, creating a layer on
top, but adhesiveness is not as good as what could be achieved with the diffusion technique.
Furthermore, the significant temperature difference between hot sprayed material and
cold substrate can lead to the formation of cracks within the coating and coating-substrate
interface, compromising the corrosion resistance of the coating [40—42]. Therefore, it is
vital to combine and modify these methods by heating the alloying powders on the steel
substrate to form a protective coating with a diffused interface. Moreover, the traditional
surface alloying techniques are primarily designed for single-element coatings, whereas
the proposed method can accommodate a combination of a few elements within a single
coating process. For example, a cupronickel compound coating containing two metallic
elements, Cu and Nij, is developed. Theoretical results from Thermo-Calc software 2024a
with Database "TCFE9” were used to design the experimental procedure and heating
profiles. Based on these heating profiles, tests were conducted, and in situ observations
were recorded using high-temperature confocal scanning laser microscopy:.

2. Materials and Methodology
2.1. Materials

Coating materials were chosen by considering the effect of alloying elements on the
corrosion properties of the steel, with particular attention to the synergistic impact of
multi-elements [43]. Current work developed a new surface mitigation technology that
integrates Cu, Ni, and Cr metallic powders with a steel matrix to form a robustly bonded,
corrosion-resistant layer onto steel substrates. Cu is a base anti-corrosion element due to its
cost-effective and appreciated melting point of 1083 °C, closely aligning with the working
temperature in the hot rolling of carbon steel plates or strips [44,45]. The addition of Ni not
only enhances the solubility/diffusion of Cu in the y phase but also increases the melting
point of the Cu-rich compound, which prevents the adverse impact of hot shortness [46].
The inclusion of Cr helps improve the corrosion resistance; however, the high affinity of Cr
could make it sensitive to high-temperature oxidation. It is essential to report that both Cr
and Ni have higher melting points, 1907 °C and 1455 °C, respectively, which can help to
maintain a solid-liquid state at working temperature instead of a fully molten liquid. Since
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the alloying elements are only applied to the surface of the steel instead of the bulk of the
steel, this approach offers significant cost savings.

Q235 steel (99.13% Fe, 0.1637% C, 0.67 Mn, 0.022 Si, and traces of sulfur) was in-
troduced as the steel substrate for the current investigation. Q235 steel and its ASTM
equivalent A36 are prevalent in structural applications, such as bridges and boiler support
structures, etc., due to its superior plasticity, toughness, weldability, cold bending perfor-
mance, and adequate strength, along with low price compared to other steel grades and
alloyed steels.

In this research, we utilized Cu powder (particle size of 45 um, purity of 99%, and
density of 3-3.8 g/cm?), Cr powder (particle size of 5 um, purity of 99%), and Ni pow-
der (particle size of 1 um, purity of 99%). Three distinct coating powder combinations,
including (1) pure Cu, (2) a mixture of 87.5 wt% Cu and 12.5 wt% Ni, and (3) a mixture
of 90 wt% Cu and 10 wt% Cr, were developed to explore the proposed surface alloying
techniques. Each component was individually weighed using a physical scale and then
mixed thoroughly together.

The ratio of Cu and Ni mixture was selected based on cupronickel 90/10 alloy, known
for its exceptional corrosion-resistive properties. Furthermore, a marginally increased
proportion of Ni to 12.5 wt% was chosen due to Ni’s solubility in Fe at high temperatures,
potentially forming a barrier that prevents Cu from penetrating deeper into the substrate’s
grain boundaries. The Cu—Cr weight ratio was maintained at 9:1, a slight reduction of Cr
compared to Ni in the Cu-Ni mixture, taking into account the higher melting point of Cr
and its insolubility in Cu.

2.2. Experimental Setup for In Situ Observation and Designing Thermal Profiles

The in situ and real-time thermal interactions of the designed metallic coatings were in-
vestigated with a high-temperature confocal laser scanning microscope (HTCLSM), which
simulates the operational conditions of an industrial reheating furnace in a hot strip mill.
The HTCLSM, manufactured by Lasertec Corporation, Yokohama, Japan, features a vac-
uum chamber-type heating furnace that allows observation under various conditions, such
as in a vacuum, with inert gas, or in a reducing atmosphere. The confocal optics enable the
observation and video recording of the melting and solidification process without interfer-
ence from the high-intensity light emitted at elevated temperatures. The observation and
recording of the melting and solidification process of Cu-coated samples were correlated
with the actual temperature and thermal history/profiles employed during heating and
cooling. This correlation helps in understanding phase transitions and microstructural
evolution influenced by specific heating and cooling profiles and rates.

Round, thin Q235 specimens of 5.5 mm in diameter and 2.2 mm in thickness were
sectioned from the steel plate and then polished using a Struers Tegramin grinding and
polishing machine (Copenhagen, Denmark) for in situ high-temperature observation.

Cu-Ni alloy is recognized as an isomorphous system known for its ability to form
solid solutions over a range of temperatures [47]. As shown in Figure 1, we used Thermo-
Calc software to calculate the Cu-Ni binary phase diagram. The results indicate that the
solidus and liquidus temperatures for the designed Cu-Ni coating with a 12.5 wt% Ni
are 1137.5 °C and 1162.5 °C, respectively. In Figure 1, a1 represents a Cu solid solution
with an fcc structure and ay denotes a Ni fcc-solid solution, which shows a miscibility
gap in the Cu-Ni phase diagram at lower temperatures. Hence, a temperature above the
liquidus temperature, 1250 °C, was selected to investigate the melting and solidification
process through HTCLSM. This temperature is commonly employed in actual heating and
reheating furnaces for hot steel manufacturing. The same heating temperature was chosen
for the Cu—Cr coating as well. However, for the pure Cu powder coating, a slightly low
temperature of 1200 °C was selected, considering the low melting point of Cu. In contrast,
the Cu—Cr binary system exhibits very limited solubility between the two elements, with
nearly no solubility up to 1076 °C.
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Figure 1. Cu-Ni binary phase diagram calculated by Thermo-Calc software.

Figure 2 presents our designed thermal profiles of three coatings used in HTCLSM
experiments. In the pure Cu experiment, as shown in Figure 2a, the Q235 substrate and
coating powder were heated to 800 °C at a rate of 100 °C/min, which is below Cu’s melting
point of 1085 °C. Following this, the temperature was increased to 1200 °C at a reduced rate
of 50 °C/min. Then, the temperature was maintained at 1200 °C for 10 min before cooling
down to 800 °C at a rate of 10 °C/min and followed by rapid cooling to 200 °C at a rate
of 100 °C/min. For the samples covered with Cu-Ni and Cu-Cr powder composites, as
depicted in Figure 2b, the samples were heated to 1250 °C at a rate of 100 °C/min and then
held at this temperature for 10 min. After that, the samples were cooled to 1050 °C with a
20 °C/min cooling rate and then further reduced to 200 °C at a cooling rate of 100 °C/min.
The HTCLSM furnace chamber was filled with argon gas at a flow rate of 0.4 LPM to protect
the samples from severe oxidation during the testing process.

1400 1400
1250°C 1250°C

1200 1200°C 1200°C 1200

1000 1000
& g
k3 @

S 800 5 800
= =
3 3
) &

E 600 E 600
= =

400 400

200 200 200°C
0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40
Time/min Time/min

() (b)
Figure 2. Thermal setup of (a) pure Cu, (b) Cu-Ni, and Cu—Cr coatings for HTCLSM experiments.

2.3. Coating Performance Characterization

Following the in situ observation, the top surface and cross-section of the samples
along the radial plane were exanimated using optical microscopy (OM), scanning electron
microscopy (SEM), and energy dispersive spectrometry (EDS) in terms of surface morphol-
ogy, coating thickness, microstructure, and the bonding and diffusion behaviors between
the coating layer and Q235 substrate.
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3. Results and Discussion
3.1. In Situ Phase Transformation of Coatings

The melting and solidification behavior of Cu, Cu-Ni, and Cu-Cr composite coatings
on Q235 steel substrates were influenced by the microstructure, phase composition, thermal
properties, and interfacial interactions between the composites and the steel substrate.

Figure 3 displays the melting and solidification process of the pure Cu-coated samples,
subject to the thermal history detailed in Figure 2a. It can be found that Cu powder was
uniformly dispersed on the top surface of the Q235 substrate, as evidenced by an in situ
image at 641 °C prior to melting. The in situ observation revealed that the Cu powder
started melting at 1050 °C, slightly below the melting point of the bulk Cu at 1083 °C.
Figure 3b illustrates that a few liquid Cu pools had formed at 1182.3 °C. As shown in
Figure 3¢, the Cu powder has fully melted after holding at 1200 °C for ten minutes, and
some isolated oxides in both liquid and solid states were spotted floating on the liquid Cu
pool. Figure 3d presents the solidification process of liquid oxides. As the temperature
decreased, the crystallization started around the marked oxides and then proceeded in
various directions on the surface of the liquid Cu pool. This phenomenon is further
evidenced by the detailed inserted images from 1164.8 °C to 1127.0 °C in Figure 3d.
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Figure 3. Melting and solidification process of pure Cu-coated sample. (a) Cu powder on the surface,
(b) Melting started, (c) Fully melted, (d) Solidification.

Figure 4 shows the solidification process of the Cu-Cr coating. The melting point of
bulk Cr is around 1907 °C, which is significantly higher than the 1493 °C of bulk Q235. As
highlighted within the red dot circle in Figure 4a, a considerable number of solid particles
still remained within the liquid phase, even after holding at 1250 °C for ten minutes. These
solid particles were later identified as unmelted Cr powders during subsequent material
characterization. This phenomenon is substantiated by the extremely low solubility of Cr in
Cu. In addition to the unmelted Cr particles, the solid oxide clusters were observed floating
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on the liquid surface. The solidification process at 960 °C can be found in Figure 4b. It can
be seen that most of the coating remained in the liquid phase, which is assumed to be liquid
Cu. It proves that the addition of Cr to the Cu powder has slowed down the solidification
of the composite coating. As seen in Figure 4c, most of the liquid had transformed into
solids, with some residual liquid nestled between solids at 950 °C.

(a) 0:14:32 1250 °C

Figure 4. Solidification process of Cu—Cr coating. (a) Liquid pool with undissolved solid particles, (b) a

combination of the solid and liquid phases, (c) solidified coating with the lesser residual liquid left.

As per the Cu-Ni phase diagram illustrated in Figure 1, the Cu-Ni solid solution
with a 12 %wt Ni should initiate melting at 1137.5 °C. However, the in situ observation in
Figure 5a shows that the Cu-Ni powder mixture began to melt at 1099.5 °C, which is far
below 1137.5 °C for the Cu-Ni solid solution and marginally higher than 1085 °C for the
bulk Cu. This discrepancy provides evidence that the solid-liquid phase transformation
of the powder mixture is significantly different from that of the bulk alloy with the same
chemical composite, which must be considered in the design of surface alloying. At
1156.7 °C, the melting process became faster. A combination of solid and liquid phases
was observed in Figure 5b, which swiftly converted into a liquid pool with minimal solid
particles remaining at 1163.6 °C, as illustrated in Figure 5c. Although bulk Ni only started
to melt at 1453 °C, the Cu-Ni powder mixture was fully melted at 1175 °C, as shown in
Figure 5d. It is vital to report that the melting points observed during this process are
higher than that of bulk Cu but significantly lower than that of bulk Ni. The presence of Ni
slows down the melting of Cu. Due to Ni’s solubility in liquid Cu, the melting point of the
Cu-Ni coating is significantly lower than that of bulk Ni. The properties of the substrate
also affect the coating’s melting and solidification behaviors. Zhao et al. observed that for
the same coating material, the coating properties and microstructure varied for aluminum
and steel substrates, while the coating parameters were identical [48].
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Figure 5. Melting process of Cu-Ni powders. (a) Metallic powders started to melt, (b) Solid powders
with some molten liquid, (c) Liquid pool started to form with fewer solid powders left, (d) fully melt.

The solidification process of Cu-Ni composite coating on the Q235 substrate is shown
in Figure 6. As seen in Figure 6a, after the complete melting of the Cu-Ni powders, some
solid and liquid oxides were observed floating on the liquid Cu-Ni solution, with the solid
oxides tending to aggregate into clusters. As marked by red dot circles in Figure 6b, the
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liquid Cu-Ni solution started solidifying at 1161.8 °C, closely aligned with the liquidus
temperature calculated through Thermo-Calc, as indicated in Figure 1. The number of
oxide clusters significantly increased and spread on the remaining liquid Cu-Ni solution.
When the temperature dropped to 1105.3 °C, as displayed in Figure 6c, the Cu-Ni solid
phase significantly grew, and only a few spots of residual liquid Cu-Ni could be observed.
The coating was fully solidified when the temperature was reduced to 1090.2 °C, as shown
in Figure 6d.
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Figure 6. Solidification process of Cu-Ni coating. (a) Fully molten state, (b) solidification started,
(c) solidified coating with less molten liquid, (d) fully solidified.

3.2. Surface Morphologies of the Coated Samples

Figure 7a,c,e present the overall surface morphologies of three different coated samples,
and the red square regions in them were further investigated by secondary electron SEM
imaging and displayed in Figure 7b,d f. It can be found that the pure Cu powder-coated
sample shows an undesirable convex surface shape, as seen in Figure 7a. In addition to
the gold-shinny Cu appearance, a portion of the coating surface displays a dark color
corresponding to the mixture of oxide and solidified Cu observed during HTCLSM. The
micro-sized oxide particles can be found in Figure 7b.

15kV. x1000 10pm 0063 1060 SEI

Figure 7. Surface morphologies and secondary electron images of coated samples, (a,b) pure Cu;
(c,d) Cu—Cr; and (e,f) Cu-Ni.

As indicated in Figure 7c,d, the Cu—Cr coated sample’s surface reveals a porous ap-
pearance and unmelted solid clusters/oxides, which is undesirable. In contrast, the surface
of the Cu-Ni coated sample shown in Figure 7e,f appears smooth, and no dark region
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(oxidation). As shown in Figure 7f, the Cu-Ni coating layer displays fine and uniform poly-
crystalline structures, providing evidence that an isomorphous Cu-Ni solution was formed
from the Cu and Ni powder composite after heating at 1250 °C. The Cu-Ni coated samples
exhibit the most satisfactory surface appearance among the three coating combinations.

3.3. Characterization of Coating Structure
3.3.1. Coating Thickness and Defects

Figure 8a displays that the coating thickness deposited on the steel substrate by pure
Cu powder is not uniform. The surface tension of the liquid Cu pool tends to drag the
liquid Cu to the center of the round specimen, creating a convex layer of 960 um thick in
the center and significantly thinner, around 100 um, at the edge. A substantial amount of
casting porosities, up to 184.75 pm in radius, existed within the coated layer. The formation
of porosity defects was attributed to the fact that the sample was heated much higher
than the melting temperature of Cu, followed by rapid cooling. The existence of porosity
defects significantly worsens the coating quality and can potentially reduce anti-corrosion
performance when exposed to an aggressive environment [49]. As observed from the
high-magnified view of the interface between the Cu coating layer and the steel substrate in
Figure 8d, the Cu penetrated the grain boundary of the steel substrate to a depth of 35 um.
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Figure 8. Cross-section of the coating layers at the center of coated samples, (a,d) pure Cu; (b,e) Cu-Cr;
(c,f) Cu-Ni.

Despite the formation of a uniformly thick layer for the Cu—Cr coated sample, sub-
stantial cavities are visible throughout the coating, as indicated in Figure 8b and further
confirmed in Figure 8e. These severe coating defects are caused by the high melting point of
Cr and its insolubility in Cu [50]. Furthermore, Cu penetration into the grain boundaries of
the steel substrate is up to 55 pm, which is even worse than the pure Cu-coated sample. This
phenomenon will be confirmed and explained in the subsequent metallurgical examination.

In contrast, the Cu-Ni composite coatings exhibit a relatively uniform thickness distri-
bution, ranging from 550 um at the center to 350 pm at the edge, as shown in Figure 8c. It
is interesting to report that a dendritic casting structure can be found in the Cu-Ni coating
layer. It can be found in Figure 8f that a transition layer of 20-25 um had formed between
the Cu-Ni coating and the steel substrate. This transition layer is expected to be a Ni-rich
region due to the high affinity of Ni towards Fe as compared to Cu’s lack of miscibility
with Fe. Ni plays an essential role in securing the bonding integrity of the coating and
minimization of Cu penetration into the parent steel. A detailed metallurgical examination
can be found in the following session.
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3.3.2. Coating Structure and Integrity at Coating and Substrate Interface

While Cu is a primary element used to combat corrosion in the proposed metallic
surface alloying technique due to its low cost, hot shortness can occur during the hot
forming of Cu-containing steel. Therefore, introducing the Cr and Ni alloy elements and
forming a diffused interface between the anti-corrosion metallic compound (instead of
pure Cu) and the steel substrate is vital. This not only provides bonding strength but also
suppresses Cu penetration into the parent steel.

Figure 9 shows distinct evidence of penetration and flow of liquid Cu into austenite
grain boundaries of the Q235 substrate under pure Cu surface alloying. It is important to
note that the mechanism of Cu enrichment for the surface alloying technique is different
from that of Cu-containing steel. During the surface alloying, the Cu did not diffuse from
the bulk steel and precipitated into the austenite grain boundaries of the steel. Instead,
liquid Cu attracted the steel substrate and penetrated the austenite grain boundaries of
the steel substrate. Figure 9b presents the EDS layered map and its corresponding Cu/Fe
elemental maps. It can be found that the penetrated liquid Cu tended to detach steel grains
from the metal surface. This phenomenon is known as liquid metal corrosion or liquid
metal embrittlement [51,52]. Based on the reference [53], the penetration of liquid Cu into
grain boundaries of substrate steel occurs rapidly. In general, although the Cu coating was
successfully deposited on the steel surface, the significant Cu enrichment and penetration
along grain boundaries of the steel substrate could trigger the hot shortness and surface
cracking during the subsequent hot forming process. Hence, the surface alloying of pure
Cu powder is undesirable due to the occurrence of liquid metal corrosion.

x50 500 pm 10 60 BEC

Figure 9. Pure Cu coating structure (a) Secondary Electron Image, (b) EDS layered map, and its Cu
and Fe elemental maps.

As shown in Figure 10, the cross-section of the Cu—Cr coated sample consists of three
distinct regions: the coating layer, diffusion zone, and substrate. It can be found that Cu
and Cr elements did not form a homogeneous solution at the designed composition and
thermal excursion history. The Cr particles remained unmelted and can still be observed
within the Cu-based coating layer. The Fe element diffused from the steel matrix was
combined with unmelted Cr particles to form a Cu-depleted Fe-Cr phase, as indicated in
Figure 10a,b. These Fe—Cr phases tended to gather together, which was observed as the
cluster in Cu-Cr coating. The presence of the Fe—Cr clusters introduced an inhomogeneous
structure to the coating layer, potentially compromising the anti-corrosion performance.

More importantly, it is crucial to note that despite Cr diffusing into the steel matrix to
form a Cr-rich transition zone around 45~55 pm between the coating layer and the substrate,
it also facilitated Cu penetration into the grain boundaries, as indicated in Figure 10c,d. This
phenomenon is attributed to the chemical actions among Fe, Cr, and Cu at the transition
region. The Fe—Cu system is immiscible, and the same holds for the insolubility of Cu
and Cr elements [50]. Consequently, the L(Cu), «(Fe,Cr), and yCu phases were expected
to coexist during the surface alloy at the temperature range of 1100-1250 °C [54]. The
insolubility of liquid Cu and «(Fe,Cr) resulted in the penetration of liquid Cu into the
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grain boundaries of the substrate. This observation confirms that Cu—Cr surface alloying is
unable to prevent liquid Cu penetration, which could cause hot shortness in the subsequent
forming process.

15 kv x150 100 pm 10 60 BEC

15 kv x 500 10 60 BEC

Figure 10. Cu—Cr coating structure (a) Back-scattered Electron Microscopic Image, (b) EDS layered
map of the surface region. (c) Back-scattered electron image and (d) EDS layered map of the interface
region. Cu, Cr, and Fe elemental maps for (b,d) are shown on the right side of respective EDS
layered maps.

The microstructure of the metallic coating formed by the proposed Cu-Ni surface
alloying techniques can be found in Figure 11. The sample exhibits three regions, including
the cupronickel coating, a continuous binding transition layer between the cupronickel
coating and the substrate, and the Q235 steel substrate. The Cu and Ni homogenously
coexisted at the Cu-Ni coating, which confirmed the nature of the cupronickel solution
alloy. As evidenced by elemental spectrums of the point scan in Figure 11a,e, the chemical
composition of deposited cupronickel coating was 89.3 wt% Cu, 6.2 wt% Ni, and 4.5 wt% Fe.
Compared with the initial metallic powder composite of 87.5 wt% Cu and 12.5 wt% Ni, the
weight percentage of Ni is slightly reduced. As shown in Figure 11a, the dendritic phases
were formed within the cupronickel coating. The elemental maps in Figure 11b display that
the dendrites are rich in Ni and Fe and depleted in Cu, confirming the FeNi phase. At the
elevated temperature of 1250 °C, the Fe could be dissolved into the cupronickel solution
via two possible mechanisms, i.e., (1) Fe elements from the steel substrate could diffuse into
the melted coating composite; and/or (2) the steel grains could be detached from the base
metal by liquid metal corrosion [51]. Regardless of the source, the Fe element reacted with
the Ni element during the solidification process due to the high affinity of Fe towards Ni as
compared to Cu, resulting in the formation of a new phase that solidifies into a dendritic
structure. The chemical composition of dendrites consisted of 62.7% Cu, 19.3 wt% Ni, and
18.1 wt% Fe, as seen in Figure 11f. It is important to note that Cu concentrations remained
high in both of the cupronickel solutions or dendrites. At the same time, the Ni percentage
is comparatively higher in dendrites when compared to the rest of the coating.
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Figure 11. Cu-Ni coating structure (a) Back-scattered Electron Image, (b) EDS layered map and
Elemental maps of Cu, Ni, and Fe at Site 1 (Ni-rich dendritic structure), (c) Back-scattered Electron
Image of Site 2 (Ni-rich interface); (d) EDS layered map and Elemental maps of Cu, Ni, and Fe at
Site 2 (Ni-rich interface); (e—g) Elemental spectrums of Point scan 1 (coating region), (f) point scan 2
(dendrite), (g) point scan 3 (interface). In (a), an overlapping region between Site 1 and Site 2 is
highlighted by the red dashed rectangular boxes in the EDS mapping shown in (b,d).

Although the thickness of the cupronickel coating is up to 500 pm, as shown in
Figure 11a, the thickness of the binding transition layer between the cupronickel coating
and the substrate is around 20-25 um. The EDS mapping results depicted in Figure 11d
confirm that the binding transition layer is enriched with Ni. The chemical composition
of the Ni-rich transition layer was analyzed through elemental spectrum scanning in
Figure 11g, revealing a composition of 41.9 wt% Cu, 22.9 wt% Ni, and 35.3 wt% Fe. The
formation of the Ni-rich transition layer and the high percentage of Cu in the Ni-rich
transition layer align with the expected behavior of a ternary Cu-Ni-Fe system. Both liquid
L Cu-Ni-Fe and solid v Cu-Ni-Fe phases coexist when a Cu-Ni-Fe system is exposed
to high temperatures. The L phase with a lower Ni/Cu ratio flows upwards to form
the cupronickel coat. The vy Cu-Ni-Fe solution phases with a higher Ni/Cu ratio are
more enriched on an interface to promote the Ni-rich transition layer. It is interesting to
report that even though the Cu concentrations are different in the coating and transition
layer, there are still relatively high Cu concentrations of 41.9 wt% in the Ni-rich transition
layer [13]. The Ni-rich interface layer is continuous and adhesive, effectively preventing
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Cu penetration into the substrate grain boundaries, which is a desirable characteristic in
surface alloying.

It is intriguing to compare the characteristics of the transition layers formed by the Cu-
Cr and Cu-Ni composites. Rothman et al. [55] measured the simultaneous lattice diffusion
of Fe, Cr, and Ni, revealing that the diffusion coefficient of Cr is 1.39 times that of Fe and
2.5 times of Ni. Consequently, the Cr can diffuse deeper into the steel matrix compared to
Ni. It aligns well with current research that the Cr-rich transition zone formed by the Cu-Cr
coating has a thickness ranging from 45-55 um, almost double the thickness of the Ni-rich
transition layer observed in the Cu-Ni coating (20-25 um). However, despite its thickness,
the Cr-rich transition layer is unable to prevent Cu penetration during surface alloying at
high temperatures. In contrast, the Ni-rich transition layer is capable of minimizing the
risk of Cu penetration.

The material characterization confirms that the surface alloying technique utilizing
Cu-Ni powder at high temperature successfully forms a coating comprising cupronickel
solution and FeNi dendrites. In addition, a Ni-rich transition layer acts as a chemical
binding between the cupronickel coating and the steel substrate, which plays a critical role
in reducing liquid Cu penetration at the steel grain boundary to minimize the risk of hot
shortness during subsequent metal forming.

The significant difference in coating performance results from the types of bond
interaction between Cr and Ni in the structures of Cu-Cr and Cu-Ni alloys. Copper and
chromium have different atomic radii and crystalline structures (Cu has an fcc structure,
while Cr has a bcc structure). In contrast, nickel is similar to copper in terms of atomic
size and crystal structure, with both having fcc structures. The electronegativity difference
between Cu and Cr is greater than that between Cu and Ni, leading to stronger metallic
bonds in Cu-Ni alloys and some covalent character in Cu-Cr alloys. The similar atomic sizes
and electronegativity and the identical fcc structures of Cu and Ni facilitate the formation
of solid solutions. In contrast, the differing atomic sizes, electronegativity, and crystalline
structures of Cu and Cr result in limited solubility and the formation of distinct phases.

In future studies, it will be beneficial to investigate the optimized structures of Fe—
Cr and compare the stabilized energies of Fe—Cr, Cu—Cr, and Cu-Ni at the temperatures
of interest.

3.4. Coating Formation in Practical Hot Rolling and Corrosion Resistance Performance

To evaluate the proposed surface alloy technique, a series of hot rolling experiments
were conducted using a TMAX tube furnace manufactured by Xiamen Tmax Battery Equip-
ments Limited, Xiamen, China, and an experimental Hille 100 rolling mill manufactured
by Hille Engineering Company Ltd., Sheffield, UK.

The data collected from the high-temperature confocal laser scanning microscopy
indicated a suitable temperature range of 1099.5-1175 °C for melting the mixture of
87.5 wt% Cu and 12.5 wt% Ni powders. Hence, a heating temperature of 1150 °C was
selected to mimic the actual reheating condition of an industry hot strip rolling mill. The
process involved covering 20 mm thick Q235 steel slabs with Cu-Ni metallic powders,
which were then heated in a tube furnace filled with argon gas to 1150 °C and held at
that temperature for 25 min to facilitate the surface alloying technique. Subsequently, a
20% reduction was applied to the heated slabs immediately after removing them from the
furnace. The rolled samples were air-cooled to room temperature.

Figure 12a displays a representative cross-section image of the coated slab after hot
rolling, revealing the formation of a compact metallic coating with an average thickness of
220 um. The line-scan analysis in Figure 12b shows a sharp increase in copper intensity
from the transition region, which remains high throughout the coating layer. The intensities
of Ni and Fe were nearly identical across the coating layer, aligning with HTCLSM’s results
in Figure 11e, consisting of nearly the same amount of 6.2 wt% Ni and 4.5 wt% Fe in the
coating layer. Fe intensity increases gradually towards the steel matrix, while Ni tends to
concentrate at the interface.
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Figure 12. (a) Cu-Ni coated sample cross-section after practical hot rolling and (b) line-scan of the
cross-section.

To investigate the effectiveness of cupronickel-coated steel in terms of anti-corrosion
performance, a series of electrochemical corrosion tests were conducted in a 3.5% NaCl
solution using a Gamry electrochemical corrosion testing rig over a period of 10 min, 1 day,
7 days, 14 days, and 30 days. The tests were performed on both cupronickel-coated steel
and uncoated bare steel for comparison. Figure 13 presents the typical polarization curves
after 1 week of salted water immersion. The results confirmed the superior corrosion-
resistive properties of the Cu-Ni coating compared to uncoated Q235 steel. The corrosion
rate of the coated sample was calculated to be 33.42 um/yr., which is 44% lower than that
of the uncoated sample, recorded to be 59.78 um/yr. These findings indicate a significant
improvement in corrosion resistance with the application of the Cu-Ni coating.

In summary, in situ thermal interactions of three composites, including pure
Cu powder, a mixed powder of 87.5 wt% Cu-12.5 wt% Ni, and a mixed powder of
90 wt% Cu-10 wt% Cr, were tested using a HTCLSM, considering the maximum hot
working temperatures of steel in the industry (1200-1250 °C). The Cu-Ni powder mixture
began to melt at 1099.5 °C and was fully melted at 1175 °C, significantly different from
the Cu-Ni solid solution and bulk Cu or Ni. As a result of high-temperature reactions,
copper penetration of up to 35 um for pure copper and 55 um for copper-chromium
composite coatings occurred due to liquid metal corrosion. In contrast, the Cu-Ni metallic
powder combination ensures a cupronickel solution coating, with a chemical composition
of 89.3 wt% Cu, 6.2 wt% Ni, and 4.5 wt% Fe, which inhibits copper penetration. The
cupronickel coating presents uniform thickness, superior surface morphology, and
continuous coverage. A 44% improvement in corrosion resistance was confirmed by
electrochemical corrosion tests.

To achieve an effective corrosion-resistant layer, current research suggests optimizing
the specific components of Cu and Ni, with a composite ratio of 7:1 (Cu:Ni). However,
future studies should explore the synergistic effects of multi-element alloying, including Cr,
Ni, Cu, and others, to further enhance corrosion resistance. The detailed electrochemical
corrosion tests on various Cu, Cu-Cr, and Cu-Ni composite coatings, along with the impact
of uneven coatings and the presence of defects on corrosion resistance, will be addressed in
a forthcoming report.
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Figure 13. Electrochemical corrosion test results in 3.5% salt solution.

4. Conclusions

A high-temperature surface alloying technology was developed to implement the
Cu-based metallic coating on carbon steel surfaces to improve corrosion resistance.

The metallic coatings could be formed on the steel surface due to a high-temperature
reaction. However, the pure Cu and Cu—Cr metallic powder combinations were unsuitable
due to excessive Cu penetration. The Cu-Ni metallic powder combination demonstrated a
high coating quality providing full surface coverage, a consistent coating thickness, and no
Cu penetration into grain boundaries.

The surface alloying using a Cu-Ni composite comprised a cupronickel solution coat
with FeNi dendrites and a Ni-rich transition layer. The presence of the Ni-rich transition layer
is of significant importance as it inhibited Cu from penetrating the steel matrix grain boundary
while simultaneously enhancing the adhesion between the coating and the substrate.

The integrity of the coating was further confirmed by hot rolling experiments. The
electrochemical corrosion test proved that the Cu-Ni coating exhibited a significantly higher
corrosion resistance, with a 44% improvement compared to uncoated Q235 steel.
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Abstract: This study employs computational fluid dynamics (CFD) simulations to investigate the
effect of wall roughness on linear loss in circular pipelines. It specifically addresses hemispherical
roughness, focusing on how changes in spacing influence linear loss, a critical determinant of
fluid motion within pipelines. The simulations further assess the impact of these variables on flow
characteristics, laying a theoretical groundwork for drag reduction and pipeline design improvement.
Results indicate that increased spacing between roughness elements reduces the differential pressure
at both pipeline ends. The dimensionless spacing value of 30 stabilizes this pressure, suggesting
a limit to further changes. Additionally, a rise in roughness height at this spacing exacerbates
differential pressure, highlighting a proportional relationship between roughness dimensions and
linear loss—greater roughness leads to higher linear loss. Applying a nickel-plated coating on the
inner wall significantly lowers roughness, thereby reducing linear loss.

Keywords: roughness; CFD numerical simulation; linear loss; drag reduction

1. Introduction

The influence of wall roughness on boundary layer flow within pipelines has garnered
significant academic interest, contributing extensively to the body of research on single-
phase turbulent flow through channels with various roughness geometries [1-3]. Research
has extensively explored how different roughness shapes affect fluid flow in pipelines [4].
Oktarina et al. [5] investigated the impact of cylindrical surface roughness on fluid flow
characteristics, finding that increased roughness disrupts flow and enhances vortex forma-
tion at greater distances. Similarly, Ashmawy [6] studied the effects of surface roughness
on stress in fluid flows, demonstrating a marked decrease in flow velocity as longitudi-
nal corrugation roughness increases. Yu et al. [7] analyzed flow resistance in pipelines,
highlighting vortices induced by surface roughness and introduced a new method for
calculating the friction coefficient. Memento et al. [8] performed experiments to determine
how pipeline diameter and surface roughness influence the friction coefficient in fluid
flows, noting that both inlet conditions and surface roughness impact the friction coefficient
across different pipeline diameters. They also observed a significant increase in pressure
drop magnitude with decreasing pipeline size. Further, Oktarina et al. [9] examined the
effects of wall roughness on resistance to fluid transport in nanopores, revealing a more
pronounced impact in smaller nanotubes. Du et al. [10] used scanning electron microscopy
(SEM) to create a three-dimensional model of surface roughness and explored its effect on
flow resistance in microtubes, finding that increased roughness significantly raises flow
resistance, especially when relative roughness exceeds 3%. Yang et al. [11] investigated
flow resistance along rough boundaries in open channels and pipelines, affirming the
boundary shear stress summation principle’s applicability, which consistently aligns with
experimental data in depicting the friction coefficient in pipelines. Lastly, Song et al. [12]
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studied the impact of surface roughness on flow fields and pressure drops in circular
pipelines, developing a theoretical model to quantify roughness effects on fluid dynamics.

Research on the impact of small hemispherical roughness, whether regularly or ran-
domly distributed, on channel walls remains sparse. Wu et al. [13] performed direct
numerical simulations (DNS) of turbulent flows over hexagonally packed hemispheres,
establishing a scaling relationship between universal wall shear stress variance and av-
erage size, which supports the development of wall models for large eddy simulations
(LES). Iyer et al. [14] investigated the effects of discrete and distributed roughness through
DN, finding that roughness can induce coherent streamwise vortices and enhance fluid
transition. Philip [15] conducted experimental studies on single hemispherical roughness
on a flat plate within a zero-pressure gradient laminar boundary layer, focusing on the
Strouhal number-related behavior of “hairpin” vortices induced by roughness, their role
in the development of a turbulent boundary layer, and their dependency on inflection
point instability. Zhou et al. [16] combined DNS with the immersed boundary method to
explore boundary layer flow transition induced by three-dimensional roughness, revealing
the evolution of hairpin vortices and secondary vortex structures. A subsequent simula-
tion demonstrated quantitative consistency with experimental data using two-component
Particle Image Velocimetry (PIV). Michele et al. [17] examined vortex structure in turbu-
lent boundary layers over sparse hemispherical roughness, confirming the presence of
vortex packets in the outer flow layer. Prahladh [18] utilized DNS to study the transition
from laminar to turbulent flow in high-speed laminar boundary layers caused by discrete
hemispherical roughness. Observations indicated that flow with a Mach number of 8.23 re-
mained laminar downstream of the roughness, while transitions occurred at lower Mach
numbers. Caviezel et al. [19] conducted DNS and LES of fully developed turbulent flow in
channels with smooth-walled and hemispherical roughness at shear Reynolds numbers (Re)
of 180 and 400, finding that the friction factor decreases with increasing Reynolds number
and roughness spacing but increases significantly with roughness height. Interestingly,
the random distribution of these cells had a relatively minor effect on both the friction
factor and average velocity. Additionally, strategic placement of roughness facilitated
immediate lateral movement of flow within the wall layer, effectively enhancing fluid
transport. Qin et al. [20] performed molecular dynamics simulations to assess the effects
of various roughness shapes, including hemispherical, on nanofluid flow in nanochan-
nels. Results indicated that surface roughness reduces the range of density fluctuation
near nanochannel walls, with triangular roughness having the most significant impact on
nanofluid flow characteristics.

Regarding fluid transport in pipelines, linear loss is a critical factor that cannot be
overlooked, primarily stemming from the interaction between the fluid and the pipeline
wall [21]. This interaction significantly impacts the efficiency and performance of the fluid
conveyance system. Recognizing the importance of minimizing linear losses is essential
for the design and operation of fluid transport systems [22]. Optimization of pipeline
design, including adjustments to pipeline diameter and surface roughness, along with
the implementation of drag reduction devices [23], can facilitate this. Such measures not
only enhance system energy efficiency and reduce operational costs but also extend the
lifespan of pipelines and decrease maintenance requirements [24]. Consequently, this
study employs numerical simulation to examine the effects of the height and spacing of
hemispherical roughness, regularly distributed along channel walls, on linear loss. The
objective is to diminish drag by reducing wall roughness [25].

This paper investigates the impact of inner wall roughness on the drag reduction
performance of turbulent hydraulic oil flow (Re > 5000) in hydraulic steel pipelines using
computational fluid dynamics (CFD) for numerical simulation. The study focuses on
the enhancement of drag reduction by applying an inner wall surface coating, thereby
reducing roughness. Initially, hemispherical roughness units are modeled on the inner
surface of the circular pipe using a 1/4 circular pipeline model to decrease computational
demands. The study also explores how variations in roughness spacing influence drag

62



Coatings 2024, 14, 802

reduction, thereby advancing our understanding of roughness in pipeline hydrodynamics.
Furthermore, a nickel-plated coating is applied to the inner wall to reduce roughness and
minimize linear losses, providing insights for optimizing pipeline design and reducing
fluid resistance. This investigation builds on findings from Reference [26], which demon-
strated that a nickel-plated metal coating on the inner walls of hydraulic steel pipelines
effectively reduces linear loss in laminar flow. Extending these findings, this study explores
turbulence reduction by applying a similar nickel-plated coating, aiming to decrease wall
roughness in hydraulic steel pipelines. The numerical simulations assess the influence of
coating thickness variations on roughness modification and the consequent drag reduction,
explaining these effects through changes in the height and morphology of the roughness.

2. Numerical Simulation of Pipeline Drag Reduction

This study employs three-dimensional numerical simulations to explore turbulent
fluid flow through horizontally oriented, straight circular pipelines using Ansys Fluent
software. The Re is calculated based on the inlet flow rate, provided that the piping
parameters are established. Simulations are performed at various wall roughness levels to
measure the pressure differential across the pipeline. The objective of this research is to
enhance understanding of the characteristics of turbulent oil flow within straight pipelines.
To this end, the simulations focus on the effect of varying wall roughness on the pressure
differential at both ends of the pipeline, thereby gathering relevant data to assess pipeline
linear loss and optimize pipeline design.

2.1. Physical Model

The length of the inlet section required to achieve fully developed flow is critical as it
signifies the distance necessary to initiate turbulence within the conduit. In the context of a
horizontal circular pipeline, this distance is represented by the length over which the fluid
transitions from laminar to turbulent flow due to friction and other influencing factors.
This length typically spans several times the diameter of the pipeline. The determination of
this length takes into account factors such as pipeline geometry, fluid characteristics, and
the Re. An accurate evaluation of the length of the inlet section in fully developed flow
is essential for effective fluid system design, analysis, and a comprehensive understanding
of fluid dynamics. The length of the inlet section, which marks the commencement of fully
developed flow in a pipeline, correlates with the Re, as described by Equations (1) and (2) [27],
which characterize turbulent states.

E; = 4.4 -Re'/®(Re > 4000) 1)

L=E-d @)

In Equation (1), E; represents the inlet section length factor, and L denotes the length of
the inlet turbulence, while d indicates the pipeline diameter. Accompanying this description
is a reference chart that illustrates the necessary inlet section length to achieve a fully
developed flow. Figure 1 depicts a schematic of a fluid dynamics simulation for a horizontal
circular pipeline, illustrating the concept of a fully developed flow and the turbulent inlet
section. This schematic helps determine the minimum distance fluid must travel through
the pipeline to reach the state referred to as “fully developed”. In such a flow, the velocity
profile remains constant along the pipeline axis, indicating no further changes in the
flow dynamics.

The length of the inlet segment prior to the computational domain is crucial for the
accuracy of the computations. An insufficient length in the entrance section leads to
inadequate development of turbulence within the pipeline. In this study, the inlet section
was measured to be approximately 0.7 m.

This study utilizes a quarter-circle pipeline model with uniformly distributed rough-
ness to define the computational domain. Subsequently, the pressure differential between
the two ends of the horizontally oriented pipeline is calculated. Comparative analyses
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between the complete circular pipeline model and the quarter-circle pipeline model consis-
tently yield congruent results, indicating that the quarter-circle model effectively reduces
the computational workload without compromising accuracy. This model is illustrated in
Figure 2, where the pipeline is 1.2 m in length and has a radius of 20 mm. The model’s
length was chosen based on the 0.7 m length of the inlet section. In this study, a 0.5 m
segment following the inlet section is selected as the subject of analysis to calculate the
pressure difference across this portion of the pipeline. The spacing in the flow direction,
denoted as sf, and the circumferential spacing, indicated as sc, are established. Further-
more, the height of the hemispherical roughness is represented as /1. The fluid within the
tube is specified as hydraulic oil with a density of 870 kg/m? and a dynamic viscosity of
0.04 kg/(m-s) at a temperature of 40 °C, as detailed in Table 1.

Inviscid core Boundary layer

/ /
7

—>
—>
_ —

L

Entrance length developing flow Fully developed flow

Figure 1. Attainment of full development of the inlet section length.

wall symmetric

Figure 2. Quarter-circle pipeline calculation model with hemispherical roughness.

Table 1. Parameters of numerical simulation.

p (kg/m3) T (°QO) p (kg/m-s) v (m/s) Re
870 40 0.04 6 5220

2.2. Mesh Generation

The resistance to fluid flow in a pipeline is predominantly caused by the interaction
between the fluid and the pipeline wall, which generates a significant velocity gradient
near the wall. To address this, the mesh near the wall, particularly around rough areas and
along the wall-normal at their ends, is refined to ensure adequate resolution of these rough
features. In this study, the flow regime, characterized by a low Re, requires a y+ value
of approximately 1 to effectively resolve the boundary layer. The y+ is a dimensionless
number that quantifies the distance from the wall where the fluid’s viscous effects become
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significant. This method allows for a more precise capture of the near-wall flow dynamics.
The near-wall boundary layer is modeled with at least eight mesh layers, employing a mesh
growth rate of 1.2. The mesh growth rate describes the degree to which the sizes of adjacent
meshes vary. This study rigorously validated grid convergence through detailed pressure
and velocity analyses across various piping systems with grid densities ranging from 2 to
12 million cells. It utilized Richardson extrapolation in conjunction with Computational
Geometric Information (CGI) techniques. The findings indicate a crucial observation: the
discrepancy between predicted and actual pressure and velocity readings narrows to less
than 1% at a grid size of 10 million cells. This suggests that enhancements in simulation
accuracy become incremental beyond this grid density, confirming that a configuration
of 10 million cells is sufficient for stable and accurate simulations of piping systems. Fur-
thermore, CGI calculation outcomes support this conclusion, showing consistent pressure
and velocity distributions across different grid densities, particularly at higher densities
where variations stabilize. This underscores the effectiveness of using an 11 million grid
size for precise hydrodynamic simulations of piping systems, optimizing computational
resources. The mesh is divided as in Figure 3 and the hemispherical roughness elements
are encrypted.
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Figure 3. Rough cell meshing.

2.3. Boundary Conditions

The boundary conditions for the flow field simulation are meticulously defined to
accurately reflect the state of the fluid at the beginning of the simulation. The inlet bound-
ary condition specifies an inlet velocity of 6 m/s to precisely characterize the initial fluid
dynamics. Conversely, the outlet boundary is established as a pressure boundary to ef-
fectively model the evolution of fluid pressure throughout the channel. The inner wall
roughness of the pipeline is represented as a wall surface to faithfully simulate the in-
teraction between the fluid and the rough surface. For turbulent flows, it is essential to
allow turbulence to fully develop, ensuring uniformity in flow field characteristics both
longitudinally and spanwise. This uniformity is critical for determining the accuracy of
the simulation results, particularly in capturing the subtleties of flow in various directions.
To minimize the effect of sidewalls on the flow field, the side boundaries are configured
as symmetric. This setup prevents sidewall interference and facilitates a more realistic
simulation of pipeline turbulence.

2.4. Turbulence Numerical Simulation

Investigating the flow fields over rough surfaces requires a detailed examination of
the structure of the turbulent boundary layer. For this purpose, Reynolds-Averaged Navier-
Stokes (RANS) simulations, which balance computational efficiency with the capability to
capture micro flow field details, are particularly suitable. Therefore, RANS simulations are
conducted in this study to analyze the flow field. Efficient computation is achieved by time-
averaging the transient Navier-Stokes equations and utilizing the classical RNG turbulence
model. The RNG k-¢ model refines the computation of the turbulence length scale, which
enhances the precision of turbulent viscosity estimations compared to the traditional k-¢
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model. This refinement is particularly effective in simulations of near-wall flows, where it
accurately predicts complex turbulence phenomena adjacent to walls. Furthermore, the
RNG k-& model excels at forecasting flow separation phenomena, such as protrusions, by
incorporating the impact of localized turbulence intensity variations on the flow. This
aspect is crucial for examining wall-related studies and understanding the influence of
geometric features on flow dynamics. Additionally, the augmented numerical stability and
reliability of the RNG k-¢ model ensure dependable outcomes in simulations involving
complex boundary conditions and variable flow scenarios. Precise meshing is required to
accurately delineate flow within the boundary layer; insufficient mesh refinement can lead
to inaccuracies in predicting the flow field, especially near walls.

The Reynolds-averaged numerical simulation is performed for this calculation, with
the governing equation detailed in Reference [28] expressed as follows:

Continuity Equation:

= + 5 (oui) =0 ®)

Ds-averaged Navier-Stokes Equation:
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The initial conditions are defined as [28]: The initial turbulence intensity is defined as:
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The initial turbulent kinetic energy is defined as:

k=2 (Tr)’? (6)
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The initial turbulence dissipation rate is defined as:

NI

s:cﬁ%f @)

The U is mean velocity, Cyu = 0.09 is an empirical constant, [ =0.07L, and L is the
characteristic length.

The discretization method employs a pressure-based SIMPLEC algorithm to enhance
numerical stability by refining the pressure term in the discretized equations, thus mitigat-
ing the risk of numerical instability associated with the SIMPLE algorithm. Furthermore,
a second-order upwind discretization scheme is utilized to improve accuracy and stabil-
ity, offering significant advantages over the first-order scheme. Setting the convergence
criterion at 107> ensures that the numerical simulation incrementally approaches the cor-
rect solution through iterative refinement, thereby avoiding excessive computation while
meeting practical requirements [29].

3. Calculation of Different Roughness Parameters

The model incorporates hemispherical roughness arranged in a regular pattern on the
wall. The selection of hemispherical roughness is informed by the findings from extensive
domestic and international research cited in the introduction. This research indicates
that hemispherical roughness is suitable for modeling the roughness of the inner walls
of circular tubes, hence the adoption of this shape in the model. Key factors influencing
fluid loss along the pipeline include the spacing and height of the roughness elements. By
varying the spacing of these roughness elements, their impact on fluid flow within the
pipeline can be quantified. We conducted separate analyses of the spacing and height of
these roughness elements to clarify their effects on the inner wall surface and linear fluid
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loss. Consequently, the hemispherical roughness model addresses the localized effects of
wall roughness on fluid dynamics, and adjusting these roughness characteristics enables
the simulation of fluid loss along the pipeline.

3.1. Equal Spacing Goughness Calculation

In the near-wall region, wall conditions significantly influence flow velocity and
distribution, highlighting the need for a detailed model to accurately represent fluid
behavior due to pronounced interactions with roughness. Conversely, in the outer-wall
region, the impact of roughness on flow is minimal, permitting the use of a simplified model
to estimate fluid behavior further from the wall. Consequently, the model incorporating
hemispherical roughness effectively accounts for the localized effects of wall roughness
on fluid flow, facilitating the simulation of fluid loss along the pipeline by adjusting
roughness characteristics.

The spacing of the roughness results in a slightly higher pressure differential at the
pipeline end under irregular conditions compared to regular distribution conditions. This
study contrasts irregular roughness distributions along the circumferential and flow direc-
tions, revealing that a regular distribution condition is more advantageous for minimizing
losses along the pipeline. To further the research on the effects of a rough inner wall
on fluid flow, we propose the introduction of another parameter: the spacing between
roughness units in both the flow direction and the circumferential direction, denoted as
sf and sc respectively. When sf equals sc, it indicates that the spacing of roughness units
is uniform in both the longitudinal and circumferential directions. With the roughness
height set to 0.03 mm and relative roughness at 0.00075, the flow in the pipeline is cal-
culated for the dimensionless roughness spacings of sf /e = sc/e. Figure 4 illustrates the
dimensionless roughness, and the corresponding values of differential pressure for equally
spaced roughness.

8200
~ 8150
&
F 8100
8000
7900 7876 7875
7800
5 10 15 20 25 30 35 40
(s/e

Figure 4. Differential pressure values for equidistant roughness.

The analysis of the calculation results depicted in Figure 4 demonstrates a nuanced
relationship between surface roughness spacing and differential pressure. Specifically,
an inverse relationship is observed for the dimensionless spacings less than 30: as the
roughness spacing increases, the differential pressure decreases. Beyond this point, the
rate of decrease in differential pressure slows, followed by a stabilization where the rate
of pressure drop becomes very gradual and approaches a horizontal level. According to
the Darcy-Weisbach equation (Equation (8)), the friction resistance coefficient is calculated
as illustrated in Figure 5. As shown in Figure 5, the coefficient of frictional resistance
along the pipeline begins to decrease gradually as roughness spacing increases. After the
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the dimensionless spacing reaches 30, there are no further changes, indicating that the
maximum value of the frictional resistance coefficient has been reached.

I 2
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5 10 15 20 25 30 35 40
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Figure 5. Friction resistance coefficient of different spacing.

Based on the roughness spacing determined in Figure 4, a consistent spacing of
30 was established. Differential pressure values between the two ends of the pipeline were
calculated for varying roughness heights, with the results displayed in Figure 6. These
roughness heights are based on the actual measurements taken from the hydraulic pipeline,
hence the defined roughness heights. Observations from Figure 6 reveal that pressure loss
in rough pipelines significantly exceeds that in smooth pipelines. Transitioning from the
smooth to the rough tube, the rate of differential pressure increase significantly escalates.
As roughness varies from 0.00025 to 0.00075, the rate of increase slows; however, further
increasing the roughness causes the pressure growth rate to accelerate. As roughness
increases from 0.00025 to 0.000125, there is a corresponding rise in differential pressure,
consistent with the relationship described by the Darcy-Weisbach equation. The resistance
coefficients for different roughness levels are shown in Table 2, illustrating that resistance
coefficients increase with roughness.
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(gd)

Figure 6. Differential pressure values for varied roughness height.
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Table 2. Friction resistance coefficient of different roughness.

Frictional (1) Absolute Roughness (¢) Relative Roughness (&/d)
0.0391 smooth -
0.0397 10 pm 0.00025
0.0399 20 pm 0.00050
0.0402 30 um 0.00075
0.0401 40 um 0.00100
0.0416 50 pm 0.00125

Figure 6 demonstrates that differential pressure in pipelines escalates with increased
wall roughness, especially under turbulent flow conditions characterized by low Re. From
a surface engineering perspective, applying nickel-metal coatings provides a solution
by creating a smoother inner pipeline surface, thus diminishing the friction between the
fluid and the wall. This smoothing effect is achieved by leveling out surface irregularities.
The thickness of the coating plays a crucial role in reducing frictional losses; however,
an excessively thick coating may restrict the pipeline’s internal diameter, subsequently
elevating flow resistance. Conversely, an overly thin coating may not sufficiently smooth
out the rough patches on the inner wall. Therefore, identifying the optimal coating thickness
is essential for ensuring sufficient smoothness without significantly reducing the pipeline’s
effective diameter. This investigation into drag reduction involved examining the effects of
various coating thicknesses on longitudinal losses, with evaluations based on differential
pressure variations at both pipeline ends. The findings from these numerical analyses are
presented in Figure 6, with a baseline roughness of 0.00075.

Figure 7 illustrates the differential pressure values at both ends of a pipeline under
various coating thicknesses. The data show that uncoated pipelines exhibit higher differen-
tial pressures, highlighting the efficacy of coatings in reducing these pressures. A marked
decline in differential pressure is observed as coating thickness increases from 10 um to
30 um, indicating that thicker coatings improve the smoothness of the pipeline’s inter-
nal surface, thereby reducing turbulence and associated pressure losses. The differential
pressure value for pipelines with coatings is lower than that of uncoated pipelines under
equivalent conditions of roughness height. However, at a coating thickness of 30 pum, the
differential pressure in the pipeline exceeds that of a pipeline with a smooth inner surface.
These findings emphasize the value of coatings as a strategic measure to enhance hydraulic
efficiency and reduce operational costs in pipeline systems.
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Figure 7. Pressure differential under different coating thickness.
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3.2. Analysis of Drag Reduction Rate

The formula for calculating the drag reduction rate is detailed in Equation (9) [26].
According to this formula, there is a defined relationship between the loss incurred along
the pipeline and the pressure difference. Consequently, this study employs the pressure
difference to evaluate the drag reduction rate. Thus, the formula for the drag reduction
rate can be equated to Equation (9):

o Ah — Ahcoating

The evaluation of drag reduction facilitated by the coating involved analyzing changes
in the pressure differential as defined in Equation (8). The drag reduction rate, indicative
of the coating’s effectiveness, was subsequently calculated. These results were compiled
and illustrated in Figure 8, providing a clear reference for assessing and analyzing the drag
reduction data in the context of this study.

2.50%

n (%)

2%
2.00%

1.50%

1.00%
10pm 20pum 30um
coating (um)

Figure 8. Drag reduction rate for different thicknesses of coatings.

Data analysis indicates that drag reduction decreases as coating thickness increases.
A significant reduction of 2% was observed in samples with a 30 um coating thickness.
In contrast, samples with a 10 um coating thickness exhibited the least reduction. There-
fore, for practical applications where drag minimization is critical, maintaining a coating
thickness of 30 um is advisable.

4. Analysis of the Coating’s Drag Reduction Mechanism

This study introduces a numerical simulation method which demonstrates that a coat-
ing thickness of 30 um yields a notably smoother surface, significantly reducing frictional
resistance within pipelines. The coating’s effectiveness stems from its dual functionality:
masking surface roughness and regulating the thickness of the viscous sublayer. The former
directly reduces surface roughness, while the latter substantially affects the fluid’s frictional
resistance against the pipe wall. Thus, the coating not only diminishes roughness and
modulates the viscous sublayer thickness but also enhances flow gradients and markedly
decreases frictional resistance, reducing overall energy consumption.

The study explores the impact of coating thickness on the hydraulic performance of
pipelines by evaluating various thicknesses. Specifically, coatings of 10 um and 20 um
proved insufficient to conceal the 30 um surface roughness of the pipeline wall. This
inadequate coverage adversely affected the viscous sublayer, diminishing local flow velocity
and increasing fluid friction. Conversely, a 30 um coating effectively smoothes the rough
surface of the pipeline and optimizes the flow path, thereby significantly reducing flow
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instability and turbulence and enhancing drag reduction. Nonetheless, the implications of
utilizing excessively thick coatings were also considered. While a 30 um coating adequately
covers underlying roughness and improves overall smoothness, the material’s intrinsic
roughness may generate higher differential pressure than that observed in a completely
smooth-lined pipe. This observation highlights the necessity to balance the coating’s
thickness and material properties to optimize pipeline performance while minimizing
adverse hydraulic effects.

Velocity vector charts for both smooth and rough pipeline walls are presented in
Figures 9 and 10. The disparity in fluid flow velocity gradients between soft and rough
wall surfaces significantly influences hydraulic dynamics. Smooth wall surfaces exhibit a
slight velocity gradient, indicating a gradual transition in velocity among fluid molecules,
which enhances the stability of fluid flow. In contrast, rough wall surfaces display a
more pronounced velocity gradient, suggesting abrupt changes in velocity among fluid
molecules, thereby increasing susceptibility to turbulence and eddies, which contribute to
unstable flow. Friction on smooth pipeline walls is minimal, leading to relatively low energy
losses, whereas friction on rough walls is heightened, resulting in increased energy losses.
A coating thickness of 30 um effectively transforms rough wall surfaces into smoother ones.

Flow: Velocity Magnitude[m/s]

o NN T, 12

Figure 9. Smooth wall surface velocity.

Flow: Velocity Magnitude[m/s]

o NN TN 12

Figure 10. Rough wall surface velocity.

Figures 11 and 12 illustrate the surface roughness of velocity clouds before and after
the application of a coating, respectively. The analysis reveals that the height of roughness
decreases following the application of the coating to the rough wall surface, with the
shape no longer retaining its initial hemispherical form. This modification lowers the
fluid velocity gradient across the roughness surface, leading to smoother fluid flow within
the pipeline. The reduced gradient facilitates a more uniform interaction among fluid
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molecules, thereby diminishing fluid fluctuations and eddies. Consequently, this smoother
flow significantly lowers the differential pressure within the pipeline, enabling a more
efficient passage of fluid. Thus, pipelines with coatings exhibit lower linear losses and
reduced differential pressure values compared to their uncoated counterparts, given the
same roughness height.

Flow: Velocity Magnitude[m/s]

o I T 12

Figure 11. Uncoated rough surface velocity.

Flow: Velocity Magnitude[m/s]

o I T 12

Figure 12. Rough surface velocity with coating.

5. Conclusions

This article examines the critical parameters influencing losses along turbulent circular
pipelines, focusing on roughness spacing and coating thickness. It analyzes the effects
of these parameters on turbulence and friction losses. The main findings include: Nu-
merical simulations indicate that the characteristics of roughness, specifically the spacing,
significantly impact fluid flow losses. By appropriately adjusting the roughness spacing,
friction and turbulence losses can be substantially reduced. Stability in differential pressure
values is achieved when roughness spacing is increased to 30. The study also investigates
the effect of coating thickness on drag reduction. Results confirm that a 30 um coating
thickness optimizes drag reduction, achieving up to a 2% decrease. This thickness also
contributes to a reduction in differential pressure for the same roughness height due to
alterations in the roughness shape. Additionally, the 30 um coating demonstrates higher
linear losses compared to smooth pipelines, attributed to the intrinsic roughness of the
coating itself. A detailed analysis of the drag reduction mechanism revealed that the dual
role of the coating—covering the roughness and regulating the thickness of the viscous
sublayer—was crucial. The 30 pm coating was found to be most effective in improving
fluid transfer efficiency due to these factors. These findings underscore the importance of
precise adjustments in roughness spacing and coating thickness for optimizing turbulence
and drag reduction in turbulent circular pipelines.
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This study primarily utilizes simulation calculations to assess the impact of surface
roughness on loss within pipelines under turbulent flow conditions. To enhance the
credibility and robustness of our findings, further research should validate the impact of
surface roughness through experimental investigations. Future studies are recommended
to integrate experimental data with simulation results, thereby enriching our understanding
of fluid flow dynamics in pipelines with rough surfaces. This approach promises to offer
a more comprehensive insight into the phenomena. Additionally, further exploration of
coating techniques could generate innovative research concepts and develop more effective
strategies for reducing pipeline drag. It is also advisable for subsequent studies to explore
the effects at higher Re, building upon the foundational insights provided.
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Abstract: In view of the fact that there is no suitable measurement method for tire driving resistance
during the operation of a transporter on soil pavement, this paper proposes a simple measurement
and estimation method for driving resistance on a soil runway based on the Bekker settlement
model. In this paper, using the driving resistance equation based on the Bekker model, a simplified
equation of driving resistance related to mass is proposed. Using the principle of kinematics, a
simple test device for driving resistance was developed, and the test data of the test device were
used to determine the parameters of the driving resistance estimation equation of the road surface.
The driving resistance of the wheel running state was tested by the simulated aircraft load loading
vehicle through the mechanical sensor, and the consistency between the theoretical value and the
actual value of the driving resistance value under 8T, 10T, and 12T loads was verified. This research
shows that the test method and estimation method have low cost and good accuracy and are suitable
for wide promotion. The results of this paper provide a new idea and method for estimating the
driving resistance of a wheel when a transporter runs on a soil road and also provide a reference for
designing the length of a soil runway.

Keywords: soil pavement; wheel driving resistance; test method; estimation method

1. Introduction

The capability of modern transport aircraft to take off and land on unpaved runways
represents one of its vital performance indicators. The distance required for these operations
on such runways is intimately tied to the resistance encountered by the aircraft on the
surface, which is a crucial factor. A relatively comprehensive system has been established
for measuring resistance during takeoff and landing on concrete and asphalt pavements.
On these surfaces, the primary source of resistance stems from friction; hence, the study
of pavement resistance is commonly referred to as skid resistance research, defined as the
investigation of friction within the contact zone between tires and the pavement surface [1].
The exploration of pavement skid resistance originated from the broader study of pavement
performance, which gained momentum internationally in the 1930s. Early research on skid
resistance was primarily initiated in countries experiencing abundant rainfall or frequent
snow and ice, where slipping hazards posed significant challenges, thereby necessitating
such investigations. The complexity of skid resistance research arises from the myriad
of factors influencing the anti-slip performance between tires and road surfaces. From
the perspective of the contact system, the primary influences stem from tire properties,
pavement characteristics, and surrounding environmental conditions [2]. Specifically, the
skid resistance of both concrete and asphalt pavements comprises the following essential
components: adhesion and hysteresis [1]. These two components are intimately linked
to the micro- and macro-textures of the pavement surface, emphasizing the pivotal role
of pavement texture in determining skid resistance. Thus, the study of skid resistance
necessitates a comprehensive understanding of these texture characteristics and their
interplay with the various factors influencing tire-pavement interaction.
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In the past few decades, experts and scholars at home and abroad have proposed
many different types of detection equipment and methods. These methods can be divided
into direct measurement methods and indirect measurement methods according to the
category [3]. The direct approach to assessing pavement skid resistance involves utilizing
index parameters that focus on measuring the friction coefficient, a core metric. Conversely,
the indirect method revolves around evaluating pavement characteristics and inferring
skid resistance based on established conversion relationships, with a primary emphasis on
pavement texture analysis. Both methodologies continue to advance through innovation
and refinement. One of the earliest methods for testing pavement skid resistance was
the vehicle braking distance measurement [4,5]. This straightforward technique involves
conducting braking tests on wet roads at 64 km/h, measuring the distance traversed
until the wheels lock and the vehicle comes to a halt. It boasted versatility as it could be
conducted using regular vehicles, yet its practicality was hindered by limitations in the
supporting equipment at the time, leading to a cumbersome process and potential safety
concerns. The British Pendulum Test (BPT) [6], introduced by the British Road Research
Laboratory in 1964, is a cost-effective and user-friendly tool for evaluating pavement
surface friction characteristics. Widely adopted globally, it excels in assessing pavement
apparent micro-texture. However, its application is constrained by its inability to cover
large areas or perform continuous measurements efficiently. Complementing the pendulum
friction tester, the Dynamic Friction Tester (DFT) [7] offers a versatile alternative for low-
speed skid resistance assessments. With an extended speed range and the capability for
continuous friction monitoring, DFT boasts portability, high efficiency, and swift data
processing. Its outcomes can be translated into the International Friction Index (IFI),
facilitating standardized comparisons. The Locked-Wheel Skid Trailer [8], prevalent in the
United States for both concrete and asphalt pavement evaluations, conducts friction tests
on wet surfaces under constant load and a velocity of 64 km/h. It distinguishes itself with
its ability to provide continuous friction measurements without disrupting road usage,
eliminating the need for lane closures. The Grip Tester [9], a fixed-slip device, specializes
in assessing the friction of smooth tires at slip rates ranging from 12% to 20%. Although it
delivers precise measurements, its implementation is costly, requiring extensive technician
support and significant investment. Lastly, the Mu-Meter [10] represents a versatile lateral
force testing solution, capable of assessing a wide array of road conditions, including
straight, curved, and steep sections. This equipment underscores the evolution of skid
resistance measurement techniques towards more comprehensive and adaptable solutions.

Presently, research on the aircraft running resistance method on soil runways is mainly
limited to a series of studies carried out by the United States military. In order to build
soil runways for C-17, C-130, and other transport aircraft, the US military used high-speed
continuous friction measurement equipment to test the resistance of simple runways.
Tingle [11] used a continuous friction test device based on a trailer to perform continuous
friction measurements along the direction parallel to a runway in order to develop a soil
runway condition level that supports the operation of the C-17 transporter. Ward [12,13]
proposed a friction test method for unpaved runway surfaces based on deceleration, which
assists in the development of friction prediction models on roads with different humidity
conditions and soil types. Based on the above, it can be concluded that many types of
detection equipment for concrete and asphalt pavement have been gradually extended to
soil pavement. Although there are few case studies on the running resistance of aircraft
wheels on soil road surfaces in the field of airport engineering at home and abroad, the
research on the interaction between wheels and soil in the field of agricultural and industrial
machinery started earlier [14]. Mcallister [15] used a trailer to measure the rolling resistance
coefficient of agricultural machinery tires and analyze the influencing factors. Their results
showed that tire pressure, vertical load, tire size, and other factors have a great influence
on the rolling friction coefficient. Rebati [16] compared the rolling resistance data of
different tires with the calculated values of various models and evaluated the prediction
accuracy of rolling resistance. They found that the EMOB model was better at predicting
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cross-layer tires and there was no better model for radial tires. Elwaleed [17] studied the
influence of tire pressure on driving resistance and used three different tire pressures to test
resistance. The test results showed that the logarithmic model was the best way to describe
the movement resistance of agricultural tires. Botta [18] conducted field tests under three
soil types, two tire types, and axle load conditions to confirm the relationship between
the existing ground pressure parameters and tire shrinkage. The research in the related
fields mentioned above studies the resistance of tires on soil road surfaces from various
perspectives such as test methods, prediction models, and influencing factors. However,
because of the complexity of soil properties, the research conclusions are not universal, and
the process is more complicated.

Using a mechanical model of the interaction between aircraft tires and soil pavement
based on Bekker theory and its motion equation, this paper explores the driving resistance
estimation method of a wheel on a soil runway. The estimation method consists of two
important parts. One is to measure the driving resistance of the vehicle based on the
kinematics principle, and the other is to estimate the driving resistance of the large-weight
aircraft based on the theoretical equation of the driving resistance and the measured driving
resistance. This research provides a simple method for estimating tire resistance when an
aircraft runs on a soil runway.

2. Theory and Methodology

2.1. Characterization Method of Wheel Resistance on Soil Road Surfaces

2.1.1. Driving Resistance Characterization Method Based on the Mechanical Model
When a wheel runs on a soil surface, the interaction model between the wheel and soil

assumed by Bekker, an American scientist, in the 1960s is usually adopted for analysis [19],
and its principle is shown in Figure 1.

W

/"

]
N

Figure 1. Simplified tire-soil interaction model.

In the figure, D is the outer diameter of the wheel, W is the vertical load, F is the
driving resistance, Z; is the maximum subsidence depth of the tire, z is the subsidence
depth, ¢ is the radial pressure, 0 is the angle between the radial pressure and the vertical
direction, and 6y is the penetration angle of the tire.

For dirt surfaces, pneumatic tires are similar to rigid wheels. Bekker assumed that the
reaction force at all points of the surface on the contact area was radial and equal to the
normal pressure under the same depth plate in the pressure-subsidence test. According to
this assumption, the simplified action model below is drawn to obtain the balance equation
of the driven rigid wheel, as shown in Equations (1) and (2):

6
r— b/ " o1 sin 6d6 (1)
0
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where F is the driving resistance, b is the tire width, r is the tire radius, ¢ is the normal
pressure, and W is the vertical load.

At the same time, the model satisfies Bekker’s pressure—settlement relationship equa-
tion, as shown in Equation (3):

p= (T +ke )" ©)

where p is the pressure, b is the tire width, and 7, kc and k,, are the parameters describing
the pressure-subsidence relationship.

By combining the above relationships and geometric configuration, the driving resis-
tance equation of tire on soil pavement is established, as shown in Equation (4). For the
specific derivation process, see reference [20]:

1 3W 3
n+
F= (—=) )

n 1
(3 — )3 (1 + )b - (ke /b + kp) 51 VD

Assuming Equation (5):

2n+2

(37g)2n+1
_ VD
(3 — n)2n+1 (n + 1)b(2n+l) . (kc/b + kq))ZnJrl
then, the driving resistance can be characterized as Equation (6):
F = Am¥it ©)

In Equation (6), n can confirm the value based on consulting relevant data. A is the
comprehensive coefficient affected by factors such as soil characteristics and tire conditions.
When the test vehicle and soil conditions are the same, A is a fixed value.

2.1.2. Kinematic Model-Based Driving Resistance Characterization Method

When an aircraft runs on a soil surface, the takeoff and landing processes are typical
acceleration and deceleration processes, and the kinematic equation is as shown in Equation (7):

S =1v%/2a (7)

where v is the landing speed or departure speed, S is the landing or takeoff distance, and A
is the acceleration. In actual aircraft operation, whether takeoff or landing, this is a variable
acceleration process, which is often simplified to a uniform acceleration or deceleration
process in the calculation process.

Taking the landing process of an aircraft as an example, according to Newton’s second
law, the resistance F = ma encountered by an aircraft during operation is composed of two
parts, road surface resistance and air resistance. This paper mainly studies the resistance
from the road surface, that is, the wheel driving resistance. From the perspective of
kinematics, the resistance can be characterized as Equation (8):

F = mov?/2S (8)

2.2. Field Testing of Driving Resistance Based on the Mechanical Model

Bekker’s classic model is an empirical equation, which is mainly applicable to the
scenario of inflatable tires on soil surfaces. In order to verify the accuracy of its application
in the calculation of aircraft drag on soil runways, a specific site is selected, a soil runway is
built, and a simulated aircraft loading vehicle is used to carry out field tests.
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2.2.1. Basic Conditions of the Test Site

The test site is located in Bagiao District, Xi’an, Shaanxi Province, with an altitude of
about 420 m, and the soil is sticky soil. The Xi’an area has a temperate subhumid continental
monsoon climate and is hot and rainy in summer, thundery and windy weather, cold and
dry in winter. The test time was from early June to early July, during which the weather
is hot, the average temperature is 31 °C, the highest temperature is more than 40 °C, and
the precipitation is less, which is suitable for field tests. The test section site is shown in
Figure 2.

Figure 2. Test section field.

The depth treatment of the structural layer of the pavement is 30 cm. Because there is
no bad geological condition in the original foundation, there is no need to treat the original
foundation. Humus is cleaned during construction, and debris such as stones and plastics
also need to be removed. The soil in this test section is of good quality and is directly
compacted after removing impurities. In terms of the compaction process, the compaction
degree reaches more than 90% after a 30T heavy roller is used to vibrate the compaction
surface 6 times.

2.2.2. Test Method
(1) Test equipment

Simulate loading vehicle equipment.

Traffic tests were carried out using a simulated aircraft loading vehicle [21]. The aircraft
simulation loading vehicle can simulate the aircraft load, with a self-weight of about 70 kN,
equipped with 10 kN weight blocks, up to 200 kN. In the loading process, it can realize
step-by-step loading. Figure 3a shows the simulation aircraft load-loading vehicle.

(a) Loading vehicle appearance (b) Sensor on the wheel

Figure 3. Aircraft load simulation loading vehicle.

The tension sensor is installed on the bearing wheel, and the heading force is tested
by the sensor. The sensor is installed on the central air tire (see Figure 3b) to monitor the
direction and force of the tire in real time.
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(2) Test process.

Starting from one end of the test section, a tractor is used to make the aircraft load
simulate the loading vehicle pass through the test section at a constant speed at a speed of
10 km/h. The weight of the loading vehicle is set to 8T, 10T and 12T respectively, and the
same weight is tested 10 times. During the test, the sampling frequency is 10 Hz, and the
force in the forward direction is obtained directly through the sensor. The site diagram of
the aircraft load simulation loading vehicle is shown in Figure 4.

Load wheel 3

Figure 4. Loading truck field test.

In this test, it was found that the rut depth did not change significantly after 10 tests,
so the test times were set to 10 times.

2.3. Field Test of Driving Resistance Based on the Kinematic Model

According to the kinematics equation, as long as the mass, speed, and distance of the
object in the process of movement are measured, acceleration can be inversely calculated,
and then the driving resistance can be obtained. According to this principle, the test scheme
was designed as follows.

2.3.1. The Test Principle of Speed and Distance

By determining the change rule of the position of the object with time, the running
speed and distance can be calculated. At present, the most commonly used position mea-
surement tool is the satellite positioning system. During the test, the satellite positioning
system was used, as shown in Figure 5 The model was GPS320 (see Figure 5a), which
supports the full-band signals of GNSS'’s four systems (GPS, GLONASS, BDS, GALILEO).
The antenna positioning is accurate to the millimeter level. The lower part of the antenna
is equipped with a magnetic chassis, so that the antenna can be stably adsorbed on the
object during the test. The main body of the antenna is stably connected to the GPS receiver
through the TNC line (see Figure 5b,c).

i
|

(b) (c)

Figure 5. Position measurement equipment. (a) GNSS antenna; (b) TNC line; (c) GPS receiver.

—
o
=

Through this device, the vehicle speed information received by the GNSS instrument
is transmitted to the mobile phone APP, and the image and CSV data are output and
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presented on the mobile phone APP (see Figure 6). The APP was developed based on the
Android operating system and can be run on smartphones. This APP was developed using
the Android Studio development tool. The test state is changed by the change curve of
speed and time, and the required data such as the deceleration speed and deceleration
distance are counted. The interface is shown below. When the test goes through the
start, acceleration, stationary, deceleration, and end states, complete data information is
formed. This data information includes start time, start deceleration time, end deceleration
time, start deceleration speed, total deceleration time, deceleration distance, test time, test
state, deceleration speed curve, deceleration distance curve, etc. It also outputs images of
deceleration time and deceleration speed and deceleration time and deceleration distance.
Digital data information can be output in CSV data format.

Test Data Test Data Data

Start fime: 2023412406 123819
= sl deceleration time: 2023-12-06 1238:20
Time Speed  Duration Distance ~Status Deceleration speed: 17.37 kih
2023-07-09 t67mh 285 6222 Deceleration time: 6 5

end
186644 m Deceleration distance: 19.225 m

Test duration: 16 s
&l Teststatus: end
Equipment time: 2023-12-06 13:11:21

Location state: single Deceleration speed curve

2023-12-08 M3k 6s 19.23
123819 m

20231118 ke 0s

Om  start
155222

Start time: 2024-08-01 10:39:50 18
» y 15
20230709 s sg 6653 g Initial deceleration time: - 2
2 ¢
184239 m End deceleration time: - 9
20230709 numh 175 7564 end Deceleration speed: - ;’
e m Decelexation time: 0 5
2023-07-09 usten 195 3104 Deceleration distance: 0 m 2023-12-06 1238:30 2023-12-06 12:3833
161648 m
Deceleration distance curve
:gz‘gj?znv w10h  Ts “(i\{‘] end y Sar 21
the test 18
15
2023-07-09 Ak 275 7943 12
101634 m 5
6
20230709 L T A 3
10:18:13 = m
2023-12-06 123830 2023-12-06 123833
2023:07-09 Nk g o .
10:19:53 So.m: &
nmors  wkem  gs L3 “m
16:18:14 m End

Figure 6. Wheel resistance test APP page. (a) Test record Page; (b) Test operation page; (c) Test data Page.
2.3.2. Test Vehicle Selection

This test used the common pickup truck in China as the test vehicle, and the weight of
the vehicle is about 2T. The GNSS antenna is installed on the roof of the vehicle, and the
signal processor is connected to the power supply in the vehicle to receive the signal. The
tire model of the vehicle is 235/75R15, and the tire pressure is 35 psi. The size of the vehicle
is shown in Figure 7.

Figure 7. Vehicle size.
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2.3.3. Test Procedure

In the soil field test section established in the second part, the vehicle is set to accelerate
from static until the speed reached the predetermined speed, and then the throttle is
loosened to allow the vehicle to slide freely forward in a straight line, and finally the speed
is reduced to 0 without braking. The vehicle starts from the initial deceleration speed on the
test section until the speed drops to 0, which is to complete a complete test. Considering
the dispersion of deceleration data and the possible inaccuracy in the device, at least ten
repeated measurements were performed for each scene.

3. Results and Discussion
3.1. Test Result Analysis of the Mechanical Model
After the outlier processing of the resistance data obtained from the aircraft load

simulation vehicle test, the curve of resistance with time and a box diagram were drawn,
as shown in Figure 8. In addition, the standard deviation of each group of data is shown in

Table 1.
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Figure 8. Driving resistance value change diagrams for 8T, 10T, and 12T. (a) Resistance value line
chart, 8T; (b) Resistance value box diagram, 8T; (c) Resistance value line chart, 10T; (d) Resistance
value box diagram, 10T; (e) Resistance value line chart, 12T; (f) Resistance value box diagram, 12T.

Table 1. Driving resistance variance.

8T 10T 12T
1.16 1.65 1.18 1.42 1.23 1.21 1.51 1.52 1.71
U 3.39 2.69 2.65 4.14 3.97 3.82 5.35 4.67 4.89

The figure shows that the image drawn from the data collected at a sampling frequency
of 10 Hz has good continuity. On the soil road surface with a 90% compaction degree, the
variation law of road surface resistance under different loading vehicle weight conditions
is similar, which fluctuates up and down around a certain value, and the fluctuation range
is large, which is also reflected in the box diagram and standard deviation. The variation
range of pavement resistance under the three loading conditions is basically between
0 and 6 kN, and most of them are concentrated in the range of 2~5 kN. In addition, with
the increase in load, the concentration range of pavement resistance increases gradually,
the fluctuation range also increases obviously, and the concentration of data is better. The
figure intuitively shows that when the weight of the loading vehicle is 12T, the maximum
value of the resistance value exceeds 8 kN, which is higher than the range of the 8T and
10T loads. The average value of the above data was calculated. The average value of the
pavement resistance under the weights of the 8T, 10T and 12T loading vehicles shows an
upward trend, which is 2910 N, 3978 N, and 5055 N, respectively. In general, although the
internal stability of each set of data is poor, the mean value of each set of measured data is
relatively stable, and the tested driving resistance is more accurate.

3.2. Test Data Analysis of the Kinematic Model

The data output by the test processing software (Wheel resistance test 1.0) mainly
includes the initial deceleration speed, deceleration distance, deceleration time, and so
on. The output curve is the curve image of deceleration time and deceleration speed and
deceleration time and deceleration distance, as shown in Figure 9.
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Figure 9. Deceleration speed curve and deceleration distance curve.

The test data were recorded at a frequency of 2 Hz, that is, twice per second. In order
to facilitate the calculation, the acceleration reduction in the vehicle in the sampling interval
remained unchanged, which is a uniform deceleration process. On this basis, the equation
is introduced as Equation (9):

v? — vy

75 ©)
where a represents the deceleration between the sampling intervals, S represents the
distance between the sampling intervals, v represents the speed before the sampling
interval, and v, represents the speed after the sampling interval.

The deceleration acceleration between the sampling intervals was calculated, and the
resistance was obtained by combining Newton’s second law. A total of 10 experiments
were carried out in this experiment, and 10 sets of effective data were obtained. In order to
reflect the data characteristics more clearly, four sets of data were randomly selected for
image analysis. The change in resistance with time is shown in Figure 10, and the resistance

a =

box diagram and scatter plot are shown in Figure 11.
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Figure 10. Resistance value change diagram.
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Figure 11. Resistance value box diagram and scatter plot. (a) Resistance value box diagram; (b) Resis-
tance value scatter plot.

The diagram shows that the size of the resistance goes up and down, the overall trend
in the fluctuation is stable, and there is no upward trend or downward trend. Because
of the difference in the soil compaction degree, the change in soil flatness, the change in
the contact condition between tire and soil surface, etc., the resistance of the vehicle will
change in the process of moving forward. From the mean value of multiple tests, the mean
value of each test dataset is almost equal, and the change in resistance fluctuates up and
down around the mean value. Therefore, this paper assumes that this mean value can be
used as the resistance value of this test. As shown in the box diagram, the variation range
of resistance is 0~1000 N, and most of the data are concentrated between 200 and 700 N.
From the time point of view, Figure 11 accurately reflects the characteristics of the change
in resistance value. At the beginning and end of the test, the data are more discrete, while
the data in the middle (see the red box in Figure 11b) of the test are more concentrated and
less volatile. Through the measurement and analysis of multiple sets of data, the average
value of multiple measurement data was taken, and the resistance on the compacted soil
road surface of the vehicle is 381 N. Although the internal fluctuation of each set of data is
large, its mean is relatively stable. The difference between the mean value of each group of
data and the mean value of the four groups of data is within 10%, which can reflect the
reliability of the measured value.

3.3. Estimation Method of Aircraft Running Resistance on the Soil Road Surface
3.3.1. Determination of the Calculation Parameters of Road Surface Driving Resistance

1. Principle of parameter determination.

Before using Equation (6) to calculate the driving resistance, two parameters A and
n need to be determined. A is determined by the soil characteristics and tires. Relevant
scholars [20] have carried out a large number of tests on uniform soil and given the
recommended values of parameters such as 7, k¢, and k¢ under typical soil conditions.
According to the recommended values and tire characteristics, A of the corresponding
soil and tire can be calculated, and # can be determined according to the type of soil. The
results of relevant scholars show that Equation (6) is reasonable in calculating the driving
resistance of tires. However, in the actual use process, the soil environment is complex, and
it is difficult to be consistent with the working conditions of the recommended parameters.
Therefore, it is very important to determine the accurate parameters for the calculation of
the driving resistance of aircraft tires on a soil runway.
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According to reference [20], n can be determined according to the type of soil, then A
can be characterized as Equation (10):

F

2n+2
m?2n+1

A=

(10)

Corresponding to a certain soil pavement, as long as F under a certain working
condition is tested, the corresponding coefficient A can be calculated. Under the action of
the tire, the resistance of the tire on the soil with a different compaction degree of the same
soil can be calculated, which avoids the error caused by the variation in soil parameters
and simplifies the calculation method.

2. Determination of calculation parameters based on the actual test.

Aiming to calculate the driving resistance of the soil road surface, based on the
principle of kinematic resistance characterization, the test method established in the fourth
part was used to carry out the field resistance test. In this paper, the soil of the test site is
clay. According to the literature [20], the n value is 0.5. Under this soil condition, when
the compaction degree is 90%, the driving resistance of the corresponding 2T vehicle is
381 N, and the A value is 134.7. Therefore, under the condition of the soil pavement, the
calculation equation of the resistance under different vehicle weights without changing the
test tire parameters is as shown in Equation (11):

F =134.7m'? (11)

Corresponding to the given soil road, especially the temporary soil simple road, the
vehicle weight can also be estimated by this equation. If the resistance caused by the weight
is greater than the traction provided by the engine, the vehicle cannot pass.

3.3.2. Estimation of Road Surface Driving Resistance

The idea of estimating the driving resistance of the road surface is as follows: for the
same soil runway, according to the similarity principle, based on the kinematic equation, the
resistance of the vehicle on the road surface is tested by vehicle motion, and then, the vehicle
driving resistance is used to estimate the aircraft driving resistance. This method will
produce a certain error. The error comes from the difference between the size of the aircraft
tire and the size of the test vehicle. Different tires will cause differences in coefficient A.
Ignoring the influence of this error, this idea was applied to estimate the driving resistance
of the road surface. Taking the data in this paper as an example, considering the single
wheel loads of 8T, 10T and 12T, the corresponding wheel driving resistance is calculated as
3048 N, 4260 N, and 5600 N by applying the equation F = 134.7m!®.

3.3.3. Accuracy Analysis of the Estimation Method

In the second part of this paper, the pavement resistance under different single wheel
loads was tested on site. The comparison between the test data and the estimated value is
shown in the Table 2 and Figure 12.

Table 2. Data comparison analysis table.

y = 134.7x15
Mass Theoretical Value Actual Value Degree of Deviation
8T 3048 2910 4.53%
10T 4260 3978 6.62%
12T 5600 5055 9.73%
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Figure 12. Comparison between theoretical values and actual values.

The table above shows that the deviation between the actual value and the theoret-
ical value is less than 10%. The driving resistance affects the length of the soil runway.
According to the calculation equation in reference [22], the error of the resistance is 10%,
and the error in the sliding distance caused by the error is within the range of 50 m, which
meets the requirements of the calculation accuracy of the runway length. This shows that
the estimation method established in this paper meets the requirements of estimating the
driving resistance of the soil pavement.

3.3.4. The Process of Estimating the Driving Resistance of Soil Pavement

Based on the idea of this paper, for a given soil runway, the process shown in Figure 13
can be used to estimate the resistance of a single wheel during aircraft operation.

Determine the soil type, consult According to the data obtained in the test,

5 : combined with the subsidence index n, determine Calculate the single-wheel running
the data to obtain the subsidence o . g
: i the parameters of the estimation formula and then resistance according to the
coefficient n, and establish the ) X . .
. the estimation formula. estimation formula.
estimation formula. . N
A

l .

Select a test vehicle to carry out the Determine the single-point load of
tire driving resistance field test the aircraft that needs to use a soil
according to the method established runway.

in this paper.

Figure 13. The estimation process of aircraft single-wheel running resistance on soil road surfaces.

4. Conclusions

Aiming at the complexity of determining wheel running resistance when an aircraft
operates on a soil road surface, this study conducts a field resistance test based on tire
operation characteristics and establishes an estimation method for aircraft tire running
resistance. The following conclusions are drawn:

(1) Different methods can be used to characterize the driving resistance of the wheel on a
soil road surface. Corresponding to different characterization methods, the driving
resistance can be tested in two ways as follows: the stress state and the motion state.
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(2) The tire resistance test method based on the motion state can better test the driving
resistance of the tire on the soil road. This method can also be used to evaluate the
load that the vehicle can bear on temporary soil roads.

(3) The resistance of the aircraft simulated load-loading vehicle is 2910 N, 3978 N, and
5055 N, respectively, when the single wheel load of 8T, 10T, and 12T is run on the
soil pavement. The results obtained by the estimation method established in this
paper are 3048 N, 4260 N, and 5600 N, and the deviations are 4.53%, 6.62%, and 9.73%,
respectively. These small deviations indicate that our proposed resistance estima-
tion method is feasible for practical application in estimating aircraft tire running
resistance.
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Abstract: The objective of this research work is the study of the inhibitory effect of Warionia saharea
essential oil (WSEO) on the corrosion of mild steel (MS) in molar HCI solution, employing both
experimental and theoretical methods. This inhibitory effect (IE) has been evaluated by using a
combination of weight loss measurements (LW) and various electrochemical methods, such as open
circuit potential (OCP), potentiodynamic polarization (PDP) and electrochemical impedance spec-
troscopy (EIS) experiments. The LW results indicated that IE increased with inhibitor concentration,
reaching 83.34% at 3.00 g/L. The PDP analysis suggested that WSEO functions as a mixed inhibitor,
while in the EIS results the R values increased with inhibitor concentration to reach 165.8 Q) cm? at
2.00 g/L, suggesting a defensive film formation by WSEO molecules over the metallic surface. The
thermodynamic study demonstrated that the WSEO molecules adsorption on the MS surface fol-
lowed a Langmuir isotherm, involving mixed physical and chemical (physicochemical) adsorption
on the MS surface. Theoretical methods, including density functional theory (DFT) and molecular
dynamics (MD) simulations, were employed to elucidate the inhibition mechanisms of the three main
components of WSEO. The quantum chemical analysis, using density functional theory (DFT) and
molecular dynamics (MD) simulations, showed a low AEg,p, value of 6.30 eV and a low adsorption
energy (E,qs) value on an Fe (110) substrate of —258 Kcal/mol for (E)-Nerolidol, indicating the signif-
icant contribution of this molecule to the overall corrosion inhibition effect of WSEO. The scanning
electron microscope (SEM) analysis verified the presence of a protective film formed by the inhibitor
on the MS surface. This study highlights the potential of WSEO as a sustainable and green corrosion
inhibitor in acidic environments.

Keywords: Warionia saharea; mild steel; corrosion inhibition; molecular dynamics

1. Introduction

The problems of deterioration of steel-based metal structures now occupy a funda-
mental place in the industry, particularly during descaling and acid pickling [1,2]. In this
regard, effective means must be developed to control and/or prevent corrosion of these
industrial parts. Currently, the exploration of components typically derived from natural
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sources, such as essential oils (EOs) extracted from various aromatic plants, as ecofriendly
corrosion inhibitors, has proven to be an effective and promising way to reduce corro-
sion rates while minimizing economic losses and environmental and health impacts, be-
cause these alternatives are biodegradable, easy to extract and non-toxic [3,4]. This type
of corrosion-inhibiting material has been proved effective in mitigating corrosion along
with other inhibiting options such as carbon quantum dots [5]. For instance, the inhibitive
effect of Schinus mole EO against the corrosion of carbon steel in 1.0 M HCI solution was
reported and the corrosion inhibition performance was as high as 70% at 25 °C at 2 g/L [6].
The inhibitive action of Vietnam orange peel EO for MS in 1.0 M HCI solution has been
investigated, and the maximum effectiveness (about 90%) was obtained at 3—4 g/L [6]. The
EO of Aaronsohnia pubescens subsp. pubescens was reported as a green corrosion inhibitor
for MS in 1.0 M HCl with a maximum performance of 89.88% at 3 g/L [7]. The inhibitory
performance of these EOs results from their wide range of active centers such as functional
groups (C=0, CO-O, O-H) and fragments composed of 7 electrons from double bonds and
the aromatic cycle, which is capable of adsorbing on metal surfaces [3-8].

Environmentally friendly alternatives can have minimal health, environmental and
safety risks and reasonably high protection efficiency at relatively low concentrations. The
use of several environmentally friendly alternatives, including nanomaterials such as car-
bon dots (CDs) and their derivatives as well as plant extracts such as essential oils, has
been extensively investigated as environmentally friendly alternatives to toxic corrosion
inhibitors. However, in terms of preparation, essential oils are obtained via a simple and
easy-to-use apparatus that only requires water as a solvent. For nanomaterials, their prepa-
ration requires nanomaterials, sometimes solvents, energy and time (i.e., multiple steps).
In terms of application, essential oils have some disadvantages such as solubility in corro-
sive environments, supply (low yield) and mixing complexity. In addition, nanomaterials
such as carbon dots have the following advantages: productivity, single-product synthesis,
solubility (water as a solvent for preparation) and efficiency.

Furthermore, competitive interactions and synergistic effects between various molecules
can coexist around the active regions of the metal surface, making it difficult to determine
precisely which components present in the mixture can have a significant impact on cor-
rosion suppression. However, it can be assumed that the main components are possible
candidates that contribute to corrosion inhibition [7,9]. To confirm this hypothesis, it is de-
sirable to study experimentally and individually the inhibitory power of each major com-
ponent in corrosive environments, but this process is long and laborious, and sometimes
the mechanism of inhibition remains unexplained. In this context, computational methods,
such as density functional theory (DFT) and molecular dynamics (MD) simulations, have
been developed as complementary approaches to explain complex “inhibitor/surface” in-
teractions occurring in the corrosion process [10].

In an earlier investigation conducted in our laboratory, Warionia saharea essential oil
(WSEO) was evaluated for its efficacy as an eco-friendly corrosion inhibitor for mild steel
(MS) in a 0.5 M HySO4 solution. The study revealed that WSEO achieved a maximum inhi-
bition efficiency of 74% at a concentration of 3 g/L [11]. Building upon these findings, the
present study focuses on assessing the corrosion inhibitory properties of WSEO on mild
steel in a more aggressive 1 M HCl environment. We accomplished this by utilizing weight
loss (WL) measurements in conjunction with electrochemical methods, specifically poten-
tiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS). These
methods allowed for a comprehensive evaluation of WSEO’s performance as a corrosion
inhibitor under different conditions and provided deeper insights into its mechanism of
action in acidic media.

The structure-activity relationship between the electronic/molecular properties of the
main components and the WSEO efficiency was demonstrated by quantum chemical calcu-
lations using density functional theory (DFT). Molecular dynamics simulations were also
carried out to describe the adsorption process of these molecules on the Fe (110) surface.
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In parallel, a characterization of the surface of the steel was carried out using a scanning
electron microscope (SEM).

2. Materials and Methods
2.1. Materials Preparation

Corrosion tests were carried out on MS samples having the following chemical com-
position (wt.%): P (0.09%), S (0.05%), Si (0.01%), Al (0.05%), Mn (0.21%) and the remainder
iron. The corrosive medium was 1 M HCl prepared from a commercial HCl (37%) solution
in distilled water.

The inhibitor used in this study was the WSEO extracted and characterized as de-
scribed previously in our research [11]. It was obtained by hydrodistillation for 3 h us-
ing a Clevenger type apparatus with an average yield of 1.2%. Thirty-nine compounds,
representing 93.2% of the total oil, were identified by gas chromatography (GC) and gas
chromatography/mass spectroscopy (GC/MS). Figure 1 shows the names and structures
of the three major components of WSEO: 3-Eudesmol (34.9%), (E)-Nerolidol (23.0%) and
Linalool (15.2%).

OH OH

-Eudesmol (E)-Nerolidol Linalool

Figure 1. Chemical structures of the major components of WSEO.

2.2. Corrosion Tests

The inhibitory effects of Warionia saharea essential oil (WSEO) against MS corrosion
in 1 M HCI were assessed using chemical and electrochemical methods, following the
methodology previously established in our research [9]. To evaluate the inhibitor’s protec-
tive efficacy, various concentrations of WSEQO, ranging from 0.25 to 3.00 g/L, were tested.
The essential oil was initially dissolved in pure ethanol to ensure uniform dispersion and
effective interaction with the corrosive medium.

For the WL measurements, the inhibition efficiency (IEwy,) (%) was calculated based
on Equation (1):

IEwr, % _ Weorr = Weotinh) _ 19 1)
WCOIT
where Weorr and Wgrrinny are the values of the corrosion rate of MS in uninhibited and
inhibited solutions, respectively.

For the electrochemical tests, firstly, the working electrode’s open circuit potential
(OCP) was tested for a period of 1800 s to achieve the stable corrosion potential (Ecorr) value.

The inhibition efficiency (IEppp %) in PDP assay was calculated by the following
Equation (2):

IEppp (0/0) = (lcorr — lcorr, inh) x 100 (2)

Leorr

where icorr and icopy inn represent the corrosion current densities without and in the pres-
ence of the inhibitor, respectively.
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In the case of the EIS test, the inhibitory efficiency (IEgs) (%) can be calculated using
the following Equation (3):

R'e—R
IEgss (%) = [ —=—= ] x 100 3)
R ct
where Rt and R are the charge-transfer resistance values without and with the inhibitor,
respectively.

2.3. Scanning Electron Microscope (SEM) Analysis

SEM is generally employed to analyze microstructural and morphological changes
in metal surfaces caused by corrosion. Specimens for characterization experiments were
MS plates (3 mm x 3 mm x 1 mm). Three MS coupons were prepared in the laboratory
by being rubbed with numerous abrasive papers ranging from 180 to 2000, then soaked
in acetone as a degreasing solution, washed with double-distilled water, dried between
two filter papers, resulting in a mirror finish, and stored in a desiccator.

Afterwards, two coupons were immersed in acidic solutions, both in the absence and
presence of 2.00 g/L of the investigated inhibitor, at a constant temperature of 298 K for a
duration of 24 h. The surface morphology of the metal was analyzed using scanning elec-
tron microscopy (JSM-IT500HR instrument (Tokyo, Japan)), operating at an accelerating
voltage of 30 kV and with a magnification of about 20 pum.

2.4. Computational Studies
2.4.1. DFT Investigations

To correlate the obtained inhibition efficiency of WSEO with the molecular structure
of its main compounds, some chemical reactivity indicators were calculated. Full geometry
optimization was carried out using DFT calculations with the B3LYP level of theory and
6-311++ G (d,p) basis set [12]. Global quantum descriptors, such as Exjonmo, ELumo, and
AE =Erymo — Egomo (Equation (4)), electronegativity (x Equation (5)), overall hardness
(n Equation (6)) and electron transfer proportion (AN Equation (7)), were calculated [13,14].

AEgap= Erumo — Enomo 4)
E — E
5 = FLumo . HOMO 5)
E —E
1 — BHOMO . LUMO ©)
2(N peNinh)

In this context, @, which has a value of 4.82, represents the magnitude of the work
function. The hardness of iron (Fe) is denoted as nge = 0 eV/mol. The terms x;n, and Ninn
correspond to the electronegativity and hardness of the inhibitor, respectively. These pa-
rameters are essential for understanding the electronic interactions between the inhibitor
molecules and the metal surface [15].

2.4.2. Molecular Dynamics Simulation

MD simulations were conducted to describe the adsorption of the three main com-
ponents on metal surfaces. The simulation was conducted using the Forcite module in
the Materials Studio 2020 software. The interactions within the studied system were mod-
eled using a simulation box with dimensions of 24.82 A x 24.82 A x 34 A. The energy
surface was minimized using molecular mechanics, then the preliminary surface of 10 A
increased, and its periodicity was reformed by constructing a supercell. At last, the vac-
uum slab with a 26 A thickness was constructed on the iron Fe (110) surface. The study
was carried out in the solution, which is a mixture of 1 inhibitor molecule, 300 molecules of
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H,0, 20 molecules of H30", and C1~ [16,17]. After the system achieves equilibrium, (E,qs),
the energy of adsorption of the primary chemicals was computed. This was done using
Equation (8) [18]:

E‘ads = (Esolution + Etotal) - (Einhibitor+solution + Esurface+soluti0n) (8)

The mean square displacement (MSD) method is used to analyze the interactions be-
tween inhibitor molecules and corrosive species and find whether they affect the mobility
and movement of particles inside the inhibitor film. In such a way, an amorphous cell mod-
ule embedded in the Materials Studio 2020 program was used to generate the inhibitor
film which held 50 parts (3-Eudesmol, (E)-Nerolidol, Linalool) monomer, 1 part CI~ and
1 part H3O" with the supercell size (23.450 A x 23.45 A x 23.45 A) [19,20]. After the ini-
tial optimization, the MD equilibrium process was carried out, for 300 ps (1 fs time step)
in a canonical ensemble (NVT) at 298 K. A Berendsen thermostat managed the system’s
temperature. All simulations used the COMPASS 1I force field [21,22].

3. Results and Discussion
3.1. WL Measurements
Table 1 provides a summary of the values of the corrosion rate (Wco), inhibition

efficiency (IEwy, %) and surface coverage (0 = IEw1./100) obtained by WL measurements in
1 M HCI with and without different doses of WSEO after 24 h of immersion at 25 °C.

Table 1. WL measurements of MS after 6 h immersion in blank and inhibited solutions by WSEO at

25°C.
Cwseo (g/L) 0.00 0.25 0.50 1.00 2.00 3.00
Weorr (mg-cm—2h~1) 0.381 0.098 0.090 0.076 0.065 0.063
IEwr (%) - 74.15 76.36 79.96 82.93 83.34
Surface coverage (0) - 0.7415 0.7636 0.7996 0.8293 0.8334

The obtained results revealed that WSEQO inhibits the MS’s corrosion in a dose-dependent
manner. With the addition of the inhibitor, Wy is delayed and IEwy, (%) is significantly
increased. Thus, IEw, (%) goes from a value of 74.15% at 0.25 g/L to optimal and maximum
values of 82.93 and 83.34% at 2.00 and 3.00 g/L, respectively. This characteristic explains
the role of chemical composition of WSEO that is mainly electron-rich in inhibiting the
corrosion [7,9]. In a previous study, the maximum value of IEwy (%) of WSEO for MS
corrosion in 0.5 HySO4 solution was 74% at 3 g/L [11]. As a comparison, it can be noticed
that the IEw, (%) values of WSEO are higher in 1 M HCI compared to those in 0.5 H,SO4
throughout the concentration range tested, suggesting that the nature of the anions could
influence the adsorption of the tested essential oil in acid solutions. This is consistent with
previous studies that have demonstrated that the adsorption capacity of chloride ions (C1™)
on the surface is more powerful than that of sulfate ions (S042~) [23,24]. Finally, the nature
of the anions can affect the adsorption of the tested inhibitor in acidic solutions.

3.2. OCP Measurements

Figure 2 shows the evolution of the OCP during immersion of an MS in a 1 M HCl
solution without and with different concentrations of WSEO at 298 K.

The results illustrated in Figure 2 clearly show that the potential (OCP) of the MS
immersed in the 1 M HCI acid solution without and with inhibitor shows an increase to
reach a quasi-stationary state at about 1800 s of immersion time, which indicates that the
steel electrode/solution interface has reached a stable condition. Furthermore, with the
increase in the concentration of inhibitors, a shift of OCP towards more positive values is
noted. These variations can be justified by the formation of a layer on the surface of the
electrode blocking the reactions that occur on the MS, such as the oxidation of iron and the
reduction of hydrogen ions from hydrochloric acid [25].
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Figure 2. OCP-time curves for MS in 1 M HCl without and with various concentrations of WSEO.

3.3. Potentiodynamic Polarization Curves

PDP curves for MS in a 1 M HCI solution, both without and with various concen-
trations of WSEO, were measured at 25 °C, and the results are illustrated in Figure 3. The
key polarization parameters, including corrosion current density (icorr), corrosion potential
(Ecorr), cathodic Tafel slope (3¢), anodic Tafel slope (3,) and inhibition efficiency (IEppp %),
are detailed in Table 2. These parameters provide a comprehensive overview of the in-
hibitory performance and electrochemical behavior of WSEO in the acidic medium.

10
p—
-
() 1
<
£
—
— _O—
01 Blank
- —O—+0.25g/L
—/A—+0.50g/L
0.01 _ —V—+1.00g/L
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0.001 4 x T T T T
-800 -700 -600 -500 -400 -300 -200
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Figure 3. PDP curves of mild steel (MS) in 1.0 M HCI with and without varying concentrations of
Warionia saharea essential oil (WSEO) at 25 °C.
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Table 2. PDP parameters for mild steel (MS) in 1 M HCI with and without different concentrations
of Warionia saharea essential oil (WSEO) at 25 °C.

Cwsko —Ecorr icorr —Be Ba IE (%) 0
(g/L) (mV/SCE) (MAcm—2) (mVdecl) (mVdec? PDP 170
0.00 490 578.0 147.7 74.8 - -
0.25 490 152.5 157.3 56.7 73.62 0.7362
0.50 490 130.6 149.8 53.6 77.40 0.7740
1.00 480 101.6 144.1 53.2 82.42 0.8242
2.00 480 92.4 140.8 49.9 84.01 0.8401
3.00 480 91.8 138.9 48.6 84.11 0.8411

Figure 3 demonstrates that the addition of WSEO significantly reduces both anodic
and cathodic current densities. This reduction indicates a strong adsorption tendency of
the oil on the MS surface, effectively delaying both anodic and cathodic reactions. These
observations suggest that WSEO functions as a mixed-type inhibitor, providing compre-
hensive protection by impeding both the anodic and cathodic processes involved in corro-
sion [7,8]. The analysis of Table 2 clearly indicates that the IEppp (%) gradually increases
with the addition of WSEO to the 1 M HCI solution until reaching its optimal value of
84.01% at 2.00 g/L. Further, the addition of the inhibitor changed the cathodic (3.) and
anodic (3,) Tafel slopes in the inhibited system. This suggests that during the inhibition
process, the inhibition mainly controls the cathodic and anodic reactions [7]. In addition,
a slight shift of values of Ecorr (below 85 mV) was detected, especially at high inhibitor
concentrations, indicating the mixed character of the inhibitor and thus confirming the
reduction of hydrogen evolution and metal oxidation [25].

3.4. EIS Measurements

Nyquist diagrams for MS corrosion in 1 M HCI solution and in the presence of differ-
ent concentrations of the WSEO at 25 °C are shown in Figure 4a. The obtained EIS spectra
were analyzed by fitting to the equivalent circuit illustrated in Figure 4b using EC-LAB
V10.32 software, and the results are presented in Table 3.

Table 3. EIS values for MS in 1 M HCl with varying WSEO concentrations at 25 °C.

c c CPE
WSEO Ret dl IEgss 2 (10—
0 x> (10-3)

(g/L) (Qcm?)  (uF cm?) Q (%)

¢ " (Q~18"cm—2) n ?

0.00 21.71 73.37 314.51 0.877 - - 2.25
0.25 69.1 52.52 219.23 0.865 68.58 0.6858 3.52
0.50 80.2 48.08 118.04 0.866 72.93 0.7293 5.40
1.00 134.8 42.78 96.70 0.864 83.90 0.8390 3.25
2.00 165.8 38.42 82.21 0.836 86.91 0.8691 5.25
3.00 166.1 37.64 82.11 0.834 86.92 0.8792 5.41

The Nyquist plots depicted in Figure 4a display a single capacitive loop for each test,
suggesting that charge transfer is the primary mechanism controlling the corrosion pro-
cesses in 1 M HCI [26]. This finding aligns with the single time constant observed in the
Bode plots shown in Figure 4c,d. However, these capacitive loops are not ideal semicircles,
which can be attributed to the dispersion effect commonly caused by the surface roughness
and heterogeneity of the solid surfaces [27].

Moreover, as the concentration of the inhibitor increases, the width of the Nyquist
plots also expands, indicating enhanced adherence of the natural substance to the mild
steel (MS) surface. This increased width reflects the inhibitor’s improved effectiveness
in forming a protective barrier, thereby mitigating the corrosion process. The findings un-
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derscore the potent adsorption capabilities of the inhibitor, reinforcing its role in providing
substantial protection against corrosion in acidic environments.
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Figure 4. Nyquist diagrams (a), equivalent circuit (b) and Bode plots (c,d) of MS in 1 M HCl without
and with the addition of various concentrations of WSEQO at 25 °C.

Figure 4b shows the equivalent electrochemical circuit used to simulate the MS/acidic
solution interface, where R; is the solution resistance, R is the charge transfer resistance
and CPE is the constant-phase element to replace the double-layer capacitor (C4;). The
CPE element is employed to consider the heterogeneous surface of the working electrode
and is defined by Equation (9) [2]:

Zepp =Q L (Liw) ] )

where i% = —1, imaginary root; Q, CPE constant; w, angular frequency (in rads_l); n, devi-
ation indicator which is a measure of surface inhomogeneity and its value lies between 0
and 1. n =1 represents the ideal capacitor, n = 0.5 represents Warburg impedance, n= —1
represents inductance and n = 0 represents a resistor [27].

The fitting degree between the experimental data and the simulated results obtained by
the proposed equivalent circuit was evaluated by the chi-square (x?) parameter (fit goodness).

The values of the double-layer capacitance (Cy;) were determined using the following
formula of Equation (10) [3]:

Cq = (Q- R ™)V/n (10)

Based on Table 3, it can be seen that Rt values rise with rising WSEO concentration.
The highest R value (166.1 Q cm?) has been obtained at 3.00 g/L, indicating the adsorption
of the inhibitor and the development of a protective layer at the MS/solution interface that
restricts the accessibility of CI™ ions to the metal surface [28]. Alternatively, the Cq; value
decreases with the addition of EO; it changes from 73.37 uF-cm? for the blank medium only
to 37.64 uF-cm? for 3.00 g/L of WSEO. This diminution of Cg; values with the addition of
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the molecule can be explained by the rises in the dielectric constant and/or an increasing
thickness of the electrical double layer.

Consequently, the IEgig values (%) show that the highest inhibitory performance is
observed at the optimum concentration (2.00 g/L) and reach a maximum 87%. This re-
sult suggests that WSEO acts as a good adsorption inhibitor at the solution/metal interface
forming a film or complex repelling corrosive species from the MS surface [14]. This be-
havior is in good agreement with that noticed from the WL and PDP results. Furthermore,
the capacitance values of the double layer are also reduced to the maximum in the pres-
ence of the studied inhibitor compared to the uninhibited solution. The decrease in Cg
with increasing inhibitor concentration can be attributed to a decrease in the local dielec-
tric constant and an increase in the thickness of the electrical double layer [28].

Moreover, the data in Table 3 clearly show that the values of the parameter x? are very
low on the order of 1073, which explains the agreement of the experimental impedance
spectra with the proposed equivalent electrical circuit. In addition, it is noted that the
surface heterogeneity parameter n changes with the addition of the inhibitor, indicating the
surface modification when the WSEO is added [28]. In addition, the values of n remained
relatively constant at around 0.8 (approaching unity), suggesting that the CPE is getting
closer to the ideal capacitor behavior.

On the other hand, in a comparative study of the EO extracted from W. saharea, we
note, according to Table 4, that the WSEO presents an excellent inhibitory performance in
comparison with the other extracts of different and even low concentrations, which implies
the importance of WSEO in the industrial sector.

Table 4. Comparison of WSEO inhibition efficiencies with those of other essential oils.

EO Inhibitor Medium and Substrate Concentration IE (%) Ref

Schinus mole CSin1 M HCI 2.00 g/L 70% [6]

Vietnam orange peel MSin1MHCI 4.00 g/L about 90% [7]

A. pubescens subsp. pubescens MSin1MHCI 3.00 g/L 89.88% [8]

Myrtle .m0 91.88%

Rosemary Copper in 3% NaCl 10.00 g/L 92 549 [27]

Asteriscus graveolens MS in 0.5 M H,SOy4 3.00 g/L 82.89% [28]

Warionia saharea MS in 0.5 M HpSO4 3.00 g/L 74% [11]
Warionia saharea MSin1MHCI 2.00 g/L 84%—87% In this work

3.5. Adsorption Study

Adsorption isotherms are used to provide basic information about the nature of the
interaction that takes place between the inhibitor and the metal surface. Indeed, to better
describe the adsorption mode of WSEO molecules, attempts have been made to adjust the
inhibitor concentration (Cysgo) and the surface coverage values (0) to certain adsorption
isotherms such as the Langmuir isotherms, El-Awady, Freundlich and Temkin.

The linear equations (Equations (51)—(S4)) of the studied isotherms are shown in Table S1
(Supplementary Materials) and their corresponding plots are represented in Figure 5. De-
pending on the model used, assumed differences can be taken into account such as the
nature of the metallic surface and the interactions between the adsorbed molecules, as well
as the structure of the layers formed by adsorbed species [29]. The correlation coefficient
between surface coverage (6) and the inhibitor concentration (Cysgp) in the corroding so-
lution were compared.

The equilibrium constant of the adsorption process K45 is related to the Gibbs stan-
dard free energy of adsorption (AG®,4s) by the following relationship (Equation (11)) [6].

AG®,4s = — RT In (55 .5 K% ,46) (11)
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where R is the universal gas constant, T is the thermodynamic temperature and 55.5 is the
concentration of water in solution expressed in M (i.e., ~1000 g/L). Table 5 summarizes the

estimated parameters from the studied isotherm graphs.
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Figure 5. Isotherm models tested for MS in 1 M HCl in presence of WSEO using WL, PDP and EIS
data at 25 °C.
Table 5. Thermodynamic finding for MS in 1 M HCl in the presence of WSEO at 25 °C.
Adsorption Method R? K.gs (L/g) Isotherm Property AG® 45 (KJ-mol—1)
WL 1 0.79 Ry =0.39 —16.55
Langmuir PDP 0.9997 0.81 Ry, =0.38 —16.60
EIS 0.9998 0.80 Ry =0.38 —16.58
WL 0.9831 459.43 1/y=4.54 —32.33
El-Awady PDP 0.9415 192.48 1/y =3.65 —30.18
EIS 0.9343 18.72 1/y=2.00 —24.40
WL 0.9831 0.79 z=0.047 —16.55
Freundlich PDP 0.926 0.80 z=0.056 —16.58
EIS 0.9194 0.80 z=0.104 —16.58
WL 0.9838 250 x 10° a=—13.66 —65.08
Temkin PDP 0.9303 78.6 x 100 =—11.28 —62.22
EIS 0.9228 19.7 x 10° A=-6.15 —41.65

Examination of the plots presented in Figure 5 and the values listed in Table 5 revealed

that the correlation coefficients (R?) for all adsorption isotherms range from 0.91 to 1. It
is clear that the corresponding plots of the Langmuir isotherm are straight lines with the
correlation coefficients (R?) close to unity (R? >0.999) and that the values of the separation
factor Ry, are between 0 and 1, which confirms that the Langmuir isotherm model describes
the appropriate adsorption of WSEO molecules on the MS surface in the acidic medium.
However, the slope values are less than unity, suggesting that the real adsorption of the

99




Coatings 2024, 14, 1164

WSEO did not strictly respect this isotherm. There may have been multilayer adsorption
of inhibitor molecules or lateral interactions between the adsorbed species and the MS
surface. According to the El-Awady adsorption parameter, the inverse of “y” obtained is
between 2 and 4, suggesting that the WSEO molecule replaces up to four water molecules

during the inhibition process schematized as follows (Equation (12)) [29,30].

Inhsolution"H'II_IZOvelectrocle — Irlhelectrocle‘H_IZOsolution (12)

"

Since the value of the adsorption parameter “z” in the Freundlich isotherm is less than
1, it is likely that the inhibitor studied will readily bind to the metal surface. Regarding the
Temkin adsorbent isotherm, the values of the attractive parameter (a) are negative in all
cases, showing that the lateral interaction is repulsive in the adsorption layer [31].

Generally, AG®,45 values lower than —20 KJ-mol~! are linked to physical adsorption
(physisorption), while AG®,4, values negatively greater than 40 KJ-mol~! correspond to
chemical adsorption (chemisorption). However, a physicochemical adsorption process
(mixed adsorption) was observed when the AG®, 45 displayed intermediate values between
—20 KJ-mol~! and —40 KJ-mol~! [32]. In our study, AG®,4s of the inhibitor ranged be-
tween —16 and —65 KJ-mol !, indicating a physicochemical adsorption process onto the
metal surface. Additionally, negative values of AG®,4s indicate spontaneous adsorption
of molecules onto the MS surface, as well as strong interaction between active sites of
molecules and the metal surface [4].

3.6. SEM Analysis

To gain deeper insights into the adsorption of WSEO molecules on the MS surface,
we conducted a surface morphology analysis using scanning electron microscopy (SEM).
Figure 6 presents the SEM images of mild steel (MS) immersed in 1 M HCl, both without
and with 2.00 g/L of WSEQ, after a 24 h exposure period.

Figure 6. SEM morphology of MS surface (a) before immersion, (b) after 24 h immersion in blank

solution and (c) after 24 h immersion in inhibited solution.

The morphology of MS after polishing and before exposure to the corrosive solution
shows that the metal surface is clearly visible and has a characteristic associated with pol-
ishing scratches Figure 6a. After immersion in the corrosive solution without inhibitor, the
SEM micrograph Figure 6b shows that the surface of the MS is seriously damaged due to
the aggressive attack of the acid solution. However, by adding 2.00 g/L of WSEO, the sur-
face morphology of the MS appears smoother and less corroded (Figure 6c). This behavior
can be explained by the formation of a protective film adsorbed by WSEO molecules on
the surface of the steel, which leads to a reduction in the corrosion process [33].
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3.7. Theoretical Studies
3.7.1. DFT Calculations

Usually, EOs include various phytochemical components [5]. Because of this com-
plexity, it is challenging to identify the components of an EO that could significantly con-
tribute to preventing corrosion, but it can be assumed that phytochemicals with the high-
est percentages are responsible for EO performance [7,9]. In this regard, a DFT/B3LYP
with 6-311++ G (d,p) basis set study was performed to correlate the inhibitive effect of the
entire WSEO and the electronic properties of its major constituents (3-Eudesmol (34.9%),
(E)-Nerolidol (23.0%) and Linalool (15.2%)).

Figure 7 illustrates optimized structures and LUMO-HOMO plots of 3 -Eudesmol,
(E)-Nerolidol, and Linalool. Table 6 lists some global quantum chemical descriptors.

B-Eudesmol (E)-Nerolidol Linalool

Optimized *H ! + 1
structure /"?

LUMO

Figure 7. The HOMO-LUMO iso-surfaces and optimized geometry for 3-Eudesmol, (E)-Nerolidol
and Linalool that have been evaluated by the DFT/B3LYP with 6-311++ G (d,p) basis set.

Table 6. Calculated theoretical parameters for the major components of WSEO obtained from the
DFT/B3LYP with 6-311++ G (d,p) basis set.

Molecule Exomo (eV) ELumo (eV) AEgap (eV) AN 7
B-Eudesmol —6.35 0.86 7.21 0.29 3.61
(E)-Nerolidol —6.01 0.29 6.30 0.31 3.15

Linalool —6.36 0.56 6.92 0.28 3.46

HOMO plots illustrate the regions of a molecule where electron donation is likely to
occur, with a higher Eyyopo value signifying a greater propensity for the molecule to trans-
fer electrons to the metal’s unoccupied orbitals. Conversely, the density of the LUMO indi-
cates the areas where the molecule can receive electrons, and a lower Ej 0 value denotes
a stronger ability of the molecule to accept electrons from the metal surface [34]. Conse-
quently, high Eyono values and low Ej yhio values favor the ability of the inhibitor to bind
to the metal surface; thus, a low value of AEgap = Erymo — Enomo increases the molecular
reactivity and is expected to improve the inhibitory efficiency [35]. Figure 6 reveals that

101



Coatings 2024, 14, 1164

the HOMO and LUMO distributions for 3-Eudesmol are similar, which were mostly situ-
ated around the methylcyclohexane motif. For (E)-Nerolidol, the HOMO density is mostly
on the total molecule and is strongly spread around the (-C=C-) fraction, while the LUMO
density is distributed over the atoms of the &, f-unsaturated hydroxyl group. The HOMO
and LUMO orbitals for Linalool are similar and more intense along with the terminal dou-
ble bond.

According to Table 6, (E)-Nerolidol has the highest Eyjono and the lowest Epyyio
compared with 3-Eudesmol and Linalool, which suggests that (E)-Nerolidol has the strong
donor-acceptor properties. Likewise, the values of AEg,, and 77 follow the same theoretical
order following (E)-Nerolidol < Linalool < 3-Eudesmol, which shows that (E)-Nerolidol is
more reactive than the 3-Eudesmol. In addition, the AN value of (E)-Nerolidol is slightly
higher than that of other molecules, which confirms the strong electron exchange of this
molecule to and/or from the iron surface [36]. Based on the obtained findings, (E)-Nerolidol
is expected to contribute to the corrosion inhibition of WSEO to a large extent, followed by
Linalool and then B-Eudesmol.

3.7.2. MD Simulations

The optimized molecule-Fe (110) adsorption systems simulated by MD in the aque-
ous phase are shown in Figure 8. Correspondingly, the resulting adsorption energies cal-
culated with MD simulation are listed in Table 7.

(E)-Nerolidol._; ., . Linalool _

Figure 8. Top (a) and side (b) view of the most equilibrium adsorption configurations of the selected
WSEO components on an Fe (110) surface obtained by MD simulations in the aqueous phase.

Table 7. The adsorption energies for the adsorption of the three main compounds of WSEO on the
Fe (110) surface obtained by MD simulations (all in kcal/mol).

Molecule Eads
B-Eudesmol —215.18
(E)-Nerolidol —258.15

Linalool —140.60

102



Coatings 2024, 14, 1164

From Figure §, it can be seen that the selected components of the WSEO are optimally
adsorbed in a planar direction parallel to the surface of the Fe (110), thus maximizing the
coverage of this surface thanks to the protective film created by the inhibitors causing the
isolation of water molecules and other corrosive particles from the metal surface.

Moreover, the negative value of the adsorption energy indicates the exothermic and
spontaneity of the adsorption process. Also, its high values show a stable and robust ad-
sorption of the inhibitors on the Fe (110) surface, suggesting the rigidity of the interaction
of inhibitors on the metal surface, thereby increasing their inhibition efficiency [37].

Table 7 indicates that the values of adsorption for selected molecules are negatives
and obey the following order: (E)-Nerolidol > 3-Eudesmol > Linalool.

According to Table 7, (E)-Nerolidol exhibits the highest adsorption energy, indicat-
ing its stronger affinity to adhere to the Fe surface forming a more stable protective layer
against MS corrosion. Therefore, (E)-Nerolidol is the best candidate molecule to contribute
substantially to the global corrosion inhibition effect of WSEO.

3.7.3. MSD Analysis

The MSD calculation was carried out in order to evaluate the anticorrosive performance
of B-Eudesmol, (E)-Nerolidol and Linalool, by preventing the movement of H;O" and Cl™
present in the corrosive solution. This model is based on the description of the migration rate
of a corrosive species in inhibitor films by calculation of their diffusion coefficient (Djop,). Gen-
erally, the lower the value of the D, of corrosive species, the lower their migration, and thus
the protective capacity of the inhibitor film will be higher [38]. Each supercell includes one
cation of H3O", one anion of Cl~, and 30 molecules of the EO’s main component. The diffu-
sion coefficients of H3O™: Djon (H30) and Cl™: Djopn (C17) resulting from the MSD curves
can be determined by Einstein’s equation (Equations (13) and (14)) [39,40]:

MSD (1) = & 1 IR, ()~ R(0)P (13
i=1
1. dMSD(t)
o~ i ™5 as

where N reflects the number of diffusive atoms, while R;(0) and R;(t) translate the positions
of corrosive ions at the origin time (0) and a later time (t), respectively.

A low value of Dj,, means that corrosive species move poorly in the solution, thus
preventing the electrochemical corrosion process. Conversely, a high value of Dj,, sug-
gests that the inhibitor film is weak [41]. Figure 9 displays MSD vs. time curves and the
diffusion behaviors of Djon (H30") and Djop, (C17) in the supercell containing 3-Eudesmol,
(E)-Nerolidol and Linalool. In addition, the diffusion of corrosive species occurs via mi-
gration between free sites or cavities inside the inhibiting film on the metal surface. One
method to examine the factors influencing the diffusion of corrosive species is through the
calculation of fractional free volume (FFV). FFV is computed by Equation (15):

FFV (%) :ij:{/m x 100 (15)

where Vi is the free volume and V. is the volume occupied by the inhibitor film on the
metal surface.

Typically, a high FFV value means that there are free cavities on the inhibition film in
which corrosive species move easily from one cavity to another, resulting in a high diffu-
sion coefficient and low efficiency of the inhibitor. Conversely, a low FFV value is associ-
ated with a low diffusion coefficient and high corrosion inhibition efficiency [41]. Figure 9
shows the molecular distribution used to calculate the V¢ and V. volumes for systems built
with a Connolly area. The calculated Dj,, and the FFV values of both corrosive species in
various inhibitor films are listed in Table 8.
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Figure 9. MSD vs. time curves and the diffusion behaviors of corrosive species (H;O0" and Cl~ ions)
in three condensed inhibitor films at 25 °C.

Table 8. Calculated values of FFV and self-diffusion coefficient of the three molecules.

Molecule Djon (H30%) (m?s~1)  Djgp (C17) (m2s-1) FFV (%)
(E)-Nerolidol 1.926 x 1073 1.062 x 1072 6.50

Linalool 1.57 x 1072 5114 x 1073 6.94
B-Eudesmol 2.144 x 102 3.153 x 1072 13.00

From Figure 9, the movement curve of corrosive species in 3-Eudesmol is the most
typical. It shifts by approximately 35 and 45 A for H30* and Cl~, respectively. However,
in the case of (E)-Nerolidol and Linalool, the C1™ shift curves are relatively smooth and
weak (around 10 A) while the H3O" shift curves are characterized by a sharp jump in the
case of Linalool (around 23 A) at the end of the observation period. Therefore, based on
the data in Table 8, we can classify the Djon, of H30" in all the inhibitor films examined as
follows: Djon (E)-Nerolidol) < Djop, (Linalool) < Djon (B-Eudesmol). This order is in good
accordance with the descriptors order reported by DFT calculations.

In Figure 10, we can see that the protective films formed by (E)-Nerolidol and Linalool
are denser in the supercell; that is, the metal surface would be more covered than in the
case of 3-Eudesmol. In addition, from the FFV values (%), the sequence follows the same
order as that of Djgn: (E)-Nerolidol < Linalool < -Eudesmol. This indicates that FFV de-
creases with molecular chain structure and length. It is well known that linear structures
are more flexible than cyclic structures that are difficult to bend. Indeed, the increase in the
linear chain strengthens the inhibition performance of (E)-Nerolidol (C15H¢0) compared
to Linalool (C;pH;30). However, the bicyclic nature of (C;5H50) reduces its adsorption
on the metal surface due to its rigidity. Obviously, the addition of these molecules to the
solution limits the migration of corrosive species. Finally, the obtained findings confirm
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those discussed previously that (E)-Nerolidol may exhibit the highest reactivity among the
three phytochemicals.

(E)-Nerolidol
& %

Figure 10. FFV of ClI~ and H3O" in the four condensed inhibitor films at 25 °C.

3.8. Corrosion Inhibition Mechanism of WSEO

The first step in the suppression of the corrosion of metal is often the adsorption of in-
hibitors at the metal/solution interface. Such a mechanism might be sensitive to the chem-
ical structure of the inhibitor and the metal’s surface charge. As a result, the inhibitive
activity of WSEO entails the adsorption of its active phytochemical components on the
MS surface, particularly its main components namely 3-Eudesmol (34.9%), (E)-Nerolidol
(23.0%) and Linalool (15.2%). These compounds contain 7i-electrons of double bonds (C=C)
and atomic oxygen in functional groups (O-H) that meet the normal adsorption centers.
Moreover, extract organic components exist as neutral molecules and/or in the protonated
form in the aqueous acid solution. Charged molecules (cations) can be absorbed by oppos-
ing charges via direct electrostatic interactions among the negatively charged molecules
and the positively charged metal surface. Adsorbing may also be caused by no direct in-
teraction between the protonated form and the chloride ions (Cl™), primarily adsorbed
on the MS surface charged positively (a physical mechanism). The neutral form can ad-
sorb onto metal surfaces via a “donor-acceptor” interaction. This occurs between the non-
bonded electron pairs of oxygen atoms and the 7-electrons of double bonds, interacting
with the “d” orbitals of the mild steel (MS) surface (a chemical mechanism) [4]. In this
present study, E-Nerolidol was found to be the best candidate molecule that could signif-
icantly contribute to the overall corrosion inhibition effect of EOTL. Figure 11 illustrates
the simplified scheme of the adsorption mechanism of E-Nerolidol on the C-steel surface
in the 1.00 M HCI medium.

uan

Electrons transfer “n” to “d”

Electrostatic interactions : Physisorption “Donor-acceptor” interactions : Chemisorption

Figure 11. Simplified schema of the adsorption mechanism of (E)-Nerolidol molecules on the
MS surface.
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4. Conclusions

In this investigation, the inhibition ability of WSEO for MS corrosion in 1 M HCI
medium was explored experimentally using weight loss (WL) measurement, electrochem-
ical assays and SEM analysis, as well as theoretically using quantum DFT calculations and
MC simulations. The key findings from these experiments are summarized as follows:

1. WSEO has been found to provide a satisfactory IE% of 86% at 2.00 g/L and 298 K,
which suggests that it can be used as a good green corrosion inhibitor for MS in 1 M
HCI medium.

2. ThePDP study demonstrated that the examined inhibitor exerts a mixed inhibition ef-
fect and with increasing WSEO concentrations, the icorr values dropped dramatically
from 578.0 A cm~? in a blank solution to 92.4 pA cm~2 in the presence of 2.00 g/L,
indicating significant corrosion inhibition potential.

3. Based on the EIS data, Rt values rise with rising WSEO concentration reaching the
optimal value of 165.8 Q) cm? at 2.00 g/L, indicating the adsorption of inhibitor and
the development of a protective layer at the MS/solution interface.

4. The thermodynamic study revealed that the adsorption of WSEO on the MS sur-
face aligns with the Langmuir isotherm model involving both chemical and phys-
ical adsorption.

5. DFT calculations provided a detailed explanation of the relationship between the in-
hibitory efficacy of WSEO and the electronic properties of its main constituents.

6.  Monte Carlo (MC) simulations indicated that the primary compounds preferentially
adsorb onto the Fe (110) surface in a flat, parallel orientation.

7. The MSD calculations reveal that the main component of the studied inhibitor creates
a barrier film on the MS surface and limits the migration of corrosive species. SEM
analysis confirms the existence of an inhibitor protective film on the MS steel surface.

8. The computational results also revealed that (E)-Nerolidol may play an important
role in the overall inhibitory action of WSEO in 1 M HCL

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings14091164/s1, Table S1. Linear equations and adsorption as-
sumptions of the studied isotherms of MS in 1 M HCI for WSEO.
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Abstract: The polishing of rotary workpieces, which were characterized by large curvature
edges, presents considerable challenges due to the difficulty of applying uniform polishing
forces. Numerous solutions have been proposed to address this issue. However, none have
successfully achieved an optimal balance between efficiency and surface quality. To this
end, a “gentle” but effective method known as shear thickening polishing (STP) has been
developed, which can improve the surface roughness to less than Ra 30 nm within a matter
of minutes and without any surface abnormality. Influences of the STP were systematically
investigated by single factor experimental designs, including abrasive type, abrasive con-
centration, installation angle, and polishing speed. And an illustrative case study involving
the polishing of a rotary workpiece with a large curvature edge was presented, wherein the
surface roughness can be reduced to Ra 25 nm within a mere 15 min and without the occur-
rence of burns or scratches typically associated with conventional polishing techniques. In
contrast, traditional cashmere ball polishing requires approximately 30 min to achieve a
similar surface quality, which often results in residual burns and scratches. The findings
confirm that shear thickening polishing is an effective and efficient approach for enhancing
the surface quality of rotary workpieces with significant curvature.

Keywords: large curvature edge; shear thickening polishing; surface roughness; 316L
stainless steel

1. Introduction

Rotary workpieces with large curvature edges are characterized by their intricate
surface shapes, which feature substantial curvature variations in various directions. These
workpieces are essential in mechanical manufacturing and are crucial in sectors such as
aerospace, national defense, military applications, biomedicine, and many others [1,2]. To
meet the requirements of complex work environments, these surfaces often need polishing
to improve their quality. A polished, high-quality surface with large curvature edges can
greatly enhance the material’s wear and corrosion resistance, thus prolonging its lifespan
and boosting its overall performance.

Rotary workpieces with large curvature edges often have the characteristics of variable
curvature themselves, and polishing tools need to make corresponding adjustments at
different positions during the polishing process. In order to ensure the efficiency and
uniformity of polishing, general polishing methods such as bonnet polishing [3], magne-
torheological polishing [4], abrasive flow polishing [5], abrasive water jet polishing [6],
and abrasive polishing wheel polishing have certain challenges. Bonnet polishing has the
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advantages of strong adaptability, low cost, and high processing efficiency [7], but it is
limited by the curvature radius of the polishing head. For surfaces with varying curvatures,
it is necessary to replace the polishing head multiple times to adapt to different curvatures.
Since it is impossible to produce a very small-sized balloon processing tool, it is difficult to
process large-curvature arc surfaces [8]. Magnetorheological polishing technology is widely
used in surface processing due to its high processing stability, high adaptability to various
curved surfaces, and low processing stress [9-11]. However, the high cost of designing
the magnetorheological fluid and electromagnetic device limits its application space [12].
Abrasive flow polishing is suitable for processing complex surfaces, especially complex
inner walls, due to its high efficiency and adaptability [6,13]. However, the accuracy and
surface quality of the workpiece processed by abrasive flow cannot be effectively controlled,
and problems such as “under-polishing” and “over-polishing” are common, which makes
it difficult to meet the requirements of extremely strict shape accuracy and dimensional
accuracy. This severely restricts the application of abrasive flow machining technology in a
wider range [14]. Abrasive waterjet processing is highly flexible, simple to operate, and
has no heat-affected zone, which makes it particularly suitable for processing deep-cavity
structural parts and high-steepness complex curved surfaces. However, it has significant
kinetic energy loss and unstable material removal functions [15,16], which make it difficult
to ensure polishing efficiency and uniformity. It is mostly used for rough and semi-finishing
processing. The abrasive polishing wheel polishing method allows for quick selection and
replacement of abrasives based on different materials and polishing requirements, show-
casing strong flexibility. Additionally, the polishing wheel can be reused, which reduces
production costs. However, with the wear of the polishing wheel and uneven distribution
of abrasives, it is prone to causing surface damage. Yang [17] utilized an abrasive cloth flap
wheel to polish the surface of GH4169G and found that as the abrasive wheel wore down,
deeper polishing tanks and burn marks formed on the surface of GH4169G, resulting in a
decline in the quality of the polished surface.

According to the shear thickening effect of non-Newtonian fluid, when there is relative
movement between the polishing slurry and the workpiece, the surface area of the polishing
slurry and the workpiece will produce shear thickening phenomenon due to the action
of shear stress, forming a “flexible fixed mold” on the surface of the curved surface so as
to achieve material removal on the surface. The shear thickening polishing (STP) method
has the ability to fit complex surfaces well and can ensure the polishing requirements
of complex surfaces [18]. Shao [19] has successfully realized efficient and high-quality
polishing of turbine blades of high temperature nickel-based alloys by using the principle
of shear rheological properties. After processing with a linear polishing speed of 1.88
m/s for 12 min, blade surface roughness Ra rapidly decreased from 73 nm to 8.5 nm.
After further process optimization, the final result is a high-quality surface of Ra 4.5 nm.
Wang [20] carried out shear thickening polishing passivation for carbide milling cutters.
After passivation and polishing, the cutting edge became rounded, the front and back
surfaces became flat, and the defects of the cutting edge were removed. Nguyen [21]
applied the characteristics of shear thickening fluid (STF) to the machining of alloy steel
SCM435 gear and obtained the best surface with a roughness of 13 nm by using a multi-
response optimization method. Wang [22] applied shear thickening polishing to PCB
microdrills, and the cutting-edge surface of the micro-drills was improved, resulting in
a significant increase in tool life. Zhou [23] combined the shear-thickening effect with
electrorheological fluid for polishing alumina ceramic workpieces, resulting in a reduction
of surface roughness from Ra76.3 nm to Ra16.0 nm. Zhu [24] proposed an effective shear
thickening micro-polishing method with fast tool servo control for micro structured surfaces.
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These surfaces achieved higher surface smoothness and conformed to the desired surface
shapes after polishing. Zhou [25] employed shear thickening polishing technology to
perform edge preparation on PCB microdrills, resulting in an increase in the radius of the
main cutting edge from an initial 2.77 & 0.4 um to 23.9 £ 0.3 um.

However, the shear-thickening polishing process for rotary workpieces with large
curvature edges has not been systematically summarized and elaborated. In this paper,
the shear thickening polishing (STP) method is used to carry out polishing tests on rotary
workpieces with large curvature edges. The single factor experimental method is used to
study the influence of abrasive particle type, abrasive particle concentration, installation
angle, and polishing speed on the arc section of a rotary workpiece with a large curvature
edge. The optimal polishing parameters are obtained through process optimization, and
the polishing experiments are verified.

2. Principle of Shear Thickening Polishing (STP)

The shear thickening polishing (STP) method is a new non-contact ultra-precision
polishing method, which utilizes the nonlinear rheological properties of non-Newtonian
polishing slurry under shear stress to achieve material removal. The basic principle of
shear-thickening polishing is shown in Figure 1. The fluid phase of shear thickening
polishing with good fluidity forms a continuous flow field on the surface of the workpiece,
and the interface shear stress generated by the contact interface between the workpiece and
the flow field causes rheological effects such as local thickening and solidification of the
polishing slurry to form a rheological layer that holds the abrasive particles in a flexible
way. The rheological layer can achieve surface polishing by micro-cutting the micro convex
peaks on the workpiece surface. As a new flexible polishing method, the shear thickening
polishing method can realize the precision polishing of the surface of a rotary workpiece
with a large curvature edge. Shear thickening slurry was adaptable to different complex
structures with large curvature. When the polishing slurry flows over the large curvature
edge, it continuously circulates to form a stable shear flow field, enabling efficient polishing
of rotary workpieces with large curvature edges.

Particle cluster

Workpiece

Abrasive particle ~ Solid particle

Shear thickening area Eolishing sturry

Slurry flow direction

Figure 1. Schematic illustration of the STP.

3. Experimental Method and Conditions
3.1. Preparation of STP Slurry

Shear thickening fluid (STF) is one of the key factors that determine the efficiency of
shear thickening polishing and the resulting surface quality. Shear thickening fluid (STF)
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is composed of dispersed phase particles of poly-hydroxyl polymer (PHHP), deionized
water, and abrasive particles. Prepare deionized water at a certain temperature (30-50 °C),
gradually add PHHP, and dissolve while stirring to form a shear-thickening fluid. After
standing for a period of time, the abrasive particles are gradually added, stirred evenly,
and dispersed by an ultrasonic device for 15 min to form STE.

The stress-controlled rheometer can measure the rheological curve of shear-thickened
polishing slurry. The test temperature is set at 25 °C. The rotor has a diameter of 0.25 mm
and a cone angle of 2°. Figure 2 shows the rheological characteristics of shear-thickened
polishing slurry with silica sol as an abrasive particle at different pH values [22]. With
the increase in shear rate, the viscosity will show a sudden upward trend within a certain
range. The pH of the shear thickening fluid in this paper is not adjusted, and its pH is
between 8 and 9. Figure 2 roughly reflects its rheological trend.

25
—s—pH2 1
I —®—pHG6
—&—pH 10

[~
=1

Apparent Viscosity(Pa-g)

Shear Rate(s'l)

Figure 2. The viscosity curve of STF [26].

3.2. Experimental Method and Conditions

The experimental device is shown in Figure 3b. The rotary workpiece with a large
curvature edge was immersed in slurry and rotated along the Z axis to ensure the uniform
polishing of the surface. The distance of the workpiece from the edge of the polishing
tank is 5 mm. The polishing tank drives the shear thickening polishing slurry to rotate,
making the workpiece and the polishing slurry move relative to each other, resulting in
the shear thickening effect to achieve polishing, as shown in Figure 3a. The single factor
experiment method was used to study the influence of abrasive particle type, abrasive
particle concentration, installation angle, and polishing speed on the circular arc section of
the rotary workpiece with a large curvature edge. The test conditions are shown in Table 1.

Inclination angle . e

' 1
5 A A, S
¢ 3 Rotation axis "Yi,

| Control
cabinet

-
IZ\\

Polishing tank

Workpi
Polishing speed SRS

(a) (b)

Figure 3. (a) Schematic illustration of STP. (b) Polishing device employed in this study.
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Table 1. Experiment conditions.

Experimental Conditions Parameters
Diameter of polishing tank (mm) 400
Rotation speed of samples (rpm) 10

Abrasive Diamond, Alumina, Colloidal silica
Diamond concentration (wt.%) 3,6,9,12

Abrasive size (nm) 80

Polishing speed (rpm) 45,50, 55, 60

Installation angle (°) 45, 50, 55, 60
Time per trial (min) 15

In this study, rotary workpieces with large curvature edges were shear thickened and
polished. The rotary workpiece with a large curvature edge was 316L stainless steel, and
its main physical properties and basic parameters are shown in Tables 2 and 3. The main
feature of this part is a complex arc surface at the top, which is composed of three small
arcs with extremely large curvatures. Its specific morphology is shown in Figure 4.

Table 2. Properties of 316L stainless steel [27,28].

O'b/MPa Uo'lePa 55/0/0 1])/0/0
>480 >177 >40 >60

Table 3. Parameters of workpiece.

Initial Conditions Values
Material 316L stainless steel
Radius of the top arc r1 (mm) 2
Radius of the inner arc 12 (mm) 2.1
Radius of the outer arc r3 (mm) 2.2
Roughness of outer arc Ra/Sa (nm) 639 +5.7/36.3 +24
Roughness of top arc Ra/Sa (nm) 83.4+4.3/409 +£3.1
Roughness of inner arc Ra (nm) 780+ 44

Inner arc Top arc
12 11 Outerarc
13

\ Top arcrl
A\
Inner arc Outer arc
12 3

Figure 4. The specific topography of the workpiece.

3.3. Measurement Method

The 3D surface topography of the workpiece was observed with the optical 3D sur-
face profiler, and the Sa of each surface roughness was observed with a 50x lens. The
macroscopic surface morphology of the workpiece was observed using an ultra-depth field
microscope. A profilometer with a resolution of 0.1 nm was used to measure the roughness
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Ra of each position. We measured the roughness values of the arc segments with the Form
Talysurf i-Series profilometer and analyzed the data with the software Ultra 6.1.12.1, which
comes with the machine. The roughness filter was selected in G mode, and the length of the
measured sampled data was 1.25 mm. Five points of the inner arc, top arc, and outer arc
were measured, respectively, and the measurement diagram of each position was shown in
Figure 5.

(b) (©
Figure 5. Schematic of workpiece measurement: (a) Top arc; (b) Inner arc; (c) Outer arc.
The arc of the rotary workpieces with a large curvature edge is a complex surface with

a small size and large curvature, which is easy to fit distortion in the measurement process
and needs to be corrected as shown in Figure 6.
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Figure 6. Schematic of fitting correction: (a) Fitting distortion; (b) Fit distorted results; (c) Fit
correction results.

4. Experimental Results and Analysis
4.1. Effect of Abrasive Particle Type on Surface Quality

To avoid scratches on curved surfaces during polishing while also considering polish-
ing efficiency, the selection of abrasive particles is prioritized. Before obtaining effective
polishing parameters, the top arc, which is most easily accessible to the polishing slurry, is
polished first. The suitability of the abrasive particle is assessed by observing the surface
roughness and morphology of the top arc.

With the polishing rotational speed controlled at 55 r/min, the self-rotation speed
at 10 r/min, the installation angle at 0°, and the polishing time set to 15 min, different
abrasive particles were studied for polishing the top arc, with the results shown in Figures 7
and 8. As time increases, silica sol exhibits the best effect in improving surface roughness,
while alumina and diamond perform similarly. Compared to alumina and diamond, silica
sol exhibits a slower rate of improvement in surface quality, but it does not damage the
workpiece surface. Therefore, as time increases, the surface quality continues to improve.
However, for alumina and diamond, they can significantly reduce roughness when the
surface quality of the workpiece is poor. However, as the surface quality improves, the
hardness of these two abrasives leads to the formation of holes and scratches, causing the
roughness to increase.
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Figure 7. Effect of abrasive particle type on top arc roughness Ra.
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Figure 8. Surface topography of top arc polished by different abrasive particles: (a) Initial surface Sa
42.6 nm; (b) Diamond 80 nm Sa 9.0 nm; (¢) Alumina 80 nm Sa 9.4 nm; (d) Silica sol 80 nm Sa 3.8 nm.

4.2. Effect of Abrasive Particle Concentration on Surface Quality

The influence of abrasive particle concentration on shear-thickened polishing slurry
is mainly reflected in the difference in rheological properties. Generally, the higher the
abrasive particle concentration, the lower the critical shear rate of polishing slurry and the
higher the material removal rate.

Silica sol with a particle size of 80 nm was used as an abrasive particle. The polishing
speed was controlled at 55 r/min, the rotation speed was 10 r/min, and the polishing time
was 15 min. The roughness value was measured every 5 min. The relationship between the
top arc surface roughness value and the abrasive particle concentration with the increase
in time is shown in Figure 9. When the concentration of silica sol is 9 wt.%, the decreased
rate of roughness and the final roughness value are good, and the roughness Ra can reach
24.1 nm. As the concentration further increases to 12 wt.%, the change in roughness is
not significant.

The higher the abrasive concentration means that there will be more silica sol abrasive
particles in the same polishing area, the more effective abrasive particles involved in
polishing, the more the roughness peak of the workpiece surface will be removed, and the
faster the surface roughness value will decline. After polishing the top arc position with a
polishing slurry of different particle concentrations for 15 min, the surface morphology of
the top arc is shown in Figure 10.
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Figure 9. Effect of abrasive particle concentration on top arc roughness Ra.
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50pum
—

Figure 10. Surface morphology and roughness measurement results after polishing the top arc with
different abrasive concentrations: (a) 3 wt.% Sa 9.8 nm; (b) 6 wt.% Sa 7.0 nm; (c) 9 wt.% Sa 3.477 nm;
(d) 12 wt.% Sa 3.62 nm.

4.3. Effect of Installation Angle on Surface Quality

Considering that one part of the arc section is the inner arc, and due to the polishing
principle of shear thickening, the polishing slurry needs to flow through the polishing area
and shear relative to the polishing area, resulting in a shear effect so that the particle cluster
wrapped in the abrasive particles is formed, and the workpiece is flexibly polished. The
polishing of the inner arc is very easy to be interfered with by the top arc, so the influence
of the installation angle on the polishing quality is particularly important. Silica sol with a
particle size of 80 nm of 9 wt.% was used as the abrasive particle, the abrasive concentration
the polishing speed was controlled to be 55 r/min, the rotation speed was 10 r/min, and the
polishing time was 15 min. The angles of 45°, 50°, 55°, and 60° were selected for research.
The influence on the surface roughness of each arc is shown in Figure 11, and the specific
roughness value Ra is shown in Figure 12. When the installation angle is 55°, the inner arc
polishing effect is the best, reaching Ra21.9 nm. The variation of the roughness of the outer
arc and the top arc is not obvious at different installation angles.

The polishing quality becomes better with the increase in the angle because, with the
increase in the angle, the polishing slurry is more likely to flow into the inner arc. Moreover,
the impact force is increased, so the internal thickening agglomeration is not easy to form,
forming a relatively stable flow field. However, when the angle continues to increase, the
impact force exerted by the polishing slurry on the inside of the workpiece will be too large,
and the internal surface will be slightly scratched.
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Figure 12. Measurement value of each surface roughness: (a) 45°; (b) 50°; (c) 55°; (d) 60°.

As shown in Figure 13, at a small installation angle, most of the polishing slurry directly
impacts the top arc part, and only a small part of the polishing slurry enters the inner arc
and is affected by the impact of the top arc and its kinetic energy decreases significantly. The
decrease in kinetic energy directly affects the change in shear rate. As is known in Figure 2
above, the shear rate is positively correlated with the viscosity within a certain range, so the
shear force on the inner arc will become smaller, and the polishing effect on the inner arc will
also be weakened. In addition, after the inflow of polishing slurry, kinetic energy is lost again,
and the fluidity is reduced again, which accelerates the formation of thickening agglomeration
and further damages the uniformity of polishing. The influence of polishing slurry blockage
on polishing slurry is shown in Figure 14. However, the large installation angle can make
most of the polishing slurry flow directly into the inner arc so as to achieve efficient polishing,
and the polishing slurry still has a certain kinetic energy after polishing. It can maintain high
fluidity and make the polishing slurry continue to flow in and out. As can be seen from the
figure, the large installation angle can make the entire top arc and the inner arc more balanced
so that the polishing effect is more uniform.

4.4. Effect of Polishing Speed on Surface Quality

The polishing speed is directly manifested as the rotating speed of the polishing disc. If
the rotating speed is too high, many pits will be rushed out on the surface of the workpiece,
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resulting in poor polishing quality. The speed is too low to reach the critical shear rate;
there is no polishing effect, so the selection of polishing speed is particularly important.

pressure
distribution

\g

polishing slurry

@)

(b)

Figure 13. Influence of inclination angle on the flow state of polishing slurry: (a) Small inclination
angle; (b) Large inclination angle.

Workpiece

Thickened clumps

Polishing slurry

Polishing tank

Figure 14. Schematic of thickened clumps.

The roughness variation of polishing speed at 45 r/min, 50 r/min, 55 r/min, and
60 r/min was studied. It can be found that in the inner arc, the roughness decreases with the
increase in polishing speed. However, the roughness Ra of the top arc and the outer arc at 60
r/min is greater than that of 55 r/min, and the results are shown in Figure 15. The surface
morphologies of each arc after polishing at different speeds are shown in Figures 16 and 17,
and the specific roughness values are shown in Figure 18.
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Figure 16. Surface topography of polishing top arc at different speeds: (a) 45 rpm Sa 13.4 nm;
(b) 55 rpm Sa 9.9 nm; (c) 55 rpm Sa 7.5 nm; (d) 60 rpm Sa 8.5 nm.
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Figure 17. Surface topography of the outer arc polished at different speeds: (a) 45 rpm Sa 14.3 nm;
(b) 55 rpm Sa 9.2 nm; (c) 55 rpm Sa 4.6 nm; (d) 60 rpm Sa 6.9 nm.
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Figure 18. Surface topography of the inner arc polished at different speeds: (a) 45 rpm-Ra 38.6 nm;
(b) 50 rpm-Ra 32.3 nm; (c) 55 rpm-Ra 26.3 nm; (d) 60 rpm-Ra 22.7 nm.

The top arc is the polishing area most easily in contact with the flow field. According
to the rheological curve, as the rotational speed increases, the shear rate and viscosity in
this area increase, resulting in an increase in shear force. The abrasive particles trapped by
the shear thickening effect of colloid particles are more easily extruded into the surface of
the workpiece, resulting in a large number of spot pits. The formation process of the point
pits is shown in Figure 19. The surface topography of point pits is shown in Figure 20.

4.5. Selected Conditions

The combination of preferred parameters for shear thickening polishing of stainless-
steel parts is shown in Table 4. The preferred parameters shown in the table are used to
polish the surface of rotary workpieces with large curvature edges. The changes in surface
position roughness over time during the polishing process are shown in Figure 21. After
15 min polishing, the roughness Ra of the arc section can be reduced to below 30 nm, the
surface is bright, and no scratches are visible to the unaided eye. The surface morphology
and roughness are shown in Figures 22-24, and the roughness results after polishing are
shown in Table 5.
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Figure 19. Schematic diagram of abrasive action at different polishing speeds.

@ (b)
Figure 20. The surface topography of point pits: (a) Low polishing speed; (b) High polishing speed.
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Figure 21. Variation diagram of arc roughness Ra with time after process optimization.

Table 4. Experimental parameter combination of optimized polishing.

. Diamond . . oy Installation
Abrasive Concentration Abrasive Size  Polishing Speed Angle
Colloidal silica 9 wt.% 80 nm 55 rpm 55°
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Figure 22. Macroscopic comparison of the surface morphology after polishing.
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Figure 23. Surface topography before and after polishing: (a) Top arc Ra 83.4 nm/Sa 40.9 nm (before
polishing); (b) Top arc Ra 23.8 nm/Sa 4.1 nm (after polishing); (c) Outer arc Ra 63.9 nm/Sa 36.3 nm
(before polishing); (d) Outer arc Ra 14.3 nm/Sa 3.6 nm (after polishing).
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Figure 24. The roughness value of each circular arc after polishing under the optimal parameter.
(a) Outer arc; (b) Top arc; (c) Inner arc.

Table 5. Experimental results of optimized polishing.

Roughness R, (nm)

Position
Outer Arc Top Arc Inner Arc
Initial surface 639 £57/363+24 83.4 £4.3/409 £3.1 780+ 4.4
Polishing surface 143 +35/3.6 £1.8 238 +28/41+15 21.8 £33

At the same time, traditional cashmere ball polishing was conducted on rotary work-
pieces with large curvature edges using the diamond paste of W5 as abrasive grains. The
cashmere ball head was fixed on the hand grinder for polishing, and abrasive grains were
continuously added to the polishing position during the process. The specific experimental
parameters are shown in Table 6. After 15 min of continuous polishing, there were still
many scratches and pits on the surface, which may be due to the unstable pressure of the
hand grinder, easily causing the abrasive grains to embed into the surface of the workpiece,
the surface roughness of the outer arc and top arc around 30 nm. After 30 min, the surface
quality of individual areas was similar to that of the shear thickening polishing parts, but
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slight defects were still inevitable, with a large number of burned areas, the surface rough-
ness of the outer arc and top arc around 20 nm. For the inner arc, and due to the influence
of the size of the cashmere ball head, polishing was more difficult and the surface quality
was poor. The inner arc surface roughness finalized at 34.2 nm. The specific polishing
effects are shown in Figure 25.

Table 6. Experimental conditions of cashmere ball polishing.

Abrasive Diluent Dripping Abrasive Size Polishing Size of Cashmere
Speed Speed Ball Head.
Diamond 4-5 drops/minute W5 6000 rpm 20 x 3 mm
100 100
[ Istp top arc I sTP inner arc
= 80/ 834 82.3 [ Cashmere ball Polishing| = - I Cashmere ball Polishing
s g
% 60 £ 60
5 2
g 40+ - 2 40+
g 2385 == 221256 | £
@ 204 4 20
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0 15
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Figure 25. Comparison of results of cashmere ball polishing and shear thickening polishing.

5. Conclusions

To enhance the surface quality of rotary workpieces with large curvature edges, shear
thickening polishing tests were conducted using the single factor method. The influence of
various process parameters on surface roughness was systematically investigated. The key
findings are summarized as follows:

(1) Abrasive Selection: High hardness and large-sized abrasives exhibit a higher material
removal rate. However, they tend to cause scratches and holes during the polishing
process. Silica sol, as a polishing particle, proves to be more suitable for achieving a
smoother surface.

(2) Process Parameters:

e  Within a certain range, increasing the abrasive particle concentration improves
both polishing efficiency and quality, resulting in lower surface roughness values.

e  Polishing quality improves with an increase in the installation angle. At an angle
of 55°, the inner arc achieves the best polishing effect, with a surface roughness
(Ra) of 21.8 nm.

e A polishing speed of 55 r/min yields optimal results for the arc section. Higher
speeds, however, can lead to pit formation at the top arc position.
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(3) Optimized Polishing Conditions: Polishing tests were performed under preferred
parametric conditions: silica sol (80 nm) as the abrasive, an abrasive concentration
of 9 wt.%, a polishing speed of 55 r/min, and a workpiece inclination angle of 55°. After
15 min of shear thickening polishing, the surface roughness of the outer arc decreased
from (63.9 £ 5.7) nm to (14.3 £ 3.5) nm, the top arc decreased from (83.4 & 4.3) nm to
(23.8 4 2.8) nm, and the inner arc decreased from (78.0 £ 4.4) nm to (21.8 + 3.3) nm. The
flow field of the polishing slurry under these conditions became more stable and effective,
significantly contributing to the improved surface quality of the rotary workpiece.

(4) Comparison with Traditional Methods: In terms of both polishing quality and ef-
ficiency, the force rheological polishing method outperforms traditional cashmere
ball polishing.

(5) This research validates the effectiveness of the shear thickening polishing method
for rotary workpieces with large curvature edges. It provides a solid foundation and
valuable insights for future polishing applications in this area.
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Abstract: The surface scattering property is one of the important indicators of the optical
properties of metal materials, which is of great significance for the development, process-
ing, and application of optical devices. The bidirectional reflection distribution function
(BRDF), as an optical mathematical model, describes the spatial distribution of reflected
light energy on the surface of an object and can provide an important basis for the charac-
terization of the optical properties of the surface of an object. In this paper, the white light
scattering characteristics of the surfaces of four metallic materials, namely brass, aerospace
aluminum, oxygen-free copper, and red copper, are investigated based on the BRDF micro-
facet metamodel, and the scattered field distributions are explored for different angles of
incidence, scattering angles, and azimuthal angles. This study provides a reference for the
evaluation of the optical properties of metal material surfaces and provides a theoretical
basis and technical support for the design and application of optical devices.

Keywords: BRDF; typical metal material; surface reflection; scattering properties

1. Introduction

In the context of the accelerated advancement in the domain of aerospace science and
technology, there has been an emergence of increasingly stringent requirements for the
suppression of stray light in critical-space low-light detection systems, such as satellite
laser communication and gravitational wave detection. The surface scattering characteris-
tics of the optical components directly determine the distribution of stray light within the
system. Non-target stray light outside the field of view, caused by light scattering from
the surface of the metal structural components, severely restricts the signal-to-noise ratio
of the system, which greatly affects the stability of the system.

Brass has excellent mechanical properties, physical properties, and high electrical and
thermal conductivity and corrosion resistance; it is widely used in electronics, telecommu-
nications equipment, household appliances, connectors, and accessories. Red copper ex-
hibits high electrical conductivity and good wear resistance, making it a suitable material
for use in conductive springs, wires, and cables. These characteristics position the cop-
per alloy for a broad range of applications in the aviation sector, where stringent material
performance requirements are in place. The bidirectional reflectance distribution function
(BRDF) is an effective means to characterize the scattering properties of target surfaces.
In this study, a microelement model is employed to derive expressions for the contribu-
tions of both specular and diffuse reflection components. Experimental measurements
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and analyses were conducted in conjunction with the model, enabling the distillation of
the governing laws underlying multifactorial influences. These aspects constitute the in-
novative contributions of this research.

In the field of optical characterization and materials science, the scattering properties
of metal surfaces are one of the current research hotspots. The bidirectional reflection distri-
bution function (BRDF), as a physical parameter describing light scattering properties, can
be used to characterize the anisotropic scattering properties in the hemispherical space on
a material surface. The study of the BRDF properties of material surfaces not only helps to
understand the optical properties of material surfaces but also provides theoretical support
and data support for material surface processing and practical engineering applications.

As early as 1978, Ishibashi et al. [1] conducted durability, heat, and weathering tests
on selectively absorbing surfaces of stainless steel, measured specular reflection, diffuse
reflection, and angular dependence and determined the absorbance of stainless steel to be
0.91-0.93 using an integrating sphere, exploring the possibility of obtaining a lower radia-
tive property of stainless-steel surfaces in the infrared region without significantly reduc-
ing the high absorbance. Weaver et al. [2] explored the optical properties of metallic materi-
als, which provided a reference for the experimental study of the light reflection behavior
of metal surfaces. Nayar et al. [3] investigated the reflectance models based on physical
and geometrical optics, and through the reflectance curves predicted by the two models,
they proposed a reflectance framework consisting of three parts, the diffuse reflection flap,
specular reflection flap, and specular cusp, and analyzed the effect of surface roughness on
it. Ward [4] proposed a mathematical model based on the anisotropic reflectance of metal
surfaces, which can effectively restore and reproduce surface spatial reflectance data.

Earlier this century, Li and Torrance [5] investigated the angular distribution of light
scattered on several rough metal surfaces and used the BRDF model based on the Kirch-
hoff approximation to establish the relationship between the surface-height statistics and
the angular distribution of the scattered light. The fitting yielded roughness statistics that
matched very well with the measurements of the high-frequency small-scale roughness
components. Ngan et al. [6] built a new setup for the efficient acquisition of anisotropic
BRDFs, which is capable of acquiring anisotropic materials at a high resolution so that the
sampling microfacet distributions computed from the measurements can be fitted with
improved fit and intrinsically reproduce the measurements. Xie et al. [7] combined the
effects on the surface profile from the surface wettability theory and wet conditions, con-
ducted an experimental comparison, and measured the BRDF value of the surface of three
exterior decorative materials for buildings, namely granite, coated glass, and an Ethylene
Propylene Diene Monomer (EPDM), under the conditions of two dry and wet wavelength
bands (visible band 0.6328 pum and near-infrared band 1.34 um) and different angles of
incidence. The data showed that if a stable water film with a translucent smooth interface
function is formed above the surface of the material, its BRDF value will show obvious
specular reflection components in different degrees. eZhang et al. [8] measured the BRDF
at a wavelength of 660 nm for a copper foam sheet with a pore size of 90 ppi and a poros-
ity of 98.6% at different incidence angles of 0°, 15°, 30°, 45°, 60°, and 75°, respectively,
and the results showed that the reflected energy at the backward direction is greater than
the forward in the conditions of oblique incidence; with the increase in the incident an-
gle, the asymmetry parameter decreases, the high reflected energy area becomes larger,
and the integrated hemispherical reflectance increases. Vitali et al. [9] presented Vis-NIR
spectral BRDF measurements of laser-polished metallic, opaque, flat samples commonly
employed in laser metal machining and concluded that in addition to the roughness, the
optical properties seem to depend on the atmospheric composition of the polishing process.
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Renhorn et al. [10] built a physics-based model for a rough-surface BRDF that accurately
describes two orders of magnitude of BRDF scattering data for easy numerical compu-
tation, taking into account angles of incidence and scattering, the effective index, surface
autocovariance, and correlation length. Durikovic et al. [11] conducted BRDEF spectral mea-
surements, rendered synthetic images of metallic paints, measured the spectral reflectance
of multiple paint samples, and used the measured data to fit the analytical BRDF model to
obtain the directional optical effect of incident radiation parameter. Cui et al. [12] explored
the relationship between the incident angle, surface temperature, and scattering character-
istics of metal surfaces and showed that the temperature field has a more pronounced effect
on the scattering characteristics.

In recent years, researchers and scholars have begun to focus on the application and
optimization of BRDF in specific scenarios, such as the study of BRDF optimization mod-
eling for painted metal materials [13]. Ma et al. [14] conducted spectrally polarized BRDF
measurements of brass in the visible light band, built an exponential model of the BRDF,
and discussed the influences of wavelength, angle, polarization of incident, and reflected
light on the BRDF, showing that the effect of wavelength on the BRDF depends on the color
of the sample and that the polarization of incident light has little influence on the variation
tendency of the BRDF versus the incident zenith angle and wavelength. Zou et al. [15] re-
viewed the development of devices to measure the BRDF, collected research results in this
field, summarized outstanding problems related to BRDF measurement, and proposed
directions of future research in the area. Chen et al. [16] measured the BRDF in the near-
infrared band of brass rough surfaces under variable temperature conditions and built
a six-parameter model of the BRDF, which showed that the temperature, heating time,
and surface roughness have significant effects on the BRDF and that the overall error is
not higher than 3.29%. Research on the BRDF of rough metal surfaces and deterministic
structures [17,18] has been investigated by several early scholars. Miao Yupei et al. [19]
established a hybrid polarization model for metal surfaces that integrates both specular re-
flection and inter-reflection based on the physical mechanism of Fresnel reflection between
light and metal surfaces. By employing microfacet theory, they analyzed the specular re-
flection BRDF while approximating the inter-reflection BRDF using the phase Mueller ma-
trix, ultimately deriving the hybrid reflection loss for multi-view 3D reconstruction. Xie
Yinmo et al. [20] conducted a comparative analysis of the BRDF for anisotropic machined
surfaces produced through three different processing methods (face milling, planing, and
surface grinding) under varying incident angles, while also measuring and analyzing the
directional reflection characteristics of fabrics with distinct texture structures.

This paper builds a BRDF measurement system. The overall system consists of four
subsystems: light source, scanning, detection, and software control. It realizes operation
control and scanning trajectory parameter setting, sets different experimental variables,
collects BRDF values on the surface of metal structural components, analyzes the BRDF
peak and the scattering distribution law under various influencing factors, and studies
the surface scattering characteristics of the components. Thereby, precise measurement of
the scattering signal at the target position is achieved, which is one of the innovations of
this work. In addition, the establishment of the BRDF model can fully reflect the reflection
information on the surface of the metal structural components. How to establish the model
based on the distribution characteristics of its microstructure and how to solve the model
parameters are also the innovations of this topic.

This paper establishes a high-light BRDF model based on the microfacet element the-
ory and analyzes and compares the scattering characteristics of the surfaces of typical metal
materials, such as brass, aerospace aluminum, oxygen-free copper, and red copper, using
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a compact mechanized optical system. This study explores the influence of the optical
properties of the material surfaces on the light scattering characteristics. Furthermore, this
paper combines data related to the roughness of the material surfaces with the aforemen-
tioned data and compares the scattering characteristics of the four typical metal materials
under white-light irradiation.

2. Bidirectional Reflection Distribution Function and Microfacet Theory

The bidirectional reflection distribution function is a mathematical model that de-
scribes the reflection properties of an object’s surface to light and is an effective tool for un-
derstanding and modeling the interaction of light with material surfaces [21-27]. The Mi-
crofacet Element Theory is a physical model that explains the BRDF based on the light scat-
tering properties of the surface microstructure, which assumes that the surface consists of
anumber of tiny mirrors (microfacet elements), each of which reflects light independently.

When the light strikes the surface along the I direction and is observed in the v di-
rection, since the microfacet element will only reflect the incident light to the direction
symmetric about the normal, only the microfacet element with the normal vector i will
reflect the incident light in the I direction to the v direction, as shown in Figure 1 [28-32]:

Figure 1. Schematic of light reflected from the surface of the material.

The normal distribution function (NDF) D(h) is used to describe the probability of
the normal distribution of all the microfacial elements that make up the surface: input a
vector h to the NDF, and the NDF will return the ratio of the number of microfacial elements
whose normal vector is & to the total number of microfacial elements.

When the object surface reflection occurs, due to the existence of rough surface un-
dulations, not all microfacets can complete the reflection. As shown in Figure 2a, part of
the incident light was blocked and failed to reach the surface element; this phenomenon
is called the shadowing effect. As shown in Figure 2b, part of the reflected light that was
blocked failed to reach the observation point; this phenomenon is called the masking ef-
fect. There are also multiple reflections of light between microfacets, as shown in Figure 2c,
which may be the source of part of the diffuse light.

(a) (b) ()

Figure 2. Schematic of light reflection from a microfacet.

In order to mitigate the effects of masking and shading effects of light rays between
surface microfacets, a geometric attenuation factor (GAF) is introduced. In this paper, we

133



Coatings 2025, 15, 344

use the geometric attenuation factor G(I,v) correction model of the random surface micro-
facets theory [33] to calculate the value of the proportion of light that can be reflected from
the [ direction to the v direction without being shaded.

The light in the two different media on the critical surface will not be all reflected but
will be part of the refraction; this is the proportion of the reflection in line with the Fresnel
Equations F(I,v).

Using the Torrance-Sparrow model [34,35], based on the microfacet element theory,
which describes the reflection properties of light on rough surfaces, the behavior of light
on the surface of real objects can be predicted and simulated more accurately than other
models. In this paper, this model is used to model the bidirectional reflection distribution
function of high light by combining the three functions mentioned above:

_ F(L,h)G(L,v)D(h) _ F(,h)G(l,v)D(h) 1(S)

f(l/ U) - 4 cos Gi CcoOS 95 4(n . l)(n . ‘U) - 4 cos 91‘ COSs 95 (1)

wherein n is the macroscopic surface normal, / is the microfacet normal, 6; is the angle
between the incident light and the macroscopic surface normal, 6; is the angle between
the reflected light and the macroscopic surface normal, and I(S) represents the scattering
intensity. This represents a well-established modeling framework, as evidenced by previ-
ous studies that have employed this approach with the microfacet tangent plane approx-
imation theory. Through this methodology, scholars have derived analytical expressions
quantifying the contributions of both specular and diffuse reflection components from sea
surfaces, ultimately establishing a numerical model for oil film reflectance characterization
on rough marine surfaces [36].

3. Experimental Methods

The instrumentation used in this experiment is a compact mechanized optical system
REFLET for the scattering characterization of all materials manufactured by Light Tech,
France, as shown in Figure 3. The illumination part of the instrument adopts a 100 W
halogen lamp light source box, the spot size on the sample surface can be manually ad-
justed (@ 1.0-13.0 mm), and the angle of the beam aperture can be manually adjusted
(£0.15 -+ 2.26°). The goniometer can be rotated from 0-180°, the resolution of the se-
lected angle is 1°, and the positioning accuracy is 0.3°. The instrument detection part of
the silicon photodiode detector has a high-precision full-band dynamic detection range of
10%, a low-precision dynamic detection range of 10%, and a shading angle of 4°. The an-
gle reception range of the optical system of the instrument is £0.04°, and the size of the
observation area is ® 6 mm. The incidence angle 6; of the goniometer ranges from —90°
to 90°, and the scattering angle 6; ranges from —90° to 90°, with an angular resolution of
0.1° and a positioning accuracy of 0.5°. The polarizer is set to 0°, and polarization is not
considered. In our experiment, the white light source is used, which contains all wave-
lengths from 400 nm to 800 nm, and the detection part has been adjusted so that the signal
is proportional to the total power of the white light.

The mechanical rotation of the REFLET measuring instrument is shown schematically
in Figure 3. The measured sample is rotated on the sample holder, and for each irradia-
tion angle 0; of the light source for the irradiated sample, the photoelectric receiver can be
driven by the mechanical rotating arm to realize the half-space scanning reception of the
scattered light. The pitch angle is 0° < 65 < 180°, and the azimuth angle is 0° < ¢s < 180°
receiving rotation. The mechanical rotary system adopts a servo motor system, and the
rotation angle precision is 0.5°.
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Figure 3. The REFLET system.

4. Results and Analyses

Before studying the white-light BRDF and scattering intensity of the four metal sam-
ples selected in this paper, the surface roughness of the four metal samples needed to be
examined in order to determine the subsequent experiments to be conducted under the
condition that the surface roughness is roughly the same, and the results shown in Figure 4
were obtained after measuring the samples using the white-light interferometer.

(c) Oxygen-free copper (d) Red copper

Figure 4. Surface roughness data for four materials.

The surface roughness data of the samples selected in this paper are displayed in
Figure 4. In this figure, ‘Sa’ is the arithmetic mean height, indicating the arithmetic mean
height of the surface, i.e., the average of the absolute values of the heights of all the points
on the surface; ‘Sq’ is the root-mean-square height, indicating the root-mean-square height
of the surface, i.e., the square root of the average of the squares of the heights of all the
points on the surface; and ‘Sz’ is the maximum height, indicating the maximum difference
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in the heights of the surface, i.e., the vertical distance between the highest point on the
surface and the vertical distance between the highest and lowest points on the surface. In
general, ‘Sa’ is used to reflect the average roughness of the surface; the larger the value,
the rougher the surface. The average surface roughness of the brass samples is 0.441 um,
the average surface roughness of the aerospace aluminum samples is 0.411 um, the aver-
age surface roughness of the oxygen-free copper samples is 0.467 pum, the average surface
roughness of the violet copper samples is 0.475 um, and the surface roughness data of the
four samples tested have an error in the range of 0.050 pm.

The power spectral density data for the four materials selected for this paper are
shown in Figure 5, which demonstrates the power spectral density in the X-directions and
Y-directions of the test surfaces of the four materials.

White light scattering occurs when it strikes the surface of a material, and the scat-
tering intensity is affected by the angle of incidence, scattering angle, and azimuth ang]le.
The change in the angle of incidence affects the path length and depth of the interaction
between the beam and the material, thus affecting the scattering intensity.

Figures 6 and 7 show the variation curves of the white-light BRDF and scattering in-
tensity with the scattering angle for brass at different incidence and azimuth angles. The
BRDF shows how bright the surface is viewed along the scattering direction, and the scat-
tering intensity means the total power of the scattered light along the scattering direction.
It can be seen that surface is brightest around the mirroring direction, and it is brighter
while the incidence angle is larger. However, the peak value of the scattering intensity has
a minimum value at an incidence angle between 30° and 60°.
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Figure 5. Cont.
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Figure 5. Power spectral density data for four materials.
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Figure 6. Variation curves of white-light BRDF with scattering angle for brass at different incidence
and azimuth angles.
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Figure 7. Variation curves of white light scattering intensity with scattering angle for brass at differ-
ent incidence and azimuth angles.

Comparing and analyzing Figures 6 and 7, in the direction of the incidence angle §; =0
and scattering angle 65 = 0, the differences in the BRDF and scattering intensity at differ-
ent azimuth angles in the direction of incidence angle and scattering angle are obvious,
and it can be obtained that the selected brass surface is anisotropic. When the azimuth
angle ¢s = 0°, the BRDF and scattering intensities show a tendency of the forward scatter-
ing gradually exceeding the backward scattering with the increase in the incidence angle,
especially in the direction of the specular reflection of forward scattering, i.e., when 05 ~ 6;,
the BRDF and scattering intensities reach the peak. This phenomenon indicates that the
brass surface has significant specular reflection properties and good flatness.

In Figure 6, the forward scattering BRDF values are positively correlated with the
incidence angle in the range of the scattering angle 6; > 75°, and the closer the scattering
angle is to 90°, the more obvious it is that the BRDF value is greater than the scattering
intensity value. In Figure 6, the BRDF and scattering intensity are compared at a large
scattering angle 6; = £83° when the azimuth angle ¢ = 90° and the incident angle 6; # 0°.
Both the forward and backward scattering intensities decrease with increasing incidence
angle, which is due to the fact that at larger incidence angles, the light rays may undergo
more internal reflections and absorptions from the surface, and some of the light rays are
either completely absorbed or lose most of their energy after multiple reflections, resulting
in a decrease in the scattering intensity.

Therefore, when the scattered light is perpendicular to the brass surface and the az-
imuth angle is 0°, the forward scattering has the strongest scattering intensity in the spec-
ular reflection direction. Figure 8 shows a schematic diagram of white light scattering on
the brass surface, and combined with the scattering intensity curve analyzed in Figure 7,
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when the azimuth angle ¢ # 0°, the scattering angle has strong scattering at around 0°. By
analyzing the BRDF and surface roughness, the brass surface roughness is low, exhibiting

specular high-light and directional range reflections.

Z
A
Incident Scattered
light light
@44} 50° ~75° y
1875° ~90

Figure 8. Schematic of white light scattering on brass surface.

Figures 9 and 10 show the variation curves of the white-light BRDF and scattering
intensity with the scattering angle for aerospace aluminum at different incidence and az-

imuth angles.

incidence angle 0°

incidence angle 15°

101 1010
=
a
=4
==}

10 —e—azimuthal angle 0° 10* —e—azimuthal angle 0°
—e—azimuthal angle 45° —e—azimuthal angle 45°
—a—azimuthal angle 90° —a—azimuthal angle 90°

102 L L L L n 102 L L L L n

-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 920
scattering angle (°) scattering angle (°)
(a) Incidence angle 0° (b) Incidence angle 15°
incidence angle 30° incidence angle 60°
1 1
10" ‘ ‘ : 10" ‘ ‘ :
= =
=) =)
& &
=] =]

10* —e—azimuthal angle 0° 104 —e—azimuthal angle 0° 3
—e—azimuthal angle 45° —e—azimuthal angle 45°
—a—azimuthal angle 90° —a—azimuthal angle 90°

2 s ‘ ‘ ‘ 2 . ‘ ‘ ‘ ‘
10 10
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 920
scattering angle (°) scattering angle (°)
(c) Incidence angle 30° (d) Incidence angle 60°

Figure 9. Variation curves of white-light BRDF with scattering angle for aerospace aluminum at

different incidence and azimuth angles.
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Figure 10. Variation curves of white light scattering intensity with scattering angle for aerospace
aluminum at different incidence and azimuth angles.

Comparing and analyzing Figures 9 and 10, when the azimuthal angle is ¢s # 0°, the
BRDF and scattering intensity are the largest in the specular reflection direction of forward
scattering (i.e., at 65 =~ ;). When the azimuth angle ¢s # 0°, the scattering angle is within
78-90°, and the BRDF and scattering intensity increase and then decrease with the increas-
ing angle, with fluctuations in a small range. Compared with the brass surface, the BRDF
and scattering intensity of the aerospace aluminum surface are much larger than those of
the brass surface in the range of large scattering angles, i.e., it has better specular high-light
performance than brass in the range of large scattering angles, and its directional strong
scattering has a smaller range, as shown in Figure 11. Analyzing the surface roughness
of aerospace aluminum, although it has a high surface roughness, its excellent high-light
properties at large scattering angles make it widely used in aerospace devices such as air-
craft, rockets, and satellites, where its high reflectivity and optical properties improve the
performance of the device in extreme environments.
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Figure 11. Schematic of white light scattering on aerospace aluminum surface.
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Figures 12 and 13 show the variation curves of the white-light BRDF and scatter-
ing intensity with the scattering angle for oxygen-free copper at different incidence and

azimuth angles.
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Figure 12. Variation curves of white-light BRDF with scattering angle for oxygen-free copper at
different incidence and azimuth angles.

Comparing and analyzing Figures 12 and 13, when the incident angle 8; = 0°, the
scattering intensity observed at azimuth angles of 0° and 45° decreases with the increase
in the scattering angle, with the peak at §; =0°, i.e., the strongest scattering of oxygen-free
copper in the direction perpendicular to the surface of the material, while the scattering
intensity observed at an azimuth angle of 90° is larger than that at other azimuths and is
the smallest at a scattering angle of 0° (i.e., perpendicular to the surface of the material),
which may be due to the uneven material surface at the measurement point. As with brass
and aerospace aluminum surfaces, the BRDF values and scattering intensities at different
azimuths are not the same, so it can be seen that the measured oxygen-free copper surface
is also anisotropic.

When 6; # 0° and ¢s = 0°, the oxygen-free copper surface exhibits stronger forward
scattering than backward scattering, and the BRDF and scattering intensity reaches the
peak in the forward scattering direction 6s ~ 6;, which exhibits a very obvious high scat-
tering intensity specular reflection. In contrast, the BRDF and scattering intensity of the
brass and aerospace aluminum surfaces gradually increase with the increase in the scat-
tering angle in the forward scattering direction, peak in the specular reflection direction,
and then decrease with the further increase in the scattering angle; whereas, except for
the high scattering intensity of the oxygen-free copper surfaces in the forward scattering
s ~ 0;, the scattering intensities of the oxygen-free copper surfaces in other scattering an-
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gles are obviously lower than those of the brass and aerospace aluminum surfaces, which
suggests that the oxygen-free copper surface has a lower surface scattering intensity. In
addition, the highest forward scattering intensity is observed at an azimuth angle of 0°,
and the BRDF and scattering intensity in the specular reflection direction increase signif-
icantly with the increase in the incidence angle, i.e., the larger the incidence angle is, the
oxygen-free copper surfaces have significantly more high-light characteristics in the spec-
ular reflection direction.
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Figure 13. Variation curves of white light scattering intensity with scattering angle for oxygen-free
copper at different incidence and azimuth angles.

When 6; # 0° and ¢ =45°, forward scattering is larger than backward scattering. The
peaks of the BRDF and scattering intensities occur in directions larger than the specular
reflection angle.

When 6; # 0° and ¢s = 90°, the variation in the BRDF and scattering intensity with
the scattering angle is flatter than that on other azimuthal angles, i.e., the scattering light
distribution of the material is more homogeneous when viewed at a 90° azimuthal angle.
When the incident angle 6; > 30°, the scattering intensity at a 90° azimuth angle is smaller
in forward scattering than at other azimuth angles. When 0° < §; < 45°, the BRDF and
the scattering intensity change more gently at smaller scattering angles and decrease with
the increase in the scattering angle at larger scattering angles. When 45° < 6; < 90°, the
scattering angle is in the range of 84-90°, the scattering intensity increases, and the BRDF
becomes significantly larger, i.e., when observed at an azimuthal angle of 90°, the surface
of oxygen-free copper appears to be highlighted in this range. Unlike brass and aerospace
aluminum surfaces, the angle of incidence has a greater effect on the scattering character-
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istics of oxygen-free copper materials. Figure 14 illustrates the surface scattering of the
oxygen-free copper surface at 8; = 30° and 6; = 60°.

Incident 023 Scattered
light N'° light

Incident ) = 60° _ . Scattered
light

Figure 14. Schematic of surface scattering from oxygen-free copper surface at §; =30° and 6; = 60°.

Figures 15 and 16 show the variation curves of the white-light BRDF and scattering
intensity with the scattering angle for red copper at different incidence and azimuth angles.
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Figure 15. Variation curves of white-light BRDF with scattering angle for red copper at different
incidence and azimuth angles.

Comparing and analyzing Figures 15 and 16, the BRDF and scattering intensity of the
red copper surface with the incidence angle, scattering angle, azimuthal change rule, and
the oxygen-free copper surface are very similar; only the value of the BRDF and scattering
intensity is slightly lower than that of the oxygen-free copper surface, which indicates that
it has a lower surface scattering intensity, which can be obviously reflected from the val-
ues of the two surfaces’ roughness, i.e., the roughness of the red copper surface is higher
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than the roughness of the oxygen-free copper surface, which makes it more suitable for
some applications with high requirements on optical surfaces. This is also evident from
the roughness of both surfaces, which indicates that the red copper surface has a higher av-
erage roughness than the oxygen-free copper surface. This makes the red copper surface
more suitable for applications that have higher requirements for optical surfaces.
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Figure 16. Variation curves of white light scattering intensity with scattering angle for red copper at
different incidence and azimuth angles.

A comparison of the surface roughness of the four typical metal materials and the
variation curves of the white-light BRDF and the scattering intensity with the scattering
angle at different incidence and azimuth angles reveals that, for materials with similar
surface roughness values, the oxygen-free copper and red copper surfaces exhibit lower
surface scattering intensities and clearer specular reflectance characteristics compared to
brass and aerospace aluminum surfaces, which display a pronounced range of high scat-
tering intensities and specular reflections. The specific properties are influenced by the ma-
terial preparation and treatment process. Furthermore, the incidence angle exerts a more
pronounced influence on the scattering characteristics of the oxygen-free copper and red
copper surfaces, particularly when the incidence angle exceeds 45°. In such instances, the
BRDF and scattering intensity exhibit a pronounced increase at larger scattering angles.

Through the experimental results of this paper, it can be concluded that accord-
ing to the aforementioned laws, in roughly the same roughness conditions, the four
materials according to their own characteristics of the reflection of white light have
different performances.

The brass surface can effectively inhibit specular highlights and directional range re-
flections; the aerospace aluminum surface in the large scattering angle has excellent high-
light reflection characteristics; and the red copper surface roughness is slightly higher than
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the surface roughness of the oxygen-free copper, so the red copper is more suitable for
applications in environments with higher requirements for optical surfaces. Under the
premise that the surface roughness is roughly the same, the brass and aerospace aluminum
surfaces show obvious high scattering intensities and specular reflection ranges, while the
oxygen-free copper and red copper surfaces have lower surface scattering intensities and
clearer specular reflection characteristics.

Based on the above data, the following analysis is presented.

The brass surface has obvious specular reflection characteristics, manifested in the
direction perpendicular to the reflective surface and an azimuth angle of 0° when forward
scattering in the direction of the specular reflection has the strongest scattering. At the same
time, at a scattering angle of 50-75°, it also has strong scattering, which is appropriate for
applications that require specular highlights and directional range reflections.

Aerospace aluminum surfaces also have the strongest scattering in the forward scat-
tering specular reflection direction perpendicular to the direction of the reflecting surface
at an azimuth angle of 0° and have better specular high-light performance over a wide
range of scattering angles. Aerospace aluminum is suitable for applications that require
strong scattering over a wide range of scattering angles.

The oxygen-free copper and red copper surfaces have lower surface scattering strengths
and clearer specular reflection properties than the first two materials. The incident angle
has alarger effect on its scattering properties, which are significantly enhanced at large scat-
tering angles. They are suitable for applications that require more detailed optical surfaces.

As a result, for different types of optical scenarios, these metallic surfaces exhibit
their own unique scattering properties at different incidence, azimuthal, and scattering
angles. Depending on their properties, suitable metallic surfaces can be selected to meet
specific application requirements, such as specular reflection, directional range reflection,
or applications requiring less surface scattering intensity. In addition, material prepara-
tion and treatment processes also have an impact on these scattering properties, so these
factors need to be taken into account to select the most suitable metallic materials for
practical applications.

5. Conclusions

This paper describes the differences and similarities in the scattering characteristics
of different metal surfaces by comparing and analyzing the white-light BRDF and the
variation in the scattering intensity with scattering angle for brass, aerospace aluminum,
oxygen-free copper, and red copper surfaces at different incidence and azimuthal angles
and draws the following conclusions.

The brass and aerospace aluminum surfaces exhibit better specular highlighting prop-
erties with a higher BRDF and scattering intensity over a wide range of scattering an-
gles. They are appropriate for applications that require specular highlights and directional
range reflections.

The oxygen-free copper and red copper surfaces exhibit lower surface scattering in-
tensities. They are appropriate for applications that require sharper specular reflection
properties.

The incidence angle has a more significant effect on the BRDF and scattering in-
tensity for the oxygen-free copper and red copper surfaces, which have stronger BRDF
and scattering intensity values at large scattering angles than the brass and aerospace
aluminum surfaces.

These metal surfaces exhibit their own unique scattering characteristics at different
angles of incidence, azimuth, and scattering and are suitable for different types of opti-
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cal scenarios. According to their characteristics, suitable metal surfaces can be selected
to meet specific application requirements, such as specular reflection, directional range
reflection, or applications with lower requirements for surface scattering intensity, pro-
viding a more comprehensive reference and guidance for the optimization of the mate-
rial surface processing process and the selection and application of materials for practical
engineering applications.
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