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Abstract: Nanoindentation has been used to characterize the mechanical and creep prop-
erties of various materials. However, research on the viscoelastic and creep properties of
superhydrophobic surfaces remains limited. In this study, a superhydrophobic coating was
developed and its corrosion resistance was evaluated initially. Electrochemical impedance
spectroscopy (EIS) results quantitatively confirm the enhanced anti-corrosion performance
of the superhydrophobic coating. Subsequently, this study investigates the creep, hard-
ness, strain rate sensitivity, and viscoelastic behavior of the superhydrophobic surface at
the nanoscale before and after accelerated corrosion exposure. Our findings reveal that
during the creep tests, the logarithmic values of creep strain rate and stress exhibited a
good linear relationship. Additionally, the surface retains its key viscoelastic properties
(hardness, storage modulus, loss modulus, and tan §) even after exposure to corrosion.
These results highlight the surface’s robustness under corrosive conditions, a crucial factor
for applications requiring both mechanical integrity and environmental resilience.

Keywords: corrosion resistance; nanoscale dynamic mechanical analysis; creep;
superhydrophobic coating

1. Introduction

Superhydrophobic coatings possess significant properties, including anti-biofouling [1],
self-cleaning [2], and anti-icing capabilities [3], and have introduced novel approaches for
corrosion mitigation [4]. A key characteristic of superhydrophobic coating is the creation
of unique hierarchical micro/nanostructures on substrates, which can trap significant
amounts of air in an atmospheric environment, substantially reducing the contact area
between water droplets and the surface [5-8]. To develop such coatings, two major re-
quirements must be met: high surface roughness, which can be achieved by altering the
surface topography at the micro/nanoscale [9], and low surface free energy, which can be
achieved by modifying the surface chemistry [10]. Various methods can be employed to
fabricate superhydrophobic coating, including nanocomposite coatings [11-14], chemical
vapor deposition [15], self-assembled monolayers [16], and template methods [17]. These
fabrication processes ensure that both surface roughness and low surface free energy are
achieved to fulfill the essential requirements for superhydrophobic coatings.

Recent studies have employed nanoindentation to characterize the mechanical or
creep properties of various materials. For example, studies have utilized nanoindentation
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tests with different indentation loads to evaluate mechanical parameters or creep behavior,
providing insights into the effects of load and loading strain rate on these properties [18-22].
Additionally, research on the nanoindentation creep behavior of nanocrystalline materials
such as Ni, Ni-Fe alloys, and supercrystalline nanocomposites has revealed underlying
mechanisms and apparent activation volumes [23,24]. Furthermore, nanoindentation has
been extensively used to study the creep—fatigue interaction and local creep behavior
of materials like P92 steel welded joints, offering valuable insights into the mechanical
properties and creep deformation at the micro/nanoscale [25]. These studies underscore
the importance of nanoindentation in understanding the nano-mechanical properties and
creep behavior of various materials. Dynamic mechanical analysis (DMA) is crucial for
measuring properties such as storage modulus, loss modulus, and damping capability (tan
8). This technique involves applying a sinusoidal stress to a material and measuring the
resulting strain to determine its modulus. DMA is widely used to characterize a material’s
mechanical responses by tracking changes in its dynamic properties as a function of fre-
quency, temperature, or time. Many researchers have utilized DMA as a supplementary
test to evaluate the viscoelastic properties of nanomaterials used in micro/nano structured
surface fabrication, alongside their tribological performance. More recently, researchers
have conducted nano dynamic mechanical analysis (nano-DMA), where a sinusoidal stress
is applied via a nanoindenter to characterize the viscoelastic properties of materials, such as
storage modulus, loss modulus, and tangent delta [26-28]. These advanced techniques col-
lectively contribute to a comprehensive understanding of material behavior at the nanoscale.
However, reports on the nano-mechanical properties and creep behavior of superhydropho-
bic coatings are rarely seen. Typically, the performance of superhydrophobic coatings as
corrosion inhibitors is evaluated by examining the corrosion behavior at the macroscale,
often utilizing techniques like electrochemical impedance spectroscopy (EIS). Therefore, in
this study, electrochemical impedance spectroscopy (EIS) was initially conducted on both
steel and superhydrophobic coated substrates to understand their macroscale corrosion
behavior. Subsequently, the nanohardness, strain rate sensitivity, and creep behavior of
a superhydrophobic coating at the nanoscale were investigated before and after acceler-
ated corrosion exposure. To the authors” knowledge, this study is the first to report the
viscoelastic properties, including hardness, storage modulus, loss modulus, and tan §, of a
superhydrophobic surface, even after exposure to accelerated corrosion, at the nanoscale.
The results provide crucial insights for the applications of the superhydrophobic coating,
highlighting its potential for various industrial and engineering applications.

2. Materials and Methods

In this study, A653 steel substrates were used. The chemicals involved included ace-
tone (Sigma Aldrich, St. Louis, MO, USA), isopropyl alcohol (Sigma Aldrich, St. Louis,
MO, USA), anhydrous ethanol (Sigma Aldrich, St. Louis, MO, USA), and silane-modified
hydrophobic SiO, nanoparticles (RX-50) with an average diameter of 55 4= 15 nm (Evonik,
Piscataway, NJ, USA). Additionally, the polydimethylsiloxane (PDMS) elastomer kit (Syl-
gard 184) from Dow Corning was utilized.

The A653 steel substrates were degreased and cleaned ultrasonically for 20 min at
room temperature. After cleaning, the substrates were rinsed thoroughly with isopropyl
alcohol, ethanol, and deionized water [29]. To prepare the superhydrophobic surface
solution, 1.7 g of PDMS and 11 g of toluene were combined and mixed in an ultrasonic
mixer for 1 min to ensure proper dispersion. In a separate step, 2 g of silica nanoparticles
was mixed with 10 g of toluene for 30 s in a planetary centrifugal mixer. The two solutions
were then combined and mixed for an additional 30 s. Following this, 0.17 g of curing
agent was added to the mixture, which was mixed again for 30 s in the centrifugal mixer,
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followed by a 30 s defoaming process. The coating was applied using a spray gun at
80 MPa and room temperature, with the nozzle positioned 10 cm from the substrate and
moved horizontally across the surface. Finally, the coated substrates were cured at ambient
temperature (25 °C) in a fume hood for 3 days.

A drop shape analyzer (DSA25E, Kriiss, Matthews, NC, USA) was employed to mea-
sure the static contact angle using 10 puL deionized water droplets at ambient temperature,
as shown in Figure 1. The surface morphology of the superhydrophobic coated steel (SCS)
substrate was evaluated using an atomic force microscope (AFM, Park NX10, Park System
Co., Santa Clara, CA, USA), as shown in Figure 2a, and a scanning electron microscope
(SEM, JSM-7500F, JEOL, Peabody, MA, USA), as shown in Figure 2b. An accelerated cor-
rosion test was performed with a potentiostat system (Autolab PGSTAT204, Metrohm,
Riverview, FL, USA) in a 3.5 wt.% NaCl solution at 0.135 V vs. open circuit potential for
90 min. A silver/silver chloride (Ag/AgCl) electrode served as the reference electrode,
while a platinum wire mesh and the test specimen functioned as the counter electrode and
working electrode, respectively. EIS measurements were conducted in a 3.5 wt% NaCl
solution, with frequencies spanning from 0.01 Hz to 100 kHz and a wave amplitude of
10 mV, at room temperature. Nanoindentation tests and nano dynamic mechanical analysis
were performed using a TI 980 TriboIndenter (Bruker, Eden Prarie, MN, USA) equipped
with a three-sided Berkovich diamond tip before and after 90 min of accelerated corrosion.

All creep and nano-DMA tests were conducted at a maximum nanoindentation force of
1000 uN at an ambient temperature of 25 °C. The thickness of the superhydrophobic surface
was measured to be 35 um using a digital coating thickness meter (Elcometer). At least
three tests were performed for each measurement.

Figure 1. Static contact angle image for a water droplet of 10 uL on the superhydrophobic surface.
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Figure 2. (a) Three-dimensional AFM image of the superhydrophobic surface; (b) SEM image of the
superhydrophobic surface.

3. Results and Discussions

Figure 1 shows the static contact angle of the SCS sample. The incorporation of silica
nanoparticles with PDMS resulted in a high static contact angle of 160.9°, indicative of
the material’s hydrophobic nature. The static contact angle was measured at five random
locations, confirming the uniformity of the coating. Figure 2a shows the three-dimensional
AFM image of the SCS sample. The microscale roughness, caused by the aggregation of
nanoparticles, along with the nanoscale roughness from individual nanoparticles, created a
hierarchical structure that enhanced the hydrophobicity of the SCS sample. Meanwhile,
Figure 2b shows scanning electron microscopy (SEM) images of the SCS sample, where the
dispersed nanoparticles within the network structure are clearly visible, further demon-
strating the sample’s textured surface.

The corrosion resistance of superhydrophobic-coated steel substrates was examined
through electrochemical impedance spectroscopy (EIS) [13]. Figure 3a,b illustrate the
equivalent circuit models for the steel and superhydrophobic coated substrates, respectively.
The circuit elements in Figure 3a used to model the behavior of various interfaces and
media in the system are defined as follows: Rs denotes the resistance of the electrolyte
solution, and Rtop represents the resistance of the top steel surface. Qtop is the constant
phase element associated with the top steel surface—electrolyte interface. Rd denotes the
resistance of the diffusion layer over the top steel surface due to electrochemical reactions,
while Qd represents the constant phase element for the diffusion layer at this interface.
The Warburg impedance element (W) models the diffusional impedance for an infinitely
thick diffusion layer. Figure 3b shows the equivalent electrical circuit used to simulate
the case of the superhydrophobic coated substrate. In addition to Rs and W, the case
introduces an additional resistance, Rscs, which represents the resistance attributed to
the superhydrophobic coating, and Qscs, the constant phase element associated with the
coating, based on its dielectric properties. Additionally, two more elements, Rd_scs and
Qd_scs, represent the charge transfer resistance and constant phase element related to the
diffusion layer at the interface. These elements are included to account for the distinct
chemical interactions between the corrosive solution and the superhydrophobic coated
substrate as compared to the steel substrate.
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(b)

Figure 3. Electrical equivalent circuits for EIS of (a) steel substrate and (b) the superhydrophobic

coated substrate.

Figure 4a presents the Nyquist plot, illustrating the relationship between the imaginary
component of impedance (—Z") and the real component (Z') for both substrate types.
This plot shows a small semicircle for the steel substrate, corresponding to the diffusion
layer resistance at the top surface—electrolyte interface, with an approximate diameter
of 700 Q-cm?. For the superhydrophobic coated substrate, the semicircle diameter is
notably larger, at 2.29 kQ-cm?, indicating a higher resistance of the diffusion layer and
suggesting superior corrosion resistance for the coated substrate. Figure 4b provides
the Bode plot of the impedance modulus (1Z1) as a function of log frequency for both
substrates. At 1 MHz, the maximum applied frequency, the steel substrate exhibits an AC
impedance modulus of 4.71 Q-cm?, while the superhydrophobic coated substrate achieves a
significantly greater modulus of 700.55 Q-cm?. This elevated impedance at high frequency
further reflects the resistive properties of the superhydrophobic coating, underscoring
its enhanced corrosion resistance. The Bode plot of the phase angle () variation with
frequency is displayed in Figure 4c. Here, the steel substrate shows a phase angle of 68.42°,
whereas the superhydrophobic coating exhibits a reduced negative phase angle of 23.32°.
The phase angle (®) can be determined by the following equation:

|Z1mﬂginary‘ 1)

@ = arctan( Zxenl]
ea

As Zgeq increases, the semicircle diameter also expands, signifying a high-resistance
diffusion layer over the coated substrate. Hence, the decrease in phase angle further
supports the improved corrosion resistance of the coated substrate. In addition, a strong
agreement between experimental data and model fitting is observed as shown in Figure 4,
suggesting that the equivalent circuit models fit very well with the experimental data.
As one of the features of the superhydrophobic surface, air is trapped within the nanos-
tructured morphology, which likely hinders the electrolyte solution from penetrating the
surface structures and creates a high-resistance diffusion layer over the coated substrate.

Figure 5a shows the evolution of the creep displacement with a creep time of 600 s with
the SCS sample before corrosion occurred and after 90 min of accelerated corrosion. The
SCS sample’s creep behaviors did not show any significant difference even after 90 min of
accelerated corrosion. Both creep—time curves show a two-stage upward trend: an initial
rapid rise within the first ~50 s, which corresponds to the instable primary creep, followed
by a slow linear increase, which corresponds to a more stable secondary creep. Therefore,
it indicated that SCS possesses viscoelasticity at room temperature.
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Figure 4. (a) Nyquist plot for steel substrate and the superhydrophobic coated substrate; (b) Bode
modulus diagrams for steel substrate and the superhydrophobic coated substrate; (c) Bode phase
angle diagrams for steel substrate and the superhydrophobic coated substrate.
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Figure 5. (a) Creep displacement versus creep time. (b) Creep strain rate versus creep time.
(c) Hardness versus creep time. (d) Logarithmic stress versus logarithmic creep strain rate before and
after 90 min of accelerated corrosion.

Figure 5b,c plot the values of creep strain rate and hardness against creep time, both
before and after 90 min of accelerated corrosion. The creep strain rates significantly de-
creased from 0.01177 to 0.0019 s~! during the first ~50 s. In comparison, the hardness
values gradually decreased during the first ~50 s before declining linearly. As creep time
increased, both hardness values continued to decrease. A logarithmic plot of the creep
strain rate and stress yielded the creep strain rate sensitivity (m), a characteristic that
indicates the stress response of samples to sudden changes in strain rate [24,30]:

log(stress) = (1/m) x log(strain rate) + al. )

where al is the fitting coefficient

Notably, the strain rate sensitivity of SCS after 90 min of accelerated corrosion was
evaluated as 0.122 from the creep tests under a load of 1000 uN (Figure 5d), which is very
close to the pre-corrosion value of 0.125. This indicates that the m value of SCS is insensitive
to corrosion. Additionally, during the creep tests, the logarithmic values of creep strain rate
and stress exhibited a good linear relationship, increasing correspondingly from the lower
left to the upper right corner (Figure 5d). Furthermore, no significant differences in creep
resistance to indentation and comprehensive mechanical properties were observed after
90 min of accelerated corrosion.

To further characterize the viscoelasticity of the SCS sample, the nanoscale dynamic
mechanical behavior of the material was investigated through nano-DMA. Figure 4 presents
the hardness, storage modulus, loss modulus, and tan 6 as functions of penetration depth.

Figure 6a,b show that both hardness and storage modulus exhibit a decreasing trend
as penetration depth increases. The storage modulus, which represents the stiffness of
the viscoelastic material and is proportional to the energy stored during deformation,
initially decreases rapidly but then transitions to a slower, linear decrease. Importantly,
there is no noticeable difference in the trends of hardness and storage modulus when
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comparing the SCS sample before and after 90 min of accelerated corrosion, suggesting
that the material retains its stiffness and resistance to deformation even after exposure to
corrosive conditions.

0.03 0.8
(@) 07 (b)
0.025 4+ BEFORE = 4 BEFORE
P & 0.
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e S05
Z 0.015 =04
| ~
! go3
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Figure 6. Nano dynamical mechanical analysis: (a) hardness versus contact depth; (b) storage
modulus versus contact depth; (c) loss modulus versus contact depth; (d) tan & versus contact depth
before and after 90 min of accelerated corrosion.

Figure 6¢,d provide a comparison of the loss modulus and tan 6, which are crucial
indicators of the material’s viscoelastic properties. The loss modulus initially shows a rapid
increase. This behavior is indicative of the material’s microstructural response to dynamic
loading, where the initial response involves significant energy dissipation. Similarly, tan §,
the ratio of the loss modulus to the storage modulus, reflects the damping characteristics
of the material. Both the loss modulus and tan & decrease after the initial rise, eventually
stabilizing at constant values.

The higher initial values of the loss modulus and tan 5 suggest that the SCS sample’s
viscoelastic properties are significantly influenced by its nano/microstructures at the finest
level. However, as penetration depth increases, these properties stabilize, indicating a
consistent viscoelastic response beyond the top surface layer. Notably, the SCS sample
shows no major differences in the loss modulus and tan & before and after 90 min of
accelerated corrosion. This implies that the material’s ability to dissipate energy and its
damping characteristics remain largely unaffected by the corrosive environment.

4. Conclusions

In this study, we characterized the corrosion resistance and mechanical and creep
properties of superhydrophobic steel substrate at the nanoscale. Electrochemical impedance
spectroscopy (EIS) results quantitatively confirm the enhanced anti-corrosion performance
of the superhydrophobic coating. The nano-DMA results demonstrate that the superhy-
drophobic surface retains its viscoelastic properties, including hardness, storage modulus,
loss modulus, and tan o, even after exposure to accelerated corrosion. Based on the authors’
understanding, this is the first time that these properties of a superhydrophobic surface
have been reported at the nanoscale. The results also indicate the material’s robustness
under a corrosive condition, making it suitable for applications where both mechanical
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integrity and resistance to environmental degradation are critical. The superhydrophobic
coating has the potential to serve as an effective top coating, significantly enhancing the
corrosion resistance of steel substrates.
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Abstract: In order to improve the anti-friction property of common mineral oil and develop
a high-performance lubricant, MoS; and SiO, nano-additives were individually dispersed
into the 350SN mineral oil at various weight percentages to prepare nanolubricants. Then,
the viscosity, wettability, and tribological properties of the nanolubricants were measured
and analyzed with a rotary viscometer, a contact angle measuring instrument, and a
friction tester. Finally, the action mechanism of two nano-additives was explained based
on the energy spectrum test results of the abrasion surface. The results show that MoS;
and SiO; nano-additives could improve the viscosity of the base fluid and change its
wettability, giving nanolubricants better anti-friction performance than the base fluid.
Due to the difference in physical properties, SiO, and MoS; nanolubricants presented
different friction reduction rules with the increase in nano-additive percentage. Under
experimental conditions, SiO, nanolubricants showed better anti-friction effects than MoS;
nanolubricants. When the SiO, percentage was 10 wt% and 15 wt%, the maximum friction
coefficient was reduced to 0.06, which was about 1/3 of that with the base fluid. In this
case, the abrasion surface quality was significantly improved, and the abrasion trace size
was about half that of the base fluid. The energy spectrum test results show that the action
mechanism of the MoS, nano-additive is the adsorption film effect and mending effect of
nanoparticles, while the main action mechanism of the SiO, nano-additive should be the
polishing effect and rolling effect of nanoparticles.

Keywords: anti-friction properties; nanolubricant; MoS,; SiOy; friction coefficient; abrasion
surface topography; abrasion trace size; mechanism

1. Introduction

Friction is a common phenomenon in the process of mechanical operation and is
also the main cause of energy loss and mechanical failure [1]. Lubrication is the main
way to reduce energy waste and restrain mechanical wear. According to the different
mediums, lubrication methods can be divided into fluid lubrication, solid lubrication, and
semi-solid lubrication, of which fluid lubrication is the most widely used one [2]. Nanofluid
lubrication is an emerging efficient fluid lubrication technology that has become one of the
research highlights in the field of tribology [3-5].

Lubricants 2025, 13, 4
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During nanofluid lubrication, nanoscale particle additives are dispersed into the base
liquid (including water, emulsion, oil, etc.) to prepare nanolubricants, which improves the
lubrication effect of the base liquid through the adhesion, filling, embedding, and rolling of
nano-additives between the friction interfaces [6,7]. At present, many nanoparticles can be
used to prepare nanolubricants, including metals, metal oxides, sulfides, nanocomposites,
and carbon nanotubes; most of them have a large specific surface area, a high chemical
activity, and excellent friction reduction characteristics [8,9]. Therefore, nanolubricants
have many advantages over common lubricants, such as high thermostability, high load
capacity, high efficiency, and low pollution.

Due to the differences in physicochemical properties of nano-additives, nanolubri-
cants with various additives have different anti-friction performance and mechanism.
Jatti et al. [10] found that the CuO nano-additive could be brought into the moving friction
pairs of LM6 aluminum alloy and EN31 bearing steel to transform sliding friction into
rolling friction, thereby reducing the shear resistance and improving the lubricating perfor-
mance of machine oil. Sia et al. [11] disclosed that the SiO, nano-additive could roll into the
friction interface of chrome-plated carbon steel bearings to fill and repair the defective area,
decreasing the friction temperature and wear rate. Sujan et al. [12] studied the influence of
mixed Al,O3 and WS, additives on the anti-friction performance of the base fluid. Their
results show that the Al,O3 nanoparticles with a higher hardness could be pressed into the
friction surface, reducing the wear rate, while the flaky WS, microparticles were adsorbed
on the friction surface to form a solid lubricating film, thereby decreasing the friction coeffi-
cient. Su et al. [13] investigated the performance of graphite nanolubricants with LB2000
vegetable oil as the base fluid and found that graphite additives form a physical deposition
film between friction interfaces, thereby decreasing the friction coefficient and the wear rate,
and the nano-additives with a 35 nm size exhibited better anti-friction performance than
the nano-additives with an 80 nm particle size. The research by Yu also showed that MoS;
nanoparticles could form an isolation layer between friction interfaces, thus preventing
the direct contact of frictional pairs and reducing the fluctuation and amplitude of the
instantaneous friction coefficient [14].

In addition to the properties of nano-additives, the additive percentage is also an
important factor in the performance of nanolubricants. Mo et al. [15] developed several Sn
nanolubricants with different additive percentages and applied them to the wear resistance
tests between steel-brass friction pairs, with the results showing that Sn nanolubricants
could repair the worn surface, and the higher the additive percentage is, the better the re-
pair effect. Singh et al. [16] carried out lubricating performance tests of SiO, nanolubricants
through pin-on-disc frictional experiments. Their results show that the friction coefficient
and the wear rate first decreased and then increased with the rise in the SiO, percentage,
and the lowest friction coefficient and the best abrasion trace morphology were achieved
when the SiO; percentage was 0.6 wt%. However, when the S5iO, percentage exceeded
1.2 wt%, the SiO; nanolubricant could not perform better than the base oil. Chu et al. [17]
studied the anti-friction performance of diamond nanolubricants using ring-on-block fric-
tion tests on SKD11 and SKD61 steel and found that when the additive percentage was
2 vol%, the friction coefficient was the minimum, and when the additive percentage was
3 vol%, the wear rate was the lowest. Gupta et al. [18] investigated the property of graphite
nanolubricants through four-ball frictional experiments, and the results indicate that the
wear scar size also exhibited a changing trend of decreasing first and then increasing with
the rise in the additive percentage, and the wear rate was the lowest when the additive
percentage was 3 wt%. The research of Luo disclosed that when Al,O3 nanolubricants were
applied in the four-ball and thrust-ring friction tests, the Al,O3 nanoparticles adhered to
the friction surface to form a self-laminating protective film, and the 0.1 wt% nanolubri-
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cant displayed a better anti-friction performance than the 0.05 wt%, 0.5 wt%, and 1 wt%
nanolubricants [19].

In recent years, the application of nanolubricants in the field of transportation, elec-
tronics equipment, nuclear systems, and machining operations has also achieved some
good results. Peyghambarzadeh et al. [20] found that Al,O3/water nanolubricant can
enhance heat transfer efficiency by 45% in the automobile radiator than pure water. The
research of Mohamed [21] also showed that the nanolubricant dispersed with copper (Cu)
and graphene (Gr) nanoparticles in a fully formulated engine oil is a promising lubricating
medium for increasing the durability of frictional sliding components and fuel economy
in automobile engines. Kulkarni et al. [22] applied Al,O3 nanolubricant as a coolant in a
diesel-electric generator to reduce equipment temperature. Buongiorno [23] discovered
that nanolubricants have potential applications in improving the economy and safety of
nuclear reactors. Syafiq et al. [24] carried out a minimum quantity lubrication (MQL)
research with SiO, nanolubricant during the turning of Al319 aluminum alloy and found
that the cutting temperature decreased and the surface roughness improved compared with
the common MQL lubricant, and the best effect was achieved at the 0.5 wt-1.5 wt% SiO,
percentage. Ni et al. [25] conducted the broaching tests on AISI 1045 steel under the CuO
nanolubricant and found that the maximum broaching force was decreased to 62.7% of that
of pure sesame oil when the CuO percentage was approximately 0.54 wt%. According to
the drilling test on AISI321 stainless steel, Pal et al. reported that the Al,O3 nanolubricant
could significantly improve the machining quality and the tool life compared with the
common MQL lubricant [26].

In summary, nano-additives can significantly improve the anti-friction properties of
the base fluid, and the type and percentage of nano-additives are two important parameters
that affect the anti-friction properties of nanolubricants. Nowadays, although some progress
has been made in the application of nanolubricants in the machining field, most of the
related research is still focused on easy-to-machining materials, such as aluminum alloy,
copper alloy, and medium carbon steel.

As a kind of common industrial raw material, mineral oil is widely applied as a
lubricant and coolant in the field of machining. However, with the industrial application of
a large number of difficult-to-machining materials, common mineral oil has been difficult
to meet the practical needs of this field [27,28]. In this study, eight nanolubricants were
prepared by dispersing different weight percentages of MoS, and SiO, additives into
350SN mineral oil. Then, the viscosity, wettability, and tribological properties of the
nanolubricants were intensively investigated. Finally, the anti-friction mechanisms of the
two nano-additives were discussed. This study helps reveal the action mechanism of
nano-additives, enriches the theory of particle tribology, and has an important practical
value to the development and application of high-performance lubricants.

2. Material and Methodology
2.1. Preparation of Nanolubricants

To compare the anti-friction effect of different nano-additives, MoS, and SiO; parti-
cles with large property differences were selected as additives. MoS; is a common soft
lubricating material with a small friction coefficient (0.04-0.09) and good chemical and
thermal stability. It is widely applied in the aerospace, casting, and forging industries. SiO;
is a typical hard and brittle material with excellent high-temperature performance and
chemical stability and is widely used as an antiadhesion agent or flow aid in the industrial
field [29-31]. The particle size of the two additives is approximately 30 nm, and their
morphology and physical properties are shown in Figure 1 and Table 1, respectively. In
this study, 350SN mineral oil produced by Jinan Xinhuihuang Chemical Co., Ltd. was
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selected as the base fluid. It is a commonly used industrial oil that can not only be used
independently as a lubricant in the manufacturing field but also as a base liquid. The main
properties of 350SN mineral oil are listed in Table 2.

Figure 1. SEM images of nano-additives: (a) SiO, (b) MoS;.

Table 1. Physical properties of SiO; and MoS, nano-additives.

Nanovarticle Molecular Density Melting Point Moh’s
P Weight (g/cm®) e Hardness
SiO, 60.08 2.2-2.6 1723 7
MoS, 160.07 4.8 2375 1.0-1.5

Table 2. Properties of 350SN mineral oil.

Kinematic Viscosity (40 °C)  Flash Point Pour Point
(mm?/s) (W ®) (W @)

Value 0.87 62-68 238 -12

Indexes Density

The nano-additives have large surface energy and specific surface area, which makes
them easy to agglomerate in the base fluid [32,33]. To improve their dispersibility, according
to references [34,35], KH-550 (y-Aminopropyl triethoxysilane) and SP80 (Sorbitol fatty acid
ester) were applied as the dispersants of SiO, and MoS, nano-additives, respectively, which
have good dispersion effect on nano-additives and have little impact on the properties
of the base fluid. The dosage of the dispersants was approximately 50% of the weight of
nano-additives [34,35]. In light of our pre-machining tests on nickel-based alloy, it was
difficult for the nanolubricant with a low additive percentage to have a better anti-friction
effect than the base fluid. Therefore, the weight percentage of the nano-additive was
determined to be 5 wt%, 10 wt%, 15 wt%, and 20 wt%. On the basis of the above, different
proportions of base fluid, nano-additive, and dispersant were mixed together. Then, the
mixture was stirred with a magnetic stirrer and oscillated with an ultrasonic oscillator for
30 min to obtain the nanolubricants. Figure 2 shows the eight nanolubricants prepared in
this research.
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Figure 2. Nanolubricants: (a) MoS,; (b) SiO5.

2.2. Viscosity and Wettability Test of Nanolubricants

Viscosity is an important indicator for evaluating the fluidity of nanolubricants, which
is closely related to the lubricating and cooling performance [36,37]. As shown in Figure 3a,
a NDJ-5s rotary viscometer (Wincom, Changsha, China) was used to measure the dynamic
viscosity. Given that MoS; nanolubricants are similar to Newtonian fluids, their viscosities
were measured using the traditional Newtonian fluid viscosity measurement method. SiO,
nanolubricants have obvious shear thinning and thixotropic features, and their viscosities
decrease gradually with the increase in shear time [38,39]. Therefore, the viscosity values at
the 120 s shear time were recorded as the final result.

Figure 3. Viscosity and wettability test equipment: (a) NDJ-5s rotary viscometer; (b) SDC-100 contact
angle measuring instrument.

The wettability was evaluated by the contact angle of the droplet spreading, which
was tested using a SDC-100 contact angle measuring instrument (SINDIN, Dongguan,
China) (see Figure 3b). In this measurement, a 15 mm X 15 mm X 3 mm Inconel 718
superalloy rectangular block with surface roughness Ra 150 nm was used for droplet
spreading, and the same sample was also used as the lower specimen for the subsequent
friction test. Before the measurement, the samples were ultrasonically cleaned in a 5 vol%
acetone aqueous solution for 20 min and then wiped with ethanol absolute and dried at
room temperature. For each lubricant, the mean of five tests was taken as the final result.

2.3. Tribological Tests and Conditions

As shown in Figure 4, the friction test was carried out on a MWEF-500 ball-on-disk
reciprocating friction tester (MWEF Detector, Singapore). The lower specimen was an
Inconel 718 rectangular block, and its chemical composition and mechanical properties
are shown in Tables 3 and 4, respectively. Inconel 718 superalloy has excellent physical
mechanics properties such as high strength, good toughness, high-temperature resistance,
and corrosion resistance, and it is widely used in the field of aviation, aerospace, and
nuclear industries. However, it is also a typical difficult-to-cutting material that requires
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high-performance cutting lubricants [40]. The upper specimen was a YG6 cemented carbide
ball with a diameter of ¢6.5 mm and a surface roughness of Ra 25.4 nm. YG6 is a common
tool material, and its chemical composition and mechanical properties are shown in Table 5.
In this research, the anti-friction properties of lubricants are evaluated by friction coefficient,
surface topography, and abrasion trace size of the lower specimen. In order to reduce the
experimental error, a new YG6 upper specimen was used for each friction test.

' Loadi L

&
Reciprocating.

motion g 1

YG6 sintered
carbide ball

Figure 4. Friction tester and the specimens: (a) MWE-500 friction tester; (b) lower and upper specimens.

Table 3. Chemical composition of Inconel 718 superalloy.

Chemical Ni Nb Mo Ti Al C C Man S P S B Cu Fe
Element
Minimum value 500 170 475 28 0.65 02 — — — — — — — —  Marein
Maximum value 550 21.0 550 33 115 08 1.0 008 035 035 0015 0015 0.006 0.3 &
Table 4. Mechanical properties of Inconel 718 superalloy.

Yield Strength Tensile Strength Elongation  Poisson Ratio = Thermal Conductivity Density Hardness
MPa % GPa W/m-K g/em® HV
1110 23.3 206 11.2 8.47 281

Table 5. Chemical composition and mechanical properties of YG6 cemented carbide.
Poisson .

Co Content ~ WC Content Flexure Strength Impact Toughness Ratio Hardness Density
% % MPa J/em GPa HRA g/cm?®
6 94 145 2.6 530 89.5 14.6-15.0

To improve the accuracy of friction test, the friction surface of the Inconel 718 specimen
was pre-polished to a roughness of approximately Ra 150 nm. The surface topography of
the specimen was shown in Figure 5, where different colors indicate surface fluctuation.
During the test, the Inconel 718 specimen was bonded on the bottom of the cargo tank
using paraffin wax, the upper specimen was fixed by an elastic chuck, and the friction
pairs were lubricated by the lubricants in the cargo tank. Other test conditions include the
following: the friction time was 60 min, the distance and frequency of reciprocating motion
was 4 mm and 2.5 Hz, the normal load was 80 N, and the testing temperature was room
temperature (approximately 20 °C).
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Figure 5. Friction surface of Inconel 718 specimen before and after polishing: (a) before polishing;
(b) after polishing.

3. Results and Discussion
3.1. Viscosity and Wettability of Nanolubricants
3.1.1. Viscosity

The room temperature dynamic viscosities of the nanolubricants are shown in Figure 6.
According to Figure 6, for both MoS; and SiO; nanolubricants, the viscosities increased
significantly with the additive percentage. However, due to the prominent thickening effect
of the 5iO; nano-additive, the viscosities of the SiO, nanolubricants were much higher
than those of the MoS, nanolubricants. Although 20 wt% SiO; nanolubricants still have
certain flowability and can be used for lubrication in low-speed machining processes, their
viscosity can no longer be measured using a NDJ-5s rotary viscometer.

@ 400 ® 10,000

337 8483

g
@ 300+ 2 7500 =
~ ~ o
e 214 g g
= =z | E
32001 162 5 5000 4039 8
e A o
g 130 é s
2100 2500 §
o
483 ©
0- o
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Weight percentage of nano-additives (wt%) Weight percentage of nano-additives (wt%)

Figure 6. Viscosities of nanolubricants. (a) MoS;; (b) SiO.

3.1.2. Wettability

Figure 7 shows the contact angles of the base fluid and the nanolubricants, and a small
contact angle means that the lubricant has good wettability. The following results can be
obtained from Figure 7.

(1) The contact angles of the MoS, nanolubricants were smaller than that of the base
fluid and decreased gradually with the increase in the additive percentage. This
phenomenon indicates that the MoS, nanolubricants can easily form an adsorption
film on the surface of the Inconel 718 superalloy. Moreover, the higher the additive
percentage within the test range is, the better the wettability is.

(2)  With the increase in the additive percentage, the contact angles of the SiO, nanolu-
bricants presented a completely different variation rule. The contact angle of the 5
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wt% SiO, nanolubricant is smaller than that of the base fluid, while that of the 10 wt%
SiO;, nanolubricant was 67.81°, which is much larger than that of the base fluid. With
the further increase in the additive percentage, the droplets displayed an irregular
shape on the sample surface due to poor fluidity, making it impossible to measure the
contact angle. This phenomenon shows that the SiO, nanolubricants cannot easily
form an adsorption film on the surface of the lower specimen, and their wettability
becomes bad and can even be lost as the additive percentage increases.

The above results indicate a certain correlation between the viscosity and wettability
of nanolubricants. However, due to the differences in physical properties of nano-additives,
the wettability of MoS, and SiO; nanolubricants exhibited different variation features with
their viscosity. With the increase in the additive percentage, the wettability of the MoS;
nanolubricants increased with the viscosity, while the wettability of the SiO, nanolubri-
cants decreased.

80
EH Base fluid ‘&81
Bl MoS, nanolubricants (wt%) =
5 604 3 SiO, nanolubricants (wt%)
@
2
oh 32.76
S 40 ummm 28572925 5590 2500 2070
5 === i 2
§ =52 gy i wllla
g
S 201
.
0- - : T ! r
Basefluid 5 10 15 20 S5 10 15 20

Lubricants

Figure 7. Contact angles of base fluid and nanolubricants.

3.2. Anti-Friction Properties of Different Lubricants
3.2.1. Friction Coefficient
Base Fluid

Figure 8 shows the friction coefficient curve under the lubrication of the base fluid
and the abrasion surface morphologies of the Inconel 718 specimen. The repeated tests
indicated that the friction coefficient presented a three-stage change trend with the friction
time, and the characteristics of the three stages are “low amplitude stable fluctuation”,
“high amplitude slow decrease”, and “low amplitude stable fluctuation”, respectively. In
order to clarify the reason for the change in friction coefficient, the surface morphologies of
the lower specimen were acquired in the middle of each stage. According to Figure 8, there
is a close relationship between friction coefficient and abrasion surface morphologies.

0.2
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g 01
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Figure 8. Friction coefficient curve under the lubrication of the base fluid.
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In the initial stage, the mean friction coefficient was lowest, approximately 0.052, and
the abrasion surface was relatively smooth. In this case, the friction type should be
boundary friction, and a stable lubricating film should exist at the friction interface.
In the middle stage, the instantaneous friction coefficient increased sharply and
reached 0.178, then showed a slow downward trend. At the same time, some furrows
appeared on the abrasion surface. It can be inferred that serious adhesive and abrasive
wear happened on the surface of the Inconel 718 specimen, and the friction type
should be mixed friction where dry friction and boundary friction coexist. However,
the appearance of furrows reduced the contact area of two specimens and increased
the unit contact pressure. As a result, the furrows were gradually smoothed out
with the rise of friction time, resulting in a gradual decrease in the instantaneous
friction coefficient.

(3) In the last stage, the abrasion surface quality was significantly improved, and the
frictional process once again exhibited the characteristics of boundary friction; thus,
the instantaneous friction coefficient showed a stable fluctuation trend. However, due
to the damaged frictional surface, the mean friction coefficient in this stage was 0.0587,
which is bigger than that in the initial stage.

Nanolubricants
Figure 9 shows the friction coefficient curves under different nanolubricants.
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Figure 9. Friction coefficient curves under different nanolubricants: (a) MoS;; (b) SiO5.
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Figure 9a indicates that, with the increase in the test time, the friction coefficient under
the MoS; nanolubricants exhibited a two-stage change trend that is different from
that of the base fluid. In the first stage, the friction coefficient increased first and
then decreased. In the second stage, a “low amplitude stable fluctuation” feature
was observed. In the first stage, the maximum friction coefficients corresponding to
the MoS, nanolubricants of 5 wt%, 10 wt%, 15 wt%, and 20 wt% were 0.077, 0.095,
0.085, and 0.073, respectively, which are all less than that of the base fluid (f = 0.178).
According to the duration and maximum friction coefficient of the first stage, the
20 wt% MoS, nanolubricants have the best anti-friction effect, which should be related
to their excellent wettability.

Figure 9b shows that the friction coefficient under the SiO; nanolubricants was stable
as the test time increased and did not show obvious stage characteristics. The maxi-
mum friction coefficients were also smaller than that of the base fluid (f = 0.178), and
these of the 10 wt% and 15 wt% SiO; nanolubricants were all less than 0.06. According
to the maximum and fluctuation of the instantaneous friction coefficient, when the
additive percentage was 5 wt%, 10 wt%, and 15 wt%, the SiO; nanolubricants could
achieve a good anti-friction effect, and the effect of the 10 wt% nanolubricant was
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the best. However, when the SiO, percentage was 20 wt%, the instantaneous friction
coefficient increased sharply within a short time. This phenomenon was caused by
the increase in the shear resistance due to the excessive additive percentage [41].

In summary, both MoS, and SiO; nanolubricants exhibit an excellent anti-friction
performance. However, the friction coefficients of the two nanolubricants present different
variation characteristics with the test time. This result shows that the soft MoS, nano-
additive and the hard SiO, nano-additive have different anti-friction mechanisms at the
friction interface.

3.2.2. Abrasion Surface Topography of the Lower Specimen

Figure 10 shows the abrasion surface of the Inconel 718 specimen under the lubrication
of the base fluid; severe defects appeared on the abrasion surface, including plastic defor-
mation, microcracks, surface exfoliation, and chipping pits. As shown in Figure 10a, plastic
deformation appeared at the edge of the abrasion trace and was caused by the friction and
extrusion of the upper specimen. As shown in Figure 10c, microcracks, surface exfoliation,
and chipping pits mainly occurred in the middle of the abrasion trace, and the closer they
were to the center of the abrasion trace, the more severe the damage was. Microcracks
appeared in the middle stage of the friction test because of the collapse of the lubricating
film and the fatigue failure of the abrasion surface. In contrast, surface exfoliation and
chipping pits were formed by the propagation of microcracks and adhesive wear.

dgf"on'nati on;
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) wear scar wih

Figure 10. Abrasion surface of the lower specimen under the lubrication of the base fluid: (a) edge of
the abrasion trace; (b) overall view of the abrasion trace; (¢) middle of the abrasion trace.

Figures 11 and 12 show the abrasion surfaces of the lower specimen under the MoS,
and SiO; nanolubricants, respectively. Compared with Figure 10, the defect form of the
abrasion surfaces changed. Although plastic deformation and chipping pits remained, the
topographies of the abrasion surfaces, in most cases, significantly improved.

With MoS; nanolubricants, furrow and material smearing were the two main topo-
graphic characteristics of the abrasion surfaces. Furrow was caused by abrasive wear,
which can deteriorate the surface quality. Meanwhile, material smearing was caused by
the reciprocating friction and the extrusion of the upper specimen, which can reduce the
size of the furrows and improve the surface quality. According to Figure 11a, when the
MoS, percentage was 5 wt%, chipping pits, furrow, and material smearing simultaneously
appeared on the abrasion surface, so the abrasion topography was relatively poor. In
this situation, the friction coefficient is large. According to Figure 11b, when the MoS,
percentage was 10 wt%, the effect of material smearing was weak, but deep furrows ap-
peared on the abrasion surface, so the corresponding friction coefficient fluctuated with
a high amplitude for a long time. When the MoS, percentage increased from 10 wt% to
20 wt%, the size of the furrows gradually decreased due to the enhancement of the material
smearing effect, thereby improving the topography of the abrasion surface and decreasing
the duration of the high-amplitude friction coefficient.
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material
smearing

Figure 11. Abrasion surfaces of the Inconel 718 specimen under MoS, nanolubricants: (a) 5 wt%;
(b) 10 wt%; (c) 15 wt%; (d) 20 wt%.
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Figure 12. Abrasion surfaces of the lower specimen under SiO, nanolubricants: (a) 5 wt%; (b) 10 wt%;
(c) 15 wt%; (d) 20 wt%.

Compared with the MoS; nanolubricants, the SiO, nanolubricants have different
topographic characteristics of abrasion surfaces. Figure 12a shows that when the SiO,
percentage was 5 wt%, the abrasion surface had deep furrows and large chipping pits.
Accordingly, the friction coefficient was relatively large at the beginning of the test. Ac-
cording to Figure 12b,c, when the SiO, percentage was 10 wt% and 15 wt%, the abrasion
surfaces were generally smooth in addition to the inclined scratches formed by the rolling
of SiO; particles. In both cases, the friction coefficient was very stable during the entire
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test. Figure 12d shows that when the SiO, percentage was 20 wt%, the topography of the
abrasion surface was very poor, with serious plastic deformation and surface exfoliation,
and the corresponding friction coefficient also fluctuated sharply within a short time, which
might be caused by the accumulation and agglomeration of excessive nanoparticles.

The above analysis indicates that the abrasion surfaces of the MoS, and SiO; nanolu-
bricants have different topography characteristics. Moreover, a close internal relationship
exists between the abrasion surface and the friction coefficient, and a smooth and steady
friction coefficient represents a good abrasion surface quality.

3.2.3. Abrasion Trace Size of the Lower Specimen

In addition to the topography characteristics of the abrasion surface, the abrasion trace
size is also an important index for evaluating the anti-friction performance of lubricants.
Figure 13 shows the morphologies of abrasion traces under different lubricants, which were
measured using a Contour GT-K 3D surface profiler. As shown in Figure 14, the width
and depth of the abrasion traces were obtained from the morphology. In order to eliminate
the measurement error caused by uneven plastic deformation at the edge of the abrasion
trace, the influence of plastic deformation on the abrasion trace size has been eliminated.
According to Figures 13 and 14, the following results can be found.
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Figure 13. Morphologies of abrasion traces under different lubricants: (a) base fluid; (b) 5 wt% MoS,;
(c) 10 wt% MoSy; (d) 15 wt% MoSy; (e) 20 wt% MoSy; (f) 5 wt% SiO»; (g) 10 wt% SiOy; (h) 15 wt%
Si0y; (i) 20 wt% SiO;.
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Figure 14. Measurement method and result of abrasion trace size: (a) measurement method; (b) abra-
sion trace size.
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(1) For MoS; nanolubricants, the abrasion trace size was smaller than that of the base fluid
only when the additive percentage was 20 wt%. For the SiO, nanolubricants, except
for the abrasion trace at 5 wt% additive percentage, the size of the other abrasion
traces was smaller than that of the base fluid. The abrasion trace size under the 15 wt%
SiO; nanolubricant was the lowest, with a width and a depth of 51.16% and 80.79% of
the base fluid, respectively.

(2) In general, a close relationship exists between the size and surface quality of the abra-
sion trace. A good surface quality means a small abrasion trace size. For experimental
friction pairs, the SiO, nanolubricant displayed a better anti-wear effect than the
MoS; nanolubricants. Whether the tribological performance is evaluated in terms
of friction coefficient, abrasion surface quality, or abrasion trace size, the best results
were obtained under the 10 wt% and 15 wt% of SiO, nanolubricants.

4. Analysis of Action Mechanism for Different Nano-Additives

As shown in Figure 15, during nanofluid lubrication, the action mechanism of nano-
additives at the friction interface can be described by four types of effects, namely, the
adsorption film, mending, polishing, and rolling effects [42,43].

(b)

Nanoparticle

Figure 15. Action mechanism of nano-additives: (a) adsorption film effect; (b) mending effect;
(c) polishing effect; (d) rolling effect.

Figure 16 shows the element content on the original surface and abrasion surfaces of
the Inconel 718 specimen, which is measured by a XFlash Detector 630M energy dispersive
spectrometer (Bruker, Billerica, MA, USA). During the measurement, the accelerating
voltage was 20 kV, and the magnification was 300. On the basis of the Mo and Si contents,
the action mechanism of the MoS, and SiO, nano-additives can be further analyzed.

(1)  According to Figure 16a,b, the Mo and Si contents on the original surface were 3.70%
and 0.31%, while the contents on the abrasion surface under the base fluid were 3.53%
and 0.52%, respectively. The difference between the two is very small.

(2) Figure 16c,d show that, under the 5 wt% MoS, nanolubricant, the Mo contents in
the smooth area and severe wear area of the abrasion trace were 8.84% and 12.85%,
respectively, which are much higher than the 3.53% under the base fluid, indicating
increases of 5.31% and 9.32%, respectively. The significant increase in the Mo content
in different areas means that a layer of MoS, adsorption film formed on the abrasion
surface. Meanwhile, the Mo content in the severe wear area is higher than that in the
smooth area, indicating that a great amount of MoS; additives was squeezed into the
furrows or chipping pits on the abrasion surface, resulting in the mending effect.

(3) According to Figure 16e,f, under the 5 wt% SiO; nanolubricants, the Si contents in
the smooth area and severe wear area of the abrasion trace were 0.90% and 3.03%,
respectively, which are larger than 0.52% under the base fluid, indicating increases of
only 0.38% and 2.51%, respectively. This result indicates that the adsorption film and

23



Lubricants 2025, 13, 4

mending effects of SiO, additives are not obvious. Therefore, the improvement of the
anti-friction performance of SiO, nanolubricants should be mainly attributed to the
rolling and polishing effects of hard SiO, additives, which transform sliding friction
into rolling friction between the friction pairs.
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Figure 16. Element content on the original surface and abrasion surfaces of the Inconel 718 specimen:

(a) original surface; (b) abrasion surface under the base fluid; (c) smooth area of abrasion surface
under 5 wt% MoS, nanolubricant; (d) severe wear area of abrasion surface under 5 wt% MoS,

nanolubricant; (e) smooth area of abrasion surface under 5 wt% SiO; nanolubricant; (f) severe wear

area of abrasion surface under 5 wt% SiO, nanolubricant.

5. Conclusions

@

@)

©)

MoS; and SiO, nano-additives could improve the viscosity of mineral oil and change
its wettability. And there was a certain correlation between the viscosity and wet-
tability of nanolubricants. Due to the differences in physical properties of the two
additives, the wettability of MoS; and SiO, nanolubricants exhibited different varia-
tion trends with their viscosity. The wettability of the MoS, nanolubricants increased
with the viscosity, while the wettability of the SiO, nanolubricants decreased.
Although MoS; and SiO; nanolubricants had different change characteristics of fric-
tion coefficient with the frictional time, their maximum and fluctuation values were
all smaller than those of base liquid. For MoS; nanolubricant, when the additive
percentage was 20 wt%, the friction coefficient curve fluctuated the least, and the
maximum value was 0.073, which was much smaller than 0.178 of the base fluid. For
the SiO, nanolubricant, the best anti-friction effect was achieved when the additive
percentage was 10 wt%, and the maximum friction coefficient was less than 0.06.
Compared with the base fluid, the nanolubricants can improve the surface quality
of abrasion traces. However, the abrasion surfaces of the two nanolubricants had
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different topography characteristics. Furrow and material smearing were the two
main topography features under the MoS; nanolubricant. And, with the rise in MoS;
percentage, the effect of material smearing was enhanced, and the surface quality of
the abrasion trace was improved. With the change in SiO, percentage, the abrasion
surface quality showed a trend of first improvement and then deterioration, and the
surface quality with 10 wt% and 15 wt% SiO;, nanolubricant was better.

(4) A close internal relationship exists between friction coefficient, abrasion surface
quality, and abrasion trace size. A steady friction coefficient represents a good abrasion
surface quality and a small abrasion trace size. For the experimental friction pairs, the
SiO, nanolubricant has a better anti-friction effect than MoS, nanolubricants. With 10
wt% and 15 wt% SiO; nanolubricants, the width and depth of abrasion traces were
about half those of the base fluid.

(5) The soft MoS; nano-additive and the hard SiO, nano-additive have different anti-friction
mechanisms. The action mechanism of the MoS; nano-additive is the adsorption film
effect and mending effect of nanoparticles, while the main action mechanism of the SiO,
nano-additive should be the polishing effect and rolling effect of nanoparticles.
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Abstract: Electropolishing using a high-current density results in a pitting phenomenon, producing
a surface texture distinguished by many pits. Apart from the change in surface topography, elec-
tropolishing forms an oxide surface layer characterized by beneficial tribological properties. This
paper introduces surface texturing in worm gear pairs by electropolishing a 16MnCr5 steel worm
surface. Electropolishing produces surface pits 1 pm to 5 um deep and 20 to 100 um in diameter. The
material characterization of 16MnCr5 steel is compared against the electropolished 16MnCr5 steel
based on microstructure, hardness, surface topography and chemical composition. Experimental tests
with worm pairs employing electropolished worms are conducted, and the results are compared to
conventional worm pairs with ground steel worms. Electropolished worms show up to 5.2% higher
efficiency ratings than ground ones and contribute to better running-in of worm gear pairs. More-
over, electropolished worms can reliably support full contact patterns and prevent scuffing due to
improved lubrication conditions resulting from the produced surface texture and oxide surface layer.
Based on the obtained results, electropolishing presents a promising method for surface texturing
and modification in machine elements characterized by highly loaded non-conformal contacts and
complex geometry.

Keywords: electropolishing; worm gear pair; surface texturing; steel; lubrication; efficiency

1. Introduction

The worm gear pair typically comprises a steel worm as the driving member and
a bronze worm wheel as the driven member. Worm gear pairs are often used in power
transmission applications due to their high transmission ratios in a compact design, heavy
shock loading capability, and ability to self-lock and reduce noise and vibration due to the
dominant sliding motion. On the other hand, some disadvantages derive from the worm
gear pair’s geometry and working principle: lower efficiency compared to other gear types,
high sensitivity to assembly and manufacturing errors, and frictional heat generation paired
with unfavourable lubrication conditions [1-4]. The latter is a frequent research topic since
lubrication conditions are directly related to worm gear pair efficiency and overall life span.
Relatively unfavourable oil entraining geometry of most common worm gear designs limits
film-forming ability, load capacity, and efficiency compared to other gear types. These
limitations can lead to a contact separated into two parts with contact temperatures in
the middle of the contact zone being substantially higher than temperatures at the outer
regions of the worm wheel tooth flank. Consequently, these temperature differences cause
oil film thinning or even lubrication breakdown [5-7].

Researchers investigated new material pairs to improve lubrication conditions in
worm gear pairs. Benedetti et al. [8] investigated steel-steel tribo-pairs with different
coatings. Coated steel surfaces showed higher wear resistance compared to bronze, which is
conventionally used as a worm wheel material. Fontanari et al. [9,10] studied wear damage

Lubricants 2024, 12, 408. https:/ /doi.org/10.3390/lubricants12120408 28

https:/ /www.mdpi.com/journal/lubricants



Lubricants 2024, 12, 408

mechanisms in steel-bronze and alloy steel—cast iron pairs under a mixed lubrication regime.
Cast iron showed a lower wear rate, indicating that alternative worm wheel materials may
perform better than bronze. Masovi¢ et al. [11] investigated electropolished steel-bronze
pairs. Electropolishing created surface texture with many pits/dimples, improving the
lubrication and reducing friction by up to 30%. Furthermore, several studies comparing
lubricating oils were conducted. The general conclusion was that mineral oils result in
approximately 3-5% lower efficiency than synthetic oils [12,13]. Lastly, some researchers
have investigated new geometry types on a theoretical level. Such geometries are usually
characterized by improved load-carrying capabilities that should improve lubricating
conditions in worm gear pairs [14-16].

Surface or material modification is commonly employed to improve the lubrica-
tion conditions and tribological performance of contacting surfaces of machine ele-
ments [17,18]. Typically, surfaces are modified by altering surface topography through
surface texturing or employing surface coatings. Surface texturing produces surface
micro-cavities with several beneficial functions: entrapment of wear debris, secondary
lubrication, friction and wear reduction, and increased oil film thickness [17]. Applying
surface texturing in gears is challenging due to their complex geometry, narrow toler-
ances, high loads accompanied by non-conformal contacts, and strict surface roughness
requirements. Therefore, a conventional approach for improving lubrication conditions
in gears is primarily surface grinding or superfinishing [19]. Nonetheless, some studies
focused on the surface texturing of gears or gear steel. Gupta et al. used chemical etching
and laser texturing on spur gear tooth flanks to produce a dimpled surface [20,21]. Such
gears presented reduced wear and a decrease in vibrations. Petare et al. [22] laser-textured
helical and straight bevel gears. The findings indicated higher wear resistance and in-
creased microhardness compared to untextured gears. Nakatsuji and Mori [23,24] applied
electropolishing to medium carbon steel gears. The produced surfaces were characterized
by pits and micropores with oxidized and phosphoric surface compounds. The benefits
of such surfaces were evident in the better oil film creation which improved pitting and
scuffing durability. Li et al. [25] shot peened specimens made of gear steel, thus producing
a dimpled surface with friction-reduction properties.

Based on the literature overview, various studies were conducted to improve lubri-
cation conditions in worm gear pairs, as well as to apply surface texturing in other types
of gears. However, surface modification in the form of surface texturing in worm gear
pairs has not yet been attempted. This paper investigates the tribological behaviour of
steel-bronze worm gear pairs employing surface-modified steel worms by electropolishing.
The work conducted in this paper is based on the results of electropolished steel-bronze
sliding tests presented in earlier research conducted by the authors [11]. The effects of
electropolishing on surface topography, material hardness, microstructure, and chemical
composition are presented and discussed. Worm gear pairs employing electropolished
steel worms are compared to a conventional worm gear pairs with ground steel worms.
Obtained benefits regarding better worm gear pair efficiency and operational character-
istics suggest that electropolishing can be a promising surface modification method for
non-conformal worm pair contact characterized by unfavourable lubrication conditions.

2. Materials and Methods
2.1. Materials

Investigated worm gear pairs comprise case-hardened 16MnCr5 steel worms and
CuSn12 worm wheels, which are also considered reference materials for worm pairs by
the ISO/TS 14521 standard [26]. The 16MnCr5 steel was supplied in hot-rolled round
bars while the CuSn12 bronze was centrifugally cast. The chemical composition (wt.%)
of the materials is presented in Table 1. Since this research focuses primarily on surface
modification of 16MnCr5 steel, the properties of 16MnCr5 are covered in more detail. The
microstructure of the case-hardened 16MnCr5 steel worm is presented in Figure 1. The
specimens were ground (1200 grit sandpaper), polished, and etched with 3% nital for
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20 seconds before images were taken using an optical microscope. The 16MnCr5 steel
specimen surface shows fine martensite, while the core shows low-carbon martensite
at 200x magnification. Additional analyses of 16MnCr5 steel were conducted using a
scanning electron microscope (SEM-Tescan Vega 3 Easyprobe, from Tescan, Brno, Czech
Republic) and by employing energy dispersive spectroscopy (EDS-Bruker B-Quantax EDS
Detector, from Bruker, Karlsruhe, Germany). The details of these analyses are presented in
the “Results” section.

Table 1. Chemical composition of the materials, wt.%.

16MnCr5 Fe C Si Mn P S Cr Ni Mo As Al Cu
97.05 0.19 0.31 1.11 0.018 0.01 1.01 0.08 0.01 0.034 0.033 0.15

CuSn12 Cu Zn S Co Cr Pb Sn Ni Si - - -
86.15 0. 36 0.14 0.08 0.08 0.67 12.10 0.4 0.2 - - -

100pm |4

(b)

Figure 1. Microstructure and hardness of a 16MnCr5 worm: (a) core (200x); (b) case-hardened
surface layer (200x).

2.2. Electropolishing Setup

The surface of 16MnCr5 steel worms was modified via electropolishing. The same
electropolishing solution and similar setup were already successfully employed in
our previous work [11]. Before electropolishing, the steel worms were cleaned in an
ultrasonic bath with ethanol (96%) for 10 min. The electropolishing solution was a
mixture of 34% sulphuric acid, 42% phosphoric acid, and 24% water [27]. The solution
was heated at 50 + 2 °C without agitation using a Kon¢ar flask heater (Kon¢ar, Zagreb,
Croatia). After electropolishing, the steel worms were rinsed and dried. The cathode,
in the form of a cylindrical shell, was made of AISI 304 stainless steel. The distance
between the worm and the cathode was approximately 3 cm. The bearing surfaces of
the worm shaft should not be electropolished. Therefore, they were insulated using
polytetrafluorethylene (PTFE) tape (Figure 2). Electropolishing parameters are provided
in Table 2. It should be noted that the abbreviation “EP” will be used for the remainder
of the paper to distinguish electropolished from conventional ground-only worms.

Table 2. Electropolishing parameters for 16MnCr5 steel worms.

Current Density

Potential (V) (A/dm2) Time (min)
Worm EP-1 6.1 20 5
Worm EP-2 47 15 5
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bearing surfaces
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(Stainless steel)
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DC
Power
supply

(a) (b)

Figure 2. Electropolishing setup of a steel worm: (a) schematic; (b) actual image.

2.3. Worm Pair Experimental Testing

Tested worm pairs were a part of a commercially available gearbox (Figure 3). Rolling
bearings were used for worm and worm wheel shafts. A new set of bearings was used for
each test run. Continuous oil lubrication was supplied through the oil inlet on the top of the
gearbox directly onto the worm wheel. The worm was positioned beneath the worm wheel.

Oil inlet

Worm wheel

Housing Worm wheel hub

Worm shaft

Figure 3. CAD model of the gearbox.

The worm surface was finely ground to the average surface roughness of R, = 0.25 um
and then electropolished to modify the surface. Bronze worm wheels were produced by
the gear hobbing process without any additional surface finishing (R, = 1.0 pum). The
average surface hardness of CuSn12 bronze wheels was 110 HV. The detailed worm gear
pair geometry is provided in Table 3.

The employed lubricating oil was Castrol Alpha SP 150 mineral oil. The same lu-
bricating oil was used in the previous research conducted by the authors [11]. This oil
is recommended for industrial gearboxes with forced circulation, splash, or bath lubrica-
tion. The oil contains extreme-pressure (EP) additives for good thermal and load-carrying
stability. The EP additives are compatible with both ferrous and non-ferrous materials.
The selected oil conforms with AGMA 9005-E02 [28] and DIN 51517-3 [29] standards. The
properties of the oil are provided in Table 4.
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Table 3. Worm pair geometry.

Worm Worm Wheel
Number of threads, z1 (-) 2 Number of teeth, z5 (-) 36
Thread direction right Thread direction right
Module, m (mm) 4 Module, m (mm) 4
Pitch diameter, dy,; (mm) 36 Pitch diameter, dy,» (mm) 144
Pressure angle, « (°) 20° Pitch, p (mm) 12.566
Axial pitch, px (mm) 12.566 Reference diameter, d,y, (mm) 144
Lead, P (mm) 25.132 Profile shift, xp-m (mm) 0
Lead angle, ym1, (°) 12.529°
Tooth thickness, sy,1 (mm) 6.134
Center distance, a (mm) 90
Profile type ZN
Table 4. Main properties of the Alpha SP150 lubricating oil.
Density at . A . 2 Viscosity Open Flash ~ Pour Point
20°C (kg/m®) Kinematic Viscosity (mm?/s) Index () Point (°C) €0
40°C 100 °C
890 >95 223 —21
150 14.5

All worm gear pairs were dimensionally inspected according to the DIN 3974 stan-
dard [30] using an ATOS optical 3D scanner. In addition, the tooth thickness of worm
wheels was also measured. The accuracy of the scanner was verified by the acceptance
test values based on VDI/VDE 2634 [31] provided in Table 5. Since all worms and worm
wheels were produced in the same batch, the quality grades were relatively similar and
are reported as average values in Table 6. Grade 1 indicates the highest accuracy and tight
tolerances, whereas grade 12 indicates the lowest accuracy.

Table 5. Acceptance test values for ATOS 5400 MV 320.

Parameter Maximum Deviation (mm) Allowable Limit (mm)
Probing error form (sigma) 0.001 0.004
Probing error (size) 0.004 0.015
Sphere spacing error —0.008 0.012
Length measurement error —0.006 0.027
Table 6. Quality grades.
Deviation Worm Wheel

Single pitch deviation (axial) frx 9 - -

Single pitch deviation - - fp2 11

Adjacent pitch difference fux 3 fu2 11

Total pitch deviation Fpz 9 - -

Total cumulative pitch deviation - - sz 9

Total profile deviation Fo1 11 Fuo 12

Runout Fi 2 Fp 12

The experimental stand and a corresponding schematic representation are shown
in Figure 4. A DC motor/generator (GEN) working in generator mode was used to
provide the load that could be varied by the excitation current (ECC) supplied to the
generator windings. The rotational speed of the driving electric motor (EM) was regulated
by the frequency inverter (FI). Two shaft torque transducers (TT1 and TT2) were used to
measure input and output torque from the worm pair gearbox (WP-GB). An additional
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(2220 V, 50 Hz

gear multiplier (MP) was installed to increase the generator input shaft rotational speed.
Electrical energy from the generator was supplied to electrical appliances in the test room,
e.g., heaters. Oil circulation was carried out using two oil pumps (OP). The oil temperature
of 60 °C was controlled by heating inside the oil tank (OT + OH) and by cooling through
the oil chiller (OC). The oil was constantly filtered (OF) and fully replaced after each test
run. A running-in of each worm wheel was conducted before each test run under gradually
increasing load until an acceptable contact pattern was achieved.

EM - electric motor
FI - frequency inverter

TT1 - torque transducer 1

TT2 - torque transducer 2

MA - measuring amplifier

T1 - oil inlet temperature

T2 - oil outlet temperature

WP-GB - worm pair gearbox | ECC
OP - 0il pump

OF - oil filter

OC - oil chiller

OT + OH - oil tank + oil heater

PC - personal computer

MP - gearbox multiplier

GEN - generator

ECC - excitation current control

H - heater

(@)

WP-GB TT2 OP+0OC MP

OT+0

TT1
GEN ECC
EM PC
| MA
i

czzzza | H

(b)
Figure 4. Worm pair experimental setup: (a) schematic representation; (b) experimental stand.

3. Results

In this section, the effects of electropolishing on material microstructure, hardness
profile, surface topography, and chemical composition of 16MnCr5 steel worms are pre-
sented and discussed, followed up with the results of worm pair experimental testing and
comparison with conventional worm pairs.

3.1. Microstructure and Chemical Composition

A comparison of ground and electropolished worm microstructure and chemical compo-
sition is presented in Figure 5. According to SEM images, the material martensite microstruc-
ture remained unchanged after electropolishing, as seen in Figure 5a,b. The difference in
chemical composition at the surface level was found based on EDS line analysis. In Figure 5c,
the position where iron significantly reduces represents the surface of the ground worm. Other
elements remained at relatively low levels, regardless of the position.

On the other hand, on the surface of the electropolished worm, the reduction of iron
coincides with the increase in oxygen and silicon. The average chemical composition is
provided in Table 7. The presence of oxygen can be attributed to the formation of an oxide
surface layer, common in mild steel electropolishing in H,SO, solutions [11,32,33]. An
increase in silicon can be explained by the formation of a viscous salt film on the surface
of the electropolished workpiece by diffusion of acceptor anions from the electrolyte or
incomplete dissolution of the films produced or precipitated on the metal surface [34]. An
additional reason may be found in the uneven development of crystallographic etching.
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Etching may be present when electropolishing conditions are employed which do not
provide perfect polishing conditions.

HV:20 KV WD:200mm Px: 76 nm

3500

(b)

20 ym

3000

2500

2000

Pulses

1500

R N e e T T

3500
Surface
3000

2500 -

2000

Pulses

1500 -

1000 -

500 -

Surface

0 0 =
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140
Position, pm Position, pm
() (d)
Figure 5. Microstructure and chemical composition of a steel worm: (a) SEM of a ground worm
cross-section; (b) SEM of an electropolished worm cross-section; (c) EDS line analysis of a ground
worm; (d) EDS line analysis of an electropolished worm.
Table 7. EDS line analysis of ground and electropolished worm, wt.%.
Element Fe o P S Si Ca Mn Cr C
Ground worm 97.24 - 0.01 0.01 0.23 0.02 1.38 1.11 -
Electropolished worm 92.69 3.52 0.02 0.03 1.25 0.07 1.27 115 -

In this research, the goal was to avoid producing a smoothened and bright surface
but rather a surface texture through the pitting phenomenon. Pitting occurs when elec-
tropolishing potentials are higher than optimal for conventional electropolishing. Gas
evolution occurs when oxygen bubbles are trapped on the workpiece surface. Bubbles
represent a place with lower resistance where current density sharply rises, increasing the
dissolution rate and consequently generating a pitting hole [35]. Another explanation for
pitting can be found in the broken bubble effect. When bubbles in the viscous layer diffuse
to the solution, the bubbles tend to break due to the change in surface tension between
the viscous layer and the solution. Broken bubbles create a shorter path for electrical
current in the viscous layer, and this effect can increase the current density by as much as
two times. Consequently, higher current density within the broken bubble increases the

local dissolution rate and produces the pitting hole [36].
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3.2. Hardness

Subsurface hardness profiles of investigated ground and electropolished worms are
shown in Figure 6. A worm case-hardening depth of approximately 0.7 mm (40.03 mm)
was determined according to ISO 18203 standard using a limit of 550 HV [37]. Moreover,
the case-hardening depth was in accordance with the recommended values for worm
module m = 4 mm [38]. Presented profiles correspond to subsurface hardness with the
closest measuring point to the surface at 20 um. A minor decline in hardness can be
observed up to the depth of 150 pm. It is important to note that this measured decline
in subsurface hardness is inside the measurement uncertainty of the surface hardness
measuring method and therefore should not be considered evidence of reduced subsurface
hardness in electropolished steel. Also, it is possible that minor microstructural differences
among measured samples influenced the presented subsurface hardness values. At larger
depths from the surface, the difference in hardness becomes negligible.

800
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750 [ electropolished — A& —
2y, N
700 | E NN
650 A

W
[
f=}

Hardness, HV 0.05
2
(=]

W
3
(=]
-t ——— — — — ]
/
B
K
,
,
.

‘ ‘ . ' L
0 200 400 600 800 1000
Distance from the surface, um

S A

1200

Figure 6. Hardness profiles of investigated ground and electropolished worms.

Additionally, surface hardness measurement of ground and electropolished worms
was conducted. The results showed 870 HV for the ground and 560 HV for the electropol-
ished surface. Additional measurements of electropolished steel worms were conducted
after careful removal of the oxide surface layer using 1200-grit sanding paper to investigate
the effect of the oxide surface layer on the surface hardness. The results showed a surface
hardness of 848 HV. The literature also provides evidence of reduced surface hardness
explained by two electropolishing effects. Since electropolishing is a material removal
mechanism, a thin case-hardened surface layer of material might be removed from the sur-
face which can affect the measured surface hardness [24]. Secondly, when electropolishing
mild steel, the workpiece is passivated by the formation of an oxide and/or phosphate
surface layer which is relatively softer than the base material [11,32,33]. Based on the earlier
EDS analysis, the thickness of the oxide surface layer in 16MnCr5 steel worms was up to
a couple of microns. The results showed that by removing the mentioned oxide surface
layer, the surface hardness value of electropolished steel (848 HV) was similar to that of the
ground steel (870 HV). According to the presented results, it can therefore be concluded that
the formation of a soft oxide surface layer during electropolishing primarily contributes to
lower values of surface hardness in electropolished 16MnCr5 steel worms.

3.3. Surface Topography

Surface profile measurements were performed using a Mitutoyo SJ-500 measuring
instrument according to the ISO 4287 standard [39]. Examples of surface profiles with
corresponding surface parameters of worm wheel and ground and electropolished worms
are presented in Figure 7. Electropolished worms were characterized by many pits. Worm
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EP-1 had deeper pits (=2-5 pm) compared to shallower pits on worm EP-2 (~1-2 pm).
This observation can be attributed to different current densities as worm EP-1 was elec-
tropolished with a current density of 20 A/dm? compared to 15 A/dm? employed on
worm EP-2. An additional noticeable difference was found in pit diameters. Lower current
density employed on worm EP-2 enlarged existing pits/valleys of ground surface that were
approximately 1 um deep, resulting in 50-100 um pit diameters. On the other hand, pit
diameters on worm EP-1 surface were in the range of 20-50 um.

. Worm wheel um Ground worm
5 2
4t 1
3f 0
2 -1
1
2
b 3
2 -4
-3 -5
“0 0.5 1 L5 2 2.5 3 35 4 ~o 05 1 15 2 25 3 35 4
mm mm
(a) (b)
um Worm EP-1 Hm Worm EP-2
3
2 2
1 Al
0 0
] -1
2 -2
-3 =3f
4 4
s |
-6 6
0 0.5 1 15 2 25 3 35 4 0 0.5 1 1.5 2 25 3 35 4
mm mm
(o) (d)

Figure 7. Surface profiles: (a) worm wheel; (b) ground worm; (c) worm EP-1; (d) worm EP-2.

Regarding surface texture properties, the goal was to produce a surface characterized
by pits and negative Rg, and higher Ry, surface parameters. Pitted or dimpled surfaces
are often characterized by negative Ry and higher Ry, values; such surface textures
have already shown friction-reduction characteristics [11,40-42]. Pits (or dimples) act as
oil reservoirs, providing secondary lubrication and reducing friction. Furthermore, the
significant increase in R, was aimed to be avoided because it usually results in higher
friction and wear. In the presented case, the average surface roughness increased from
Ra =0.25 for ground worms to Ry ~ 0.50 for electropolished worms. This observation
results in two types of surface textures that were applied and tested on worm pairs. The first
one is the electropolished worm surface (worm EP-1), which has characteristics similar to
surfaces mentioned in the literature, with surface parameters Ry = —0.996 and Ry, = 7.228
and deeper but smaller pits. The second one is the electropolished worm surface (worm
EP-2) with slightly different characteristics, namely Rg = —0.008 and Ry, = 3.554, but
shallower and larger pits. Surface parameter values are presented in detail in Table 8.

Table 8. Average values of surface parameters for worm wheels, ground, and electropolished worms.

R, (um) Rq (um) Ry Ry Ry (um) Ry (um) Ryk (um)
Worm wheel 1.09 1.35 0.63 2.82 3.37 1.43 1.14
Ground worm 0.25 0.33 —1.05 17.68 0.74 0.17 0.45
Worm EP-1 0.55 0.77 —0.99 7.23 1.43 0.48 1.54
Worm EP-2 0.48 0.6 0.01 3.55 1.53 0.40 0.90

Ground and electropolished worm surfaces are shown in Figure 8. Ground worm’s
surface is characterized by grinding marks, while the electropolished surface has many
irregular pits/dimples distributed stochastically. The pit area density was 11% in the
regions with more pits. In contrast, the pit area density in sparser regions reduced to 9% of
the total surface area. In previous research [11], electropolishing 16MnCr5 steel discs with
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a current density of 30 A/dm? yielded a similar albeit slightly higher pit area density of
12%. Generally, 5% to 20% pit area density was reported as beneficial regarding friction
reduction [43-47].

o,

9’-‘ >y -l‘g < ‘&‘- ;

Figure 8. Worm surface: (a) ground worm; (b) worm EP-2.

3.4. Worm Gear Pair Experimental Tests

Experimental testing conditions, such as nominal rotational worm speed, nominal
working load, and oil temperature, were selected to replicate realistic working conditions for
employed worm gear pair geometry and materials. Also, working conditions were selected
to satisfy surface durability (i.e., pitting resistance) and wear load capacity calculation
procedures according to ISO/TS 14521 [26]. Tests were carried out for N, = 2- x 10 worm
wheel load cycles. Tested worm pair combinations, testing conditions, and values calculated
according to ISO/TS 14521 are presented in Table 9. Worm pair designations that will be
used for the remainder of this paper can be found in the rightmost column of Table 9.

Table 9. Tested worm pair combinations and testing conditions.

Worm Material Worm Wheel Material Designation
16MnCr5, ground CuSnl12 WP-1
16MnCr5, ground CuSn12 Wp-2 *

16MnCr5, grqund and CuSni2 WP-EP-1
electropolished
16MnCr5, grqund and CuSni2 WP-EP-2
electropolished
Nominal worm shaft speed 1480 rpm
Worm wheel nominal load, T» 300 Nm
Oil inlet temperature 60 °C
Worm wheel load cycles, Ny, 2 x 10°
Mean contact stress, 0'ym 323 N/mm?
Limiting contact stress, cpg 415 N/mm?
Pitting resistance-safety factor, Sy 1.285
Worm wheel tooth flank loss, dwn, 0.517 mm
Limiting value of tooth flank loss,
1.171 mm
3 Wlim,n
Wear load capacity-safety factor, Sy 2.265

* Occurrence of scuffing.

The comparison of the overall gearbox efficiency is presented in Figure 9. The average
efficiencies of WP-1, WP-EP-1, and WP-EP-2 were 84.9%, 85.8%, and 90.1%, respectively.
The worm gear pair WP-2 will be discussed separately due to the occurrence of scuffing.
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Both worm gear pairs with electropolished worms showed improved efficiencies compared
to WP-1. As mentioned, the electropolished surface had many pits that had multiple
functions. Pits act as oil reservoirs, providing secondary lubrication, increasing oil film
thickness, and enhancing heat dissipation which is attributed to an increase in overall
efficiency. Also, pits can improve the tribological behaviour of contacting surfaces by
entrapping abrasive particles [48]. In the case of worm gear pairs, the latter function can be
particularly useful as worm wheel wear is usually one or two orders of magnitude larger
than wear in steel gears in general. This phenomenon is especially pronounced during the
running-in phase and early stages of the operation.

92 T T T
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~N oo O O

Overall gearbox efficiency, %
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Load cycles (worm wheel), NL «10°

Figure 9. Comparison of worm gearbox efficiency.

A more noticeable increase in efficiency rating was found for WP-EP-2, where the
worm surface was characterized by shallower but larger pits. The explanation for such a
phenomenon lies in the geometry of the pits. In the locations of deeper pits in the contact
zone, the lubricant experiences a severe decrease in pressure, leading to a lower viscosity
that prevents the lubricant from completely separating the contacting surfaces [49]. Also,
a countereffect of textured surfaces in non-conformal contacts (as in gears and worm
pairs) can occur. An occurrence of cavitation inside deeper cavities in highly loaded non-
conformal contacts can result in an increase in the coefficient of friction compared to an
untextured surface [50]. On the other hand, the benefit of shallower pits can be explained by
their smaller volume, which is more easily filled with oil to build additional hydrodynamic
pressure and thus provide the separation of contacting surfaces [40].

An example of surface profiles after the test is shown in Figure 10. By comparing the
surface profiles of the electropolished worm before and after the test, it can be concluded
that minimal to no wear occurred on the electropolished surface of the worm as its surface
topography remained unchanged. The values of R,, Ry, and Ry,, were similar to those
before the test (Figure 7). In addition, the surface pits produced by electropolishing did
not deteriorate. The softer oxide surface layer was damaged and removed during worm
gear pair operation, presumably already in the running-in phase [11,51]. The appearance
of worm threads after electropolishing and after the test can be seen in Figure 11.
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Figure 10. Surface profiles of worm pair after the test: (a) worm wheel; (b) electropolished worm.
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Figure 11. Worm surface: (a) after electropolishing; (b) after the test.

In contrast to conventional steel-steel gear material pairs, the steel-bronze pair favours
the surface texture on a harder steel worm as most of the wear takes place on a softer bronze
worm wheel. A similar finding was reported by Kasem et al. [48]. The authors suggested
that surfaces textured with small and shallow dimples could reduce friction in lubricated
contact with one contacting body having high wear resistance. Regardless of surface
parameters used in the design of surface textures, the presented results imply that in the
case of worm gear pairs, the focus should be placed primarily on the pit/dimple geometry
and then complemented by surface parameters as a promising guide towards successful
surface texturing application.

The additional phenomenon of electropolished steel surfaces in contact with bronze
is higher bronze wear and therefore faster running-in [11]. By observing efficiency plots
in Figure 9, faster running-in can be observed for WP-EP-2. At the same time, up to
N =2.5 x 10°, both WP-1 and WP-EP-1 had a period of decreasing efficiency, indicating a
prolonged running-in process until the steady-state running was reached at approximately
N =4 x 10°. Higher wear was evident in both WP-EP-1 and WP-EP-2 compared to WP-1.

A visual representation of worm wheel wear after running-in and at the end of the
test is given in Figure 12. By inspecting the lower right section of the worm wheel tooth
flank, the ridge on the WP-EP-2 worm wheel is considerably larger compared to the other
two worm wheels. Generally, the difference in wear between “after running-in” and “end-
of-test” figures is negligible. This observation suggests that, as anticipated, most wear
occurred during the running-in phase due to the nature of wear in sliding contacts [52]. The
average tooth thicknesses of a worm wheel based on 36 measurements per worm wheel
(zp = 36) are shown in Table 10. Tooth thickness was measured at the middle of the flank on
the worm wheel pitch diameter.
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Figure 12. Worm wheel wear after the running-in phase and at the end of the test.

Table 10. Average worm wheel tooth thickness before and after the test.

Tooth Thickness, s,  Before the Test, mm End of the Test, mm Difference, mm
WP-1 6.150 6.099 0.051
WP-EP-1 6.174 6.107 0.067
WP-EP-2 6.086 5.832 0.254

Based on the tooth thickness measurement, the worm wheel in WP-EP-2 experienced
the most wear, which can be observed in Figure 12. Larger wear during the running-in
phase resulted in a larger initial contact pattern than worm wheels in WP-1 and WP-EP-1.
Contact patterns can be recognized by abrasive grooves in the direction of sliding and
matted surface appearance.

More clear representation of contact patterns can be found in Figure 13. Contact pattern
adjustment in worm gear pairs is usually carried out by axial alignment of the worm wheel
shaft. Larger contact patterns contribute to more uniform contact stress distribution, which
can affect the uniformity and thickness of oil film. This observation also explains the
difference in pitting, as the worm wheel in WP-EP-1 experienced the most pitting while
having the smallest contact pattern among tested worm pairs. The relationship between
contact patterns, pitting, and worm pair efficiency is relatively complex. In the case of
16MnCr5-CuSn12 worm pairs, Huber [53] concluded that neither larger contact patterns
nor variation in load or pitting have an explicit or clear effect on the overall efficiency of
worm gear pairs. In addition, pitting can provide additional lubrication in the contact zone
as pits can act as oil reservoirs, resulting in pitted worm wheels having a similar efficiency
rating to non-pitted ones [13,54].
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Figure 13. Worm wheel contact patterns: (a) tested worm wheels; (b) acceptable contact patterns
according to [55].

As per Figure 13, the contact pattern established in WP-EP-2 can be considered a full
contact pattern. In general, a full contact pattern in worm pairs is avoided as it limits
the oil from entering the contact zone, promoting the onset of scuffing and, consequently,
worm gear pair failure [55]. Instead, incomplete but acceptable contact patterns primarily
positioned on the leaving side of the worm wheel tooth flank are frequently present
(Figure 13). Although the full contact pattern was established in WP-EP-2, no problems
with scuffing occurred. Moreover, the highest overall efficiency and lowest pitting were
recorded for WP-EP-2. This finding suggests that electropolishing modifies the worm
surface to provide improved or additional lubrication that can consistently and reliably
support full contact patterns in worm gear pairs.

An additional test run was carried out to study the behaviour of conventional worm
gear pair WP-2 under a full contact pattern. The results are presented in Figure 14. The test
run ended prematurely due to two periods of intense scuffing. In worm gear pairs, scuffing
occurs primarily as a consequence of improper lubricating conditions. Due to the dominant
sliding motion in the mesh, the oil is constantly scrapped off from contacting surfaces.
Therefore, an adequate amount of constant oil supply is necessary for worm gear pairs
to function properly. When a full contact pattern is established, the contact spans across
the whole worm wheel tooth flank surface, starting from entering and spreading towards
the leaving side of the flank. If a contact is established on the entering side of the worm
wheel tooth flank, the oil cannot properly supply the contact zone and the temperature in
the contact zone will rise significantly. The rise in contact temperatures in turn reduces
the oil viscosity, oil film thickness, and desorption of the lubricant from the surface. The
sudden increase in heat in the contact zone leads to the micro-welding of asperities in
contact. Finally, as surfaces leave the contact, the welded material is torn apart, promoting
the adhesive wear of contacting surfaces.
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Figure 14. Scuffing of worm pair WP-2: (a) efficiency and oil temperatures; (b) worm wheel tooth
flank wear at Ny, =2 x 10%; (c) worm wheel tooth flank wear at Ny = 1.1 x 10°.

In the example of WP-2, the first scuffing period was noticed at N =2 x 10%, while the
second was observed at N = 1.1 x 106, causing worm pair failure. The overall efficiency
was relatively high between the two scuffing periods, accompanied by high sliding wear.
The high wear rate prevented pitting formation as the material was constantly removed
from the worm wheel tooth flank. The high wear rate also sharply decreased worm wheel
tooth thickness (Figure 14b). By the end of the test, worm wheel teeth were completely worn
out and pointed (Figure 14c). Scuffing periods were characterized by low efficiency and
a high rise in oil outlet temperature. The oil outlet temperature was approximately 74 °C
in other tested worm pairs. In contrast, during two periods of severe scuffing observed in
WP-2, the oil temperature was 81 °C during the first period and almost 130 °C before the
test was aborted. These findings indicate that the operation of conventional worm gear
pairs with an established full contact pattern is not sustainable as improper lubrication
conditions can lead to the breakdown of lubrication and scuffing.

While this research focused primarily on the feasibility of surface texturing in
worm gear pairs, the question of how different surface texture parameters influence
the tribological behaviour of worm gear pairs remains open. Various surface textures
can be produced and investigated by varying electropolishing conditions regarding
overall efficiency rating and wear behaviour. The main difference and disadvantage
of surface texture produced by electropolishing is its stochastic nature and inability to
control the pit/dimple geometry and structure. On the other hand, electropolishing
is a relatively simple, fast, and affordable process compared to other common surface
texturing methods (e.g., laser surface texturing, chemical etching), especially when
application on complex geometry is considered. Therefore, comparing different textures
produced by electropolishing to optimize surface texture parameters for highly loaded
non-conformal contacts as found in gears will be of future interest.
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Furthermore, as steel worms experience little wear, there is a possibility to apply
two-step electropolishing to “recycle” steel worms. Firstly, conventional electropolishing
can be used to remove wear marks and then, in the second step, electropolishing with
altered parameters can be employed to produce surface texture. In this way, the need for
producing new worms is reduced. A potential disadvantage of this approach is the de-
graded dimensional accuracy of such worms as electropolishing removes surface material,
leading to increased clearance and backlash in worm gear pairs. Nonetheless, this proposed
approach remains open for future investigations.

4. Conclusions

In this paper, material characterization of electropolished 16MnCr5 steel was con-
ducted, followed by an investigation of the tribological behaviour of electropolished
16MnCr5 steel worms paired with bronze CuSn12 worm wheels. The focus was on as-
sessing efficiency rating, worm wheel wear, and surface topography. The results were
compared to a conventional worm gear pair with a ground 16MnCr5 steel worm. The main
results can be summarized as follows:

e  Electropolishing modifies the surface by producing surface texture and an additional
oxide surface layer. Surface texture is characterized by pits 1 to 5 um deep and 20 to
100 um in diameter with area densities from 9% to 11%.

e The formation of a softer oxide surface layer during electropolishing primarily contributes
to lower surface hardness values in electropolished 16MnCr5 steel worms. However, no
deterioration of the produced surface texture was noticed after the test runs.

e  Worm pairs employing electropolished worms showed a higher efficiency rating,
up to 5.2%, compared to conventional worm gear pairs with ground worms. This
phenomenon can be attributed to improved lubrication conditions due to surface pits
providing additional lubrication and promoting hydrodynamic pressure build-up.

e  Improved lubrication conditions can reliably support full contact patterns and prevent
scuffing in worm pairs with electropolished worms.

e  Electropolished worms result in larger worm wheel wear, which can assist in faster
running-in and better contact patterns.

This research presents the initial attempt at applying and assessing the effects of surface
texturing in worm pairs. As such, some challenges and questions regarding the presented
work remain open. As the density and geometry of the produced pits cannot be precisely
controlled, different electropolishing parameters should be investigated to achieve different
pit geometry, followed by an investigation of their tribological performance. Although the
literature explains several of the electropolishing effects investigated in this research, the
influence of electropolishing solution on surface topography and chemical composition is
not yet fully known, as mild steel is not commonly electropolished. Lastly, besides gears
and highly loaded non-conformal contacts, the application of electropolishing in conformal
contacts is not yet investigated and will be the aim of future work.
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Abstract: High-speed segmented annular seals are often subjected to friction and wear, and the
groove design on the sealing surface can effectively suppress this loss. For the purpose of improving
the sealing performance, the segmented annular seal models of three structures are established, and
the accuracy of the calculation model is verified by comparing with the previous results. Through
fluid-solid-thermal coupled analysis, the flow field characteristics, opening characteristics, and
leakage characteristics of the segmented annular seal under high working condition parameters were
studied. The results show that the setting of the shallow groove forms the hydrodynamic effect by
squeezing and hindering the flow of fluid in the clearance. The increase in rotational speed and
pressure difference can promote the increase in the opening force, while the temperature has no
significant effect on the opening of the seal. Seals with ladder-like grooves have the best opening
performance, and seals without shallow grooves are already difficult to open under conditions of
high pressure difference and large spring forces. Temperature and pressure difference are the main
factors affecting the leakage of the seal, while the influence of the rotation speed is small. When the
sealed pressure increases from 0.15 MPa to 0.4 MPa, the maximum increase in the leakage of the
seal with specific groove design is 4.657 times the original. As the temperature rises from 420 K to
620 K, the maximum decrease in the three structures is up to 22.9%. Among the seals of the three
structures, seals with ladder-like grooves have medium leakage. This research will contribute to the
improvement of research methods for the sealing performance of segmented annular rings, especially
for the evaluation of groove design and opening characteristics.

Keywords: segmented annular seal; groove design; fluid-solid-thermal coupling; opening characteristics;
leakage characteristics

1. Introduction

An aeroengine contains various rotating machine systems that have a large number of
dynamic-static contact surfaces, leading to significant leakage issues. Therefore, efficient
sealing devices are required to reduce the high-pressure fluid leakage of the engine on the
mechanical contact surfaces. It has been shown that the performance of the sealing devices
in the aeroengine has a significant impact on the efficiency of engine components and the
overall operation of the engine [1]. Meanwhile, with the rapid advancement of the aviation
industry, aircraft engines are evolving toward higher speeds, higher temperatures, and
greater pressure differentials. Consequently, the operating conditions for dynamic seals
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in high-parameter aircraft engines are becoming increasingly stringent, and traditional
sealing methods can no longer meet the requirements. As an advanced seal with excellent
performance, segmented annular seals have garnered widespread attention.

The history of segmented annular seals dates back to the 1970s when NASA [2]
invented the segmented annular seal based on the face seal. It is a type of radial seal that
has self-compensation capabilities under high working condition parameters. Through the
design of a split ring, the torque of the segments during wear is reduced, and the friction of
the segments is uniform. Compared to traditional floating ring seals, segmented annular
seals have lower leakage and higher stability [3-5]. Due to the excellent performance of the
segmented annular seals, the seals have been widely used in the main bearing chamber seal
of aeroengines. However, the friction and wear between the inner surface of the segments
and the runway have increasingly constrained the seal’s service life. To improve the sealing
performance, a segmented annular seal with shallow grooves on the inner surface was
developed [6]. This sealing device makes full use of the hydrodynamic effect, enabling
high-speed and frictionless sealing, significantly enhancing the reliability and service life
of the seals. The balance between achieving optimal sealing clearance and minimizing the
risk of rotor rubbing has become a challenge that scholars need to address.

The research methods for segmented annular seals initially focused on independent
fields and experiments. Oike et al. [7] solved the opening force and leakage rate of the
graphite seal with Rayleigh ladder-like grooves based on the incompressible fluid Reynolds
equation, and the results were verified through experiments. Arghir et al. [8] conducted a
numerical analysis to study the effects of operating parameters and geometric parameters
on seal leakage and frictional power consumption. The results indicated that the depth
of the shallow grooves is the primary factor affecting the seal’s leakage rate, while the
influence of groove length and groove width are inconspicuous. Bai et al. [9,10] studied
the hydrodynamic characteristics of shallow grooves of the segmented annular seals based
on gas lubrication theory. The finite difference method was used to analyze the influence
of operating parameters and groove geometric parameters on the gas film pressure and
leakage rate. The results showed that increasing the groove width, groove number, and
groove depth enhanced the hydrodynamic effect of the seal. Additionally, as the ratio
of groove width to groove radius increased, the dimensionless average pressure initially
increased and then decreased. Li et al. [11] studied the variation in the leakage of seals by
combining numerical calculations with experimental methods, focusing on key parameters
such as pressure, rotational speed, and the circumferential spring preload of the seal.
With the advancement of technology, the limitations of the independent field model are
becoming more and more significant, and the research based on it cannot meet the needs of
scholars. Wang et al. [12] established a model for the static and rotordynamic characteristics
based on the local differential quadrature (LDQ) method. The results show that structural
parameters of the shallow grooves are the key parameters that influence the lift force,
stiffness coefficient, and damping coefficient of segmented annular seals, while have little
influence on the leakage.

Under the action of high temperature and high pressure airflow, the segments will
undergo obvious deformation [13]. To further investigate the performance of the seal under
high parameter conditions, the multi-physics coupling model has become an effective
method. Yun et al. [14] considered the uneven distribution of spring force and performed
structure-heat coupling simulation calculations on the main components of the circumfer-
ential sealing device. The results showed that the uneven distribution of spring force leads
to an increase in clearance and leakage. Chen et al. [15] constructed a fluid—solid coupling
model whose fluid domain included the main seal between the segments and the runway.
The main mechanical parameters affecting the segments’ deformation were analyzed by
using orthogonal experimental design. Furthermore, the influence of joint shapes, joint
clearances, and the groove profile of the auxiliary seal interface on the deformation of seg-
ments were discussed. Ma et al. [16] considered the influence of the temperature field and
established numerical calculation models for the solid domain and flow field of segmented
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annular seals. By optimizing the parameters of the shallow grooves based on numerical
analysis, the seals achieve stable frictionless operation at high speed and maintain a low
leakage rate, resulting in the reduction of the temperature rise and the frictional wear of
the seal. Yan et al. [17] proposed a fluid—solid—thermal coupling model that included the
auxiliary seal between the segments and the case. The characteristics of the flow field,
temperature field, and structural field of the segment annular seals were analyzed.

In recent years, for the purpose of improving the performance of the segmented annular
seal, several studies on structural optimization design have been made. Arghir et al. [18-20]
are devoted to the development of a kind of rotor micro-textured segmented annular
seal and they have done various kinds of research. It was found that the textured rotor
can increase the leakage, while decreasing the torque and temperature. Fan et al. [21]
established a numerical model based on two-phase flow theory to analyze the flow field
characteristics and leakage performance of three types of rotor micro-textured segmented
annular seals. The results showed that the helical groove structure exhibited the best sealing
performance and hydrodynamic effect, effectively reducing the friction and wear of the
graphite segments. Ren et al. [22] designed a kind of segmented annular seal with triangular
grooves and established the numerical solution model of fluid-solid—thermal coupling.
Through the calculation under the condition of high working condition parameters, it is
found that the seal with triangular grooves has a large opening force and a small leakage,
and the sealing performance is good.

According to the summary of the literature, the current simulation study of segmented
annular seals mainly focuses on the independent field model of flow or structure. Some
progress has been made by the utilization of multi-physics coupling models, while the
established models are relatively simple. The influence of segment deformation on the
opening performance and leakage characteristics under fluid—solid—thermal coupling action
is not considered comprehensively. Meanwhile there is still room for further optimization
of the sealing structure. In this paper, various forms of fluid-solid-thermal coupling models
of the segmented annular seal are constructed, and the flow field characteristics, opening
characteristics, and leakage characteristics without grooves, with rectangular grooves, and
with ladder-like grooves under different working conditions are analyzed. Finally, the
structure with the best performance is selected. The purpose of the study is to provide a
basis for the design and optimization of segmented annular seals with a high linear speed
and large pressure difference, and lay a foundation for the improvement of the sealing
performance of aeroengines.

2. Numerical Model
2.1. Working Principle
2.1.1. Theoretical Model

A typical segmented annular seal with shallow grooves is shown in Figure 1; it is
composed of several graphite segments, a case, a circumferential spring, and axial springs.
In the radial direction, the segments are pressed by the circumferential spring against the
rotor. To prevent the radial displacement of the segments, the compressed springs press
the segments to the case. The segments are connected in turn through lap joints. There is a
certain circumferential assembly clearance between the joints to compensate for the wear
and manufacturing errors of the segments during the working process. The inner surface
of segments and the outer surface of the runway form the main seal, which is the main
leakage path of the fluid.

2.1.2. Force Analysis

The force schematic of the segments is shown in Figure 2. In the axial direction, Fys is
the axial spring force, F; is the force of the casing on a segment. In the radial direction,
Fy1 is the runway support, Fy is the dynamic pressure buoyancy, Fs is the circumferential
spring force, F, is the circumferential closing force generated by the medium, and Fy is the
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friction of the casing on a segment, where F, + F;s + F 't is known as the opening resistance,
and F, is known as the opening force.

Upstream
Pin groove

Circumferential groove

Axial groove

Shallow groove

Figure 1. Segmented annular seal with enhanced lift effects.
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Figure 2. Force schematic of a segmented annular seal.
Segments in a steady state satisfy the following relations:
Fo+Fs+Fr=F+Fn (1)

Fr = pFup @)

where y is the friction coefficient and the value is taken as 0.1 in this study.

The opening process of a segmented annular seal is shown in Figure 3. Initially, when
the rotor is at rest, the segments are pressed against the runway by the opening resistance.
The opening force increases and the runway support decreases as the rotation speed
increases. When the runway support force drops to zero, the seal opens. When the seal
clearance increases, the dynamic pressure effect is weakened, the opening force decreases,
and the seal tends to close; when the clearance decreases, the dynamic pressure effect
increases, the opening force increases, and the seal tends to open. Ultimately, a dynamic
balance of opening force and opening resistance is achieved with a steady clearance.
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Figure 3. Opening process of a segmented annular seal: (a) initial state of the seal; (b) rising state of

the seal; and (c) balance state of the seal.

2.2. Method of Analysis
2.2.1. Method of Flow Field Characteristics Analysis

In this study, the fluid in the clearance is considered as an ideal compressible gas, and
the governing equations are shown as the following equation [23]:

P U-Vp+pV-U=0
Du _

por = pef + V- (Fjeie;) )

A(E+L) u2 S A 1

= HU-V(E+T) = f-Ut+q+ 5 Atemp + 5V - (U - Fyejej)
where p is the pressure on the fluid microelement, f is the time, U is the velocity vector, p is
the density, F,'j is the component of stress tensor, e; and ej are the components unit stress, E
is the internal energy, ¢ is the generation in unit mass of fluid micro-mass, A is the Fourier
thermal conductivity, and Atyep is the temperature gradient.

The fluid in the clearance is set as Newtonian fluid, which maintains a constant

viscosity regardless of the applied shear rate, and its constitutive equation is as follows [24]:

{ Pyj = —pdij + 2u(Sij — 5 Sudij) @)
Sk = 511+ 52+ 533

where Pi]- is the component of viscous stress tensor, 51-]- is the isotropic part of stress, U is the
velocity vector, y is the viscosity, and S;; is the component of deformation rate tensor.

The state of fluid flow in the sealing clearance can be judged by the Reynolds number
obtained from the following relation [23]:

__ 2pvh
I3

Re

©)

where /1 is the thickness of seal clearance.

The Reynolds numbers of the fluids involved in this study were calculated to be small
and in accordance with the specifications for the use of laminar flow models. Due to the
high operating speed of the runway, the groove structure of the main sealing surface is
more complex, and the fluid is very prone to turbulence and vortex. Therefore, the k — ¢
model is used in this study. The k — e model takes into account the effects of a low Reynolds
number and shear flow corrections, which can better handle near-wall motions [25].

2.2.2. Method of Opening Characteristics Analysis

In order to clearly evaluate the opening characteristics of a segmented annular seal, the
study of the opening characteristics of a segmented annular seal is divided into two parts:
opening force calculation and opening speed calculation. Opening force is the numerical
expression of the dynamic pressure effect of clearance, and the opening rotation speed is
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the runway speed that makes the segments float. A segmented annular seal with excellent
performance requires a small opening resistance and a low opening rotation speed, so as to
ensure that the seal can open even at a low working rotation speed and avoid the friction
and wear of the segments.

The opening force can be calculated by the average pressure; the method is shown as
follows in Equation (6) [26]:

1 1 n
pao = 7 pAA = 2 X pil Al
Fp = Pav - S

(6)

where pg, is the average pressure acting on the inner surface of the segments and S is the
area of the inner surface.

The calculation of the opening rotation speed must first determine the clearance when
the segments are in contact with the runway. The concept of contact gas film thickness is
introduced in this paper [27,28]. For whether the two ends are in contact, the criteria are
as follows: when the minimum gas film between the two sides is greater than or equal to
the thickness of the contact gas film, it is considered that the two sides are not in contact;
otherwise, the two sides are in contact. For a contact surface as shown in Figure 4, the
definition of the contact air film thickness is related to the roughness of the sealing face,
which can be expressed as follows:

he = 3.75,/R3 + R} )

where R; and R, represent the roughness of the inner surface of the seal ring and the outer
surface of the runway, with both R; and R; taken as 0.2 pm in the study.

T

Figure 4. Contact surface of segments and runway.

The calculation method of the opening rotation speed is shown below.

1.  Establish the fluid domain model according to contact gas film thickness;

Calculate the opening resistance according to structural parameters, Equations (1) and (2);

3. Set the opening rotation speed until the opening force is slightly larger than the
opening resistance.

N

2.2.3. Method of Leakage Characteristics Analysis

The influence of segment deformation should be considered in the analysis of leakage
characteristics. The solid domain focuses on the segments and runway affected by external
forces, temperature, and rotation speed. The equilibrium state of the solid domain under
fluid pressure can be solved by the following equation [29]:

Mii+ Cit+ Ku = F ®)

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, i, i, and u
are the acceleration vector, velocity vector, and displacement vector, respectively, and F is
the load vector generated by the fluid in the clearance.
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Thermal deformation is a key factor affecting the movement of the segments, which
can be solved by Equation (9) as follows:

f=arVT )

where a7 is the coefficient of thermal expansion.

For the fluid-solid-thermal coupling interface, the stress, deformation, heat flow
density, and temperature of the solid and fluid should be satisfied when equal, and the
fluid-solid—thermal coupling control equations are as follows [17]:

dffds (10)
qf =4s
T =T,

where 7 is the normal direction of the coupling surface, 7y and 7 are the stresses on
the respective coupling surfaces of the fluid and solid domains, and dy and d; are the
deformations on the respective coupling surfaces of the fluid and solid domains.

Through the fluid—solid—thermal coupling calculation, the axial deformation of the
solid domain can be obtained. Then, the new fluid domain is constructed. Since the
hydrodynamic pressure exerted by the fluid domain on the solid domain is a variable
varying with the clearance thickness, multiple iterations are required until the deformation
of the segments converges. Finally, the leakage after convergence is extracted.

2.2.4. Fluid-Solid-Thermal Coupling Calculation Flowchart for a Segmented Annular Seal

This study starts from the fluid domain and carries out the flow field characteris-
tics analysis of the influence of structural optimization on the clearance. Then, aiming
at the opening force and opening rotation speed, the opening ability of the seal is quan-
titatively studied. At last, the leakage is calculated to represent the leakage characteris-
tics. Through the study of these three characteristics, the performance of the seal can be
analyzed comprehensively.

The flowchart of the three characteristics analysis is shown in Figure 5. By combining
Fluent software and Ansys Mechanical module, the fluid-solid-thermal coupling model
of the segmented annular seal is constructed in Ansys Workbench platform 2022R1. First,
the fluid domain of the segmented annular seal is calculated to obtain the pressure field
and temperature field; then, the flow field characteristics and opening characteristics
are analyzed. The solid domain model is established and the opening resistance of the
segments is calculated. Then, the pressure field and temperature field are used as boundary
conditions to couple with the structural field by grid interpolation. Through iterative
solutions until convergence, the calculation results of fluid—solid-thermal coupling can
be obtained.

(" start

Tuid domain modeling

Solid domain modeling
Meshing Meshing

‘ Boundary conditions setting | Boundary conditions setting ‘

1
Calculation

Pressure field
Temperature field

Calculation until the
deformation converges

Leakage

‘ characteristics ‘

Flow field Opening
characteristics characteristics

Figure 5. Fluid-solid-thermal coupling calculation flowchart for a segmented annular seal.
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2.3. Calculation Model

The principal structure of the computational domain is depicted in Figure 6, encom-
passing a solid domain and a fluid domain. The solid domain contains segments and a
runway and the fluid domain is the clearance between the segments and the runway. This
paper focuses on the flow field characteristics and leakage characteristics of the seal, so the
clearance at the lap joint is ignored.

Fluid domain

Circumferential spring
Figure 6. Construction of segmented annular seals.

Considering the operability of practical processing, the following shapes of grooves
are introduced in this study: segments without shallow grooves, segments with rectangular
grooves, and segments with ladder-like grooves. The three structures of the segments are
shown in Figure 7. For the opening rotation speed calculation, the initial seal clearance
is calculated by Equation (7), which is 1.06 um. For the other research, the initial seal
clearance is set as 3 um to monitor a seal opening. The parameters of the shallow grooves
are obtained from the literature [16] to ensure a good opening performance and to avoid a
large effect of frictional wear on the grooves. The structural parameters are listed in Table 1.

Figure 7. Structures of different segmented annular seals: (a) structure of a segmented annular seal
without grooves; (b) structure of a segmented annular seal with rectangular grooves; and (c) structure
of a segmented annular seal with ladder-like grooves.
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Table 1. Set parameter value.

Parameter Value
Rotor diameter D/(mm) 100
Segmented number 3
Step number 3
Circumferential width of axial groove L; /(mm) 1.265
Circumferential width of pad L, /(mm) 11.5
Circumferential width of shallow groove L3/(mm) 7.8
Width of shallow groove Wy /(mm) 1.5
Width of circumferential groove Wy /(mm) 1.5
Width between circumferential groove and shallow groove, W3 /(mm) 0.55
Width of shallow groove, W4 /(mm) 3
Initial seal clearance D1 /(um) 1.06, 3
Depth of axial and circumferential groove, D, /(mm) 0.6
Depth of shallow groove, D3 /(mm) 0.03

Segments, as the main sealing part studied in this paper, are made of carbon graphite.
The materials of the runway and case are structural steel. The material properties are shown
in Table 2.

Table 2. Material properties [30].

Material Properties Carbon Graphite Structural Steel
Density p/(kg/m?) 2100 7800
Modulus of elasticity E/(GPa) 14 210
Poisson’s ratio 0.25 0.3
Thermal conductivity k/(W-m~1.K) 434 900
Coefficient of thermal expansion 8/ (106 °C) 6 11

3. Grid Independence Verification and Model Verification

Taking the segmented annular seal without shallow grooves as an example, the specific
mesh division is shown in Figure 8. The fluid domain grid is divided by sweep method and
the obtained meshes are all hexahedral meshes. The inlet and outlet of the fluid film are set
as the pressure inlet and pressure outlet, and the inner surface is set as the rotating wall.
The solid domain is divided into tetrahedral meshes, whose boundary conditions are set
as follows: the rotation speed is applied to the runway and the fixed support constraint is
set on its inner surface. The spring force of the circumferential spring and the compressed
spring are equivalent to the radial force and the axial force applied to the segments. The
circumferential displacement constraint is applied equivalently at the anti-rotation pin.

Aiming at the leakage and the deformation of the segments, the grid independence
verification analysis of the fluid domain and the solid domain is carried out. As can
be seen in Figure 9a,b, the leakage begins to converge when the grid quantity of fluid
domain reaches 1.87 million. The leakage begins to converge when the grid quantity of
the solid domain reaches 1.8 million. In order to ensure the accuracy and efficiency of the
calculation, the finalized grid quantity of the fluid domain and solid domain are 2.26 million
and 2.52 million, respectively, where the error of leakage and maximum deformation is less
than 1%.

In order to verify the accuracy of the calculation method, the segmented annular seal
model and boundary conditions in reference [31] are used. According to the grid division
method and boundary condition setting method above, the solution of the sealing flow field
is carried out. As can be seen in Figure 9¢, the calculated data are in good agreement with
the literature data. The leakage deviation increases with the increase in pressure difference
and the maximum deviation of leakage is 5.54%. The results indicate that the calculation
method is feasible.
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Figure 8. Meshing of a seal without a shallow groove: (a) meshing of fluid domain of a segmented
annular seal and (b) meshing of solid domain of a segmented annular seal.
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Figure 9. Grid independence verification and accuracy verification: (a) fluid domain; (b) solid domain;
and (c) accuracy verification.

4. Results
4.1. Fluid Field Characteristics Analysis

The flow field pressure distribution of the fluid clearance directly determines the
opening force of the seal, which in turn affects the sealing performance. Therefore, this study
first investigates the effect of grooves on the fluid field characteristics of the segmented
annular seal. The corresponding parameter values are shown in Table 3.

Table 3. Condition parameters.

Parameter Value
Rotating speed 1/ (r/min) 0-2.4 x 10°
Inlet temperature T/ (K) 420-620
Sealed pressure Pj/(MPa) 0.1-0.5

Outlet pressure Py /(MPa) 0.1

4.1.1. Pressure Distribution Cloud Analysis

Figure 10 shows the pressure distribution of the fluid domain of three segmented
annular seals with an inlet pressure of 3 x 10° Pa, and outlet pressure of 1 x 10° Pa. From
the figure, it can be seen that the pressure in most areas of the flow field is consistent with
the inlet pressure setting. However, the pressure drops suddenly at the outlet, forming a
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low pressure zone. Due to the isolation effect of the lip, the development of a low pressure
zone is restrained. As a result, the low pressure zone is concentrated in the clearance at the
lap joint and less in other regions. The high pressure zone of the fluid domain is located
between two axial grooves. Taking one of the pads and grooves as a unit for analysis, the
pressure distribution is shown in Figure 11. From Figure 11a, it can be seen that the high
pressure zone A; is located at the end of the axial groove. This is because when the fluid is
driven by the runway from the axial groove, the fluid is squeezed due to the decrease in the
clearance, thus forming a slight high pressure zone. The maximum pressure is 0.322 MPa,
which is only 7.33% higher than the inlet pressure. As Figure 11b demonstrated, the high
pressure zone A; of the flow field is located at the end of the rectangular groove, and
the setting of the rectangular groove obviously enhances the hydrodynamic effect of the
fluid. The maximum pressure is increased by 15.67% compared with the inlet pressure.
It can be seen from Figure 11c that the multiple extrusions of the ladder-like groove can
further enhance the hydrodynamic pressure effect; the maximum pressure of the flow field
is increased by 22.67% up to the inlet pressure.
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Figure 10. Pressure distribution cloud of the whole fluid domain: (a) pressure distribution cloud of
a segmented annular seal without grooves; (b) pressure distribution cloud of a segmented annular
seal with rectangular grooves; and (c) pressure distribution cloud of a segmented annular seal with
ladder-like grooves.
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Figure 11. Pressure distribution cloud of a unit of the fluid domain: (a) pressure distribution of
a segmented annular seal without grooves; (b) pressure distribution of a segmented annular seal
with rectangular grooves; and (c) pressure distribution of a segmented annular seal with ladder-
like grooves.

4.1.2. Velocity Distribution Cloud Analysis

The velocity distribution within the clearance with an inlet pressure of 3 x 10° Pa and
outlet pressure of 1 x 10° Pa is given in Figure 12. The flow velocity gradually decreases in
the radial direction from the inner surface to the outer surface. Compared with Figure 12a,b,
it can be seen under the action of the rectangular grooves; the fluid flow is first concentrated
in the shallow grooves and then diverges, thereby enhancing the hydrodynamic effect of
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the fluid by squeezing and hindering the flow. From Figure 12c, the setting of ladder-like
grooves makes the fluid motion more complicated, and the squeezing effect between the
fluids is also enhanced, thus further enhancing the hydrodynamic effect of the fluid.

(b) (0

Figure 12. Velocity distribution cloud of a segmented annular seal: (a) velocity distribution cloud of
a segmented annular seal without grooves; (b) velocity distribution cloud of a segmented annular
seal with rectangular grooves; and (c) velocity distribution cloud of a segmented annular seal with
ladder-like grooves.

4.1.3. Temperature Distribution Cloud Analysis

Figure 13 shows the temperature distribution clouds of flow fields of three types
of segmented annular seals. It can be seen that the overall distribution of the flow field
temperature is relatively uniform. The temperature does not change significantly at the
shallow grooves, and the low temperature zone is only generated near the outlet and at the
lap joint. Therefore, it can be considered that the design of shallow grooves has no effect on
the temperature of the flow field.
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Figure 13. Temperature distribution cloud of a segmented annular seal: (a) temperature distribution
cloud of a segmented annular seal without grooves; (b) temperature distribution cloud of a segmented
annular seal with rectangular grooves; and (c) temperature distribution cloud of a segmented annular
seal with ladder-like grooves.

Overall, the design of the shallow grooves has a great influence on the pressure
distribution in the fluid domain of a segmented annular seal. Among the three structures,
the ladder-like grooves can effectively enhance the dynamic pressure effect and increase
the maximum pressure. In order to quantitatively analyze the effect of the shallow grooves,
the opening characteristics of the seal will be carried out.

4.2. Opening Characteristics Analysis

The opening characteristic analysis includes two parts: opening force calculation and
opening speed calculation. The opening force is the key parameter of seal opening, which
is affected by many operating parameters, and the opening rotation speed can be used to
measure the overall opening characteristics of a segmented annular seal.
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4.2.1. Effect of Operating Parameters on Opening Force

Figure 14a shows the effect of rotation speed on the opening force with a temperature
of 500 K, inlet pressure of 3 x 10° Pa, and outlet pressure of 1 x 10° Pa. From the figure, it
can be seen that the increase in rotational speed enhances the hydrodynamic effect, resulting
in the increase in the opening force. When the rotation speed is zero, the opening force
of the three types of seals is approximately equal, and as the rotation speed increases, the
difference between the opening forces of the different groove types also increases gradually.
At a speed of 18,000 r/min, the opening force of seals with rectangular grooves is increased
by 1.32% compared to seals without grooves, and the opening force of seals with ladder-like
grooves is increased by 4.6% compared to seals with rectangular grooves.
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Figure 14. Effect of different condition parameters on opening force: (a) effect of rotation speed
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on opening force; (b) effect of temperature on opening force; and (c) effect of sealed pressure on
opening force.

Figure 14b illustrates the effect of sealed pressure on the opening force with a rotation
speed of 18,000 r/min, outlet pressure of 1 X 10° Pa, and temperature of 300 K. It can
be seen that the opening force increases linearly when the inlet pressure increases. The
increase in pressure difference accelerates the fluid, which in turn allows more fluid to
enter the shallow grooves and enhances the hydrodynamic effect. At a sealed pressure of
5 x 10° Pa, the opening force of the seal with rectangular grooves increased by 2% compared
with that of the segmented annular seal without grooves, and the opening force of seals
with ladder-like grooves increased by 2.1% compared to seals with rectangular grooves.

Figure 14c demonstrates the effect of temperature on the opening force. It can be
seen that the change in temperature had no effect on the seal opening force. When the
temperature reached 620 K, the opening force of seals with rectangular grooves increased
by 1.98% compared with that of seals without grooves, and the opening force of seals with
ladder-like grooves increased by 2% compared with that of seals with rectangular grooves.
Combined with the research in 3.1.3, it is considered that the temperature does not affect
the opening characteristics of the seal.

4.2.2. Effect of Sealed Pressure and Spring Force on Opening Rotation Speed

In this section, the opening rotation speed is calculated to evaluate the opening
characteristics of a segmented annular seal. According to the previous study, the opening
force varies considerably with sealed pressure, and the spring force is directly related to the
opening resistance of the seal. Therefore, the effect of these two parameters will be studied.

Figure 15a shows the variation in opening rotation speed with the sealed pressure.
It can be seen that the opening rotation speed increases as the sealed pressure increases.
This is because both the opening force and opening resistance of the seal are affected by the
pressure of the medium. With the increase in the pressure difference, the opening force and
opening resistance of the seal increase accordingly. Due to the strong dynamic pressure
effect of the segmented annular seal with ladder-like grooves, when the pressure difference
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rises from 0 to 3 x 10° Pa, the opening speed of the seal only increases by 8600 r/min.
However, the opening rotation speed of segmented annular seal without grooves reaches
20,560 r/min, which makes it difficult to open.
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Figure 15. Effect of different parameters on opening rotation speed: (a) effect of sealed pressure on

opening rotation speed and (b) effect of circumferential spring force on opening rotation speed.

Figure 15b illustrates the variation in opening rotation speed with the circumferential
spring force. Due to the spring force directly affecting the opening resistance of the seal, the
opening rotation speed increases as the spring force increases. The opening rotation speed
of the seal with rectangular grooves and with ladder-like grooves stays under 15,000 r/min;
when the circumferential spring force reaches t45 N, the opening rotation speed of the
seal with rectangular grooves increases by 8.8% compared to the seal with ladder-like
grooves. Meanwhile the opening rotation speed of the seal without shallow grooves
reaches 19,900 r/min, which makes it difficult to open.

4.3. Leakage Characteristics Analysis

According to the previous study, segmented annular seals with shallow grooves have
a larger opening force and increase the clearance, which is an important parameter in
leakage characteristics. In this section, the fluid—solid-thermal coupling method is used
to solve the sealing clearance and calculate the leakage. In order to make the seal easy to
open and the deformation of the segment more obvious, the circumferential spring force is
set to 7.5 N.

The deformation of three kinds of segments is shown in Figure 16. It can be seen that
the deformation of the lap joint area of the segment is the largest and the deformation of the
middle area is the smallest. According to the research in Section 4.1.1, there is a low pressure
zone in the fluid domain below the lap joint, and the large pressure difference on both sides
of the lap joint promotes its deformation. Due to the discontinuous characteristics of the
joint interface, there exists a deformation difference of 2.4% at the lap joints on two sides
of the segments. The total deformation of the three kinds of segments is almost the same,
and the differences are not more than 1%. Then, the influence of the radial variation in the
segments and the runway is considered to solve and analyze the leakage.

Figure 17a shows the effect of rotation speed on the leakage of a segmented annular
seal. It can be seen that the leakage decreases slowly with the increase in rotational speed.
This is because the sheer force of the runway to the sealed fluid increases when the rotation
speed increases, which makes the fluid vortex phenomenon more intense and hinders the
leakage of the fluid along the sealing clearance. Among the three structures, the leakage of
a segmented annular seal with ladder-like grooves decreases the fastest with the rotation
speed. When the speed reaches 18,000 r/min, the leakage of the seal with ladder-like
grooves increases by 4.21% relative to the seal without grooves, and the leakage of the seal
with rectangular grooves increases by 3.40% relative to seals with ladder-like grooves.

59



Lubricants 2024, 12, 407

Deformation(mm)
0.0528

00465 gy SN
0.0411

0.0352

0.0293

0.0235

0.0176

0.0117

0.0059

0

@)

Deformation(mm)

== 0.0529 e

0.0470
0.0411
0.0353
0.0294
0.0235
0.0176
0.0118
0.0059
0

Detormation(mm)

0.0529
0.0470
0.0412
0.0353
0.0294
0.0235
0.0176

4
<

(©)

Figure 16. Deformation of three kinds of segments: (a) deformation of a segment without grooves;
(b) deformation of a segment with rectangular grooves; and (c) deformation of a segment with
ladder-like grooves.

0.00180 0.0022 0.0030

—=— Without grooves = Without grooves = Without grooves
@ Rectangular grooves © Rectangular grooves 0.0027 |- ©  Rectangular grooves|
r-li —4— Ladder-like grooves —4— Ladder-like grooves
ooours - 4 Ladder-like grooves 00020 - g oo gr
. - 1
L6 * . . * . & <
— —~ ~ 00021 |- e
2000170 |- Gooos - m T < o
< 1 < - < £ 0.0018 - -
% AL 1 ) » b3 T 2
E . 2 ~ e £ 00015 |- Z
3 0.00165 |- S 0.0016 |- - S S =
3 3 - . 3 |
. 0.0012 |- %
e :
- . A V%
0.00160 - = = s . 0.0014 | - 0.0009
0.0006 |-
0.00155 L L 1 | 1 | | ] |
6000 9000 12000 15000 18000 21000 24000 27000 0012 - 0 P ony oy o5 %
Rotation speed(r/min) Temperature (K) Sealed pressure (MPa)
(a) (b) ()

Figure 17. Effect of different condition parameters on leakage: (a) effect of rotation speed on leakage;
(b) effect of temperature on leakage; and (c) effect of sealed pressure on leakage.

Figure 17b illustrates the effect of temperature on the leakage of a segmented annular
seal. It can be seen that, with the increase in temperature, the leakage of seals with
three kinds of shallow groove structure decreases. This is because with the increase
in temperature, the viscosity of the fluid increases and the flow rate decreases. As the
temperature rises from 420 K to 620 K, the maximum decrease in the three structures is up
t0 22.9%. At all temperatures, a segmented annular seal with rectangular grooves has the
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highest leakage. When the temperature reaches 620 K, the leakage of a seal with rectangular
grooves increases by 4.62% relative to a seal without grooves, and the leakage of a seal with
ladder-like grooves increases by 3.20% relative to seals with rectangular grooves.

Figure 17c demonstrates the effect of sealed pressure on the leakage of a segmented
annular seal. Fluid flow is affected by pressure difference and always flows from high-
pressure areas to low-pressure areas. As the pressure difference increases, the fluid flow is
accelerated and the leakage increases significantly. The maximum increase in the leakage
of the seal with a specific groove design is 4.657 times that of the original as the sealed
pressure increases from 0.15 MPa to 0.4 MPa. When the pressure reaches 0.4 MPa, seals
with rectangular grooves had increased leakage by 3.92% relative to seals without grooves,
and seals with ladder-like grooves had increased leakage by 2.81% relative to seals with
rectangular grooves.

It can be seen from Figure 17 that sealed pressure is the biggest influencing factor of
seal leakage, while the influence of rotation speed is small. The seal without grooves has
the lowest leakage and the seal with rectangular grooves has the highest leakage; the seal
with ladder-like grooves can maintain medium leakage under the premise of good opening
performance, which is proven to have good sealing performance.

5. Conclusions

This paper presented the sealing performance of three types of segmented annular
seals, a fluid-solid—-thermal coupling model is established to obtain the flow field charac-
teristics, opening characteristics, and leakage characteristics of segmented annular seals.
The effects of different shallow grooves and the condition parameters on the performance
of segmented annular seals are systematically presented and discussed. Proper groove
design can play a role in optimizing the opening performance of segmented annular seals
by enhancing the opening force. However, better opening performance will also lead to
larger leakage. The selection of the three types of seals can be determined according to the
actual use requirements. The key conclusions are summarized as follows:

(1) The setting of shallow grooves can effectively enhance the hydrodynamic effect by
squeezing the fluid, and the enhancement effect of the ladder-like grooves is more
significant than that of the rectangular grooves. However, the change in the groove
type has little effect on the fluid temperature field.

(2)  For the seals with arbitrarily shaped shallow grooves in this paper, the sealed pressure
has the most significant influence on the opening force of the seal; the greater the
sealed pressure, the greater the opening force. The increase in rotational speed will
also promote the opening force. However, the temperature has no obvious effect on
the opening force.

(3) Both the increase in the leakage pressure and the increase in the circumferential spring
force will lead to an increase in the opening speed. Under the conditions of a high
speed and a large spring force, the opening rotation speed of the seal without shallow
grooves reaches around 20,000 r/min, which makes it difficult to open.

(4) The total deformation of the segment increases gradually from the middle to the lap
joint, while the shallow groove design has little effect on the total deformation.

(5) An increase in the sealed pressure will lead to an increase in the leakage. When
the sealed pressure increases from 0.15 MPa to 0.4 MPa, the maximum increase in
the leakage of the seal with specific groove design is 4.657 times that of the orig-
inal. Nevertheless, the leakage decreases with the increase in temperature and
rotation speed.

(6) Among the seals with three groove structures, the seal with ladder-like grooves has
the best opening performance and is easy to open and maintain a frictionless seal
under high parameter conditions. Compared to the seal without shallow grooves, the
leakage of the seal with ladder-like grooves has only a small increase.

These results highlight the excellent sealing performance of seals with specific shallow
grooves, and provide a method to analyze the sealing performance of segmented annular
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seals and an idea of structural optimization design. In order to further study and apply
the segmented annular seals, there are two goals for future work: the establishment of
more complex models and structural optimization design. In the establishment of the
model, the influence of variable spring force can be considered to study the deformation
and displacement of the segments under complex stress conditions. Meanwhile, fluid shear
heat and friction heat need to be considered to comprehensively analyze the temperature
field of the segments. In terms of structural optimization design, more grooves with
excellent performance should be discovered on the basis of this study.
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Abstract: The tribological phenomena concerning the lubrication regime change (LRC) during bulk
metal forming are comprehensively studied. A multi-step cold forward extrusion process shows the
evolution of LRC and reveals the shortcomings of the traditional Coulomb friction law. The previous
works of the specific author’s research group on friction are reviewed, focusing on the LRC during
bulk metal forming. Various LRC phenomena from various examples are revealed. It has been found
that the drawing and forward extrusion processes are vulnerable to LRC because of significant sliding
motion at the material-die interface, and that when the strain hardening of the material is slight,
the influence of friction increases, and as a result, the influence of LRC increases excessively. The
new findings also include the impact of LRC on the macroscopic phenomena of the process and the
reason for the sharp increase in friction coefficient via LRC, which is validated by the work of Wilson.
This paper aims to make engineers and researchers think much of the tribology with lubricant in
bulk metal forming with a focus on the dependence of tribological phenomena on the state of the
lubricants and the irrationality of traditional friction law, especially in the forging of materials with a
low strain hardening capability.

Keywords: lubrication regime change; variable friction coefficient; forward extrusion; forging;
drawing; adhesive wear

1. Introduction

Process development is a critical element in the forging industry [1-7]. The success of
forging process development depends on price and quality competitiveness. Even three
decades ago, many trial and errors were indispensable in developing a forging process that
satisfied these comprehensive requirements. Currently, forging simulators are leading the
development of the metal forming industry in the direction that eliminates trial production
through high accuracy. Even ten years ago, calculation time was the most critical factor in
evaluating a forging simulator [8,9].

However, the importance of simulation accuracy is still growing year after year [10].
Factors affecting the analysis results include the material model, numerical model of the
process, mesh quality, material properties represented by flow characteristics, tribological
characteristics, etc. Among them, flow behaviors [11-17] and tribological characteris-
tics [18-32] are the actual issues from the application researcher’s viewpoint since, from a
macroscopic perspective, bulk metal forming is a fierce battle between the flow characteris-
tics of the material and friction characteristics at the material-die interface.

During the recent two decades, flow characterization technology has steadily im-
proved with the development of materials testing equipment and the advancements in the
combined experiment and finite element (FE) method (FEM) approach to characterizing
the flow behavior of metallic materials. On the other hand, research on friction in metal
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forming is limited compared to its importance. The problem of friction in steel forging has
not been greatly highlighted. The forging of forgeable steel is relatively easy compared to
the forging of non-ferrous materials. This is due to the excellent strain hardening character-
istics of forgeable steels. Forgeable steel has a relatively high elongation, and thus, its strain
hardening is high. Materials with high elongation and strain hardening capability tend to
spread plastic deformation widely. For this reason, the dominance of flow characteristics in
steel forging is clear.

On the contrary, in the case of materials with a low strain hardening capability, like
aluminum alloys, the influence of flow behaviors on the macroscopic phenomena of the
process is somewhat reduced, but the impact of friction dramatically increases. The low
strain hardening of the material induces friction, affecting much of the plastic deformation
of the material. This feature also appears in the hot forging of aluminum alloys [33]. As
a result, from the perspective of a forging engineer accustomed to steel with an apparent
strain hardening capability, the friction during the forging of low strain hardening material
like aluminum alloys is a big issue. This also governs the die wear and material’s surface
roughness [34-39].

Even though four and a half decades ago, Wilson [40] cynically criticized the Coulomb
friction law with constant friction coefficient in bulk metal forming, the literature survey
shows that many researchers employed the constant shear friction law. Wilson conducted a
pioneering study on the LRC during bulk metal forming, starting from a thick film lubri-
cation regime towards a boundary lubrication regime via thin film and mixed lubrication
regimes. Wilson emphasized that the constant shear friction can describe only the thick
film lubrication regime that may seldom occur during bulk metal forming. He calculated
the friction coefficient by linearly interpolating the friction coefficients in the thick film and
boundary lubrication regimes.

The need for research on friction during metal forming is increasing due to the ongoing
need for forging various metals such as aluminum and magnesium alloys, as well as the
need for scientific forging process development in accordance with net-zero requirements.
A few studies that meet the current demands have been conducted on the non-constant
friction coefficient during sheet metal forming. Westeneng [41] presented a new contact
model for dealing with the friction of a boundary layer in the deep drawing processes
depending on its chemical structure, thickness, pressure, temperature, and sliding speed.
Berthier [42] presented that more than one velocity accommodation mechanism between
two rubbing surfaces can exist at once and that mechanisms can vary depending on the
contact and time. Hol et al. [43] presented the physically based friction model to account
for the change in surface topography and the development of friction in the boundary
lubrication regime during sheet metal forming. They revealed that the friction coefficients
vary in space and time and depend on local process conditions, such as the material’s
nominal contact pressure and plastic strain. Shisode et al. [44] combined the flattening and
asperity ploughing models to present a new multi-scale boundary friction model for deep
drawing processes. They determined the friction coefficient at each node based on the die
contact surface, nodal contact pressure, and nodal equivalent strain.

In bulk metal forming, especially forging, the contact surface undergoes a significant
LRC. In the cold forging of steel, the surface of most materials is coated with a lubricant.
The lubricant coating can also be used in the hot forging of aluminum alloys [33]. The state
of lubrication changes rapidly depending on the state of the coated lubricant film, that
is, the degree of damage to the coated surface. Suppose the coating remains intact in the
thick film lubrication regime. In that case, the frictional stress is bound to be very small
(for example, friction coefficient: 0.016 [40]) because it blocks direct contact between the
material and the die. Direct contact between the material and die causes micro-bonding,
fracture, separation of asperities, and the creation of debris, increasing frictional stress and
generating friction heat, ultimately accelerating adhesive wear [45]. This creates a vicious
cycle. The friction phenomenon is then greatly affected by the degree of the destruction of
the coated lubricant film, especially in forging. Therefore, friction is not simply expressed
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by pressure and a constant friction coefficient. Recent experimental and analytical research
results [33,46,47] have revealed that friction is significantly affected at least by the condition
of the friction surface, that is, whether the lubricant film is damaged. It should be noted
that, as Wilson [40] presented, the Coulomb friction law with a constant friction coefficient
is helpful in predicting metal flow only in the boundary lubrication regime, like in the hot
forging of steel.

In this study, by synthesizing the lubrication phenomena during bulk metal forming
identified previously through experimental and numerical methods, we examine the
dependence of friction on the state of the contact surface in bulk metal forming, including
multi-step cold forward extrusion, hot forging of an aluminum piston, automatic multistage
cold forging (AMSCF) of an aluminum yoke, and round-to-half circle drawing. The multi-
step cold forward extrusion process is newly designed to emphasize and visualize the
LRC phenomenon. The other examples are reviewed focusing on the LRC. Based on
the various LRC phenomena, the inadequacy of the constant shear friction law and the
traditional Coulomb friction law with a constant friction coefficient is emphasized. The
forging simulator used in this study is AFDEX, an APA (Altair Partner Alliance) SW [10].

2. Problems and Countermeasures of Traditional Friction Laws

As shown in Figure 1, the frictional stress 0y defined at the material-die contact surface
is in a functional relationship with the normal stress 03, and acts in the illustrated direction
to prevent relative motion between the two objects. For this functional relationship, the
Coulomb and constant shear friction laws are widely used in metal forming mechanics [19].
Hybrid friction is a combination of two friction laws, which follow the Coulomb friction
law at low friction (with a constant friction coefficient y) and the constant shear friction
law at high friction (with an increased friction factor m' defined in Figure 1).

0;

Coulomb

P

Hybrid
’
m'k

mk

Constant shear

U

Figure 1. Traditional laws of friction.

Ring compression tests often come up when discussing the Coulomb friction law
(with friction coefficient) or constant shear friction (with friction factor). Although ring
compression tests help understand friction, they do not always provide a reasonable basis
for evaluating it. The results of tracking the height of the ring specimen and the change in
its inner diameter, that is, the experimental friction calibration curves, imply the friction
characteristics. The friction calibration curves of the Coulomb and constant shear friction
laws are similar, and equivalent values can be assumed to exist. Based on this fact, many
researchers believe that the two friction laws are equivalent. However, this is generally
not true. The change in normal stress at the contact surface in the ring compression test is
relatively small compared to that in the forging. Therefore, even if the Coulomb friction
law is used, the frictional stress does not significantly differ depending on the location.
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Thus, the two friction calibration curves should be similar to each other. Contrarily, the
friction state of the contact surface during forging can be significantly different from time
to time and from position to position [40]. The Coulomb friction law or its variant is thus
better than the constant shear friction law. Notably, the functional relationship between
frictional and normal stresses is significant, especially when studying wear.

Assuming that there is a linear relationship between the normal and frictional stresses
at the contact surface, the Coulomb friction law is expressed by the following equation:

0y = —HUng(U[—Ef) (1)

where the function g(v; — 7¢) reflects the effect of the relative velocity v; — 7 on frictional
stress 0}, and the following function is widely used:

1 (ve —70)

gvi—vy) = ~Ztan @
T
where 4 is a positive constant that is small compared to |V¢|.

In the sticking contact surface belonging to the plastic region, the shear stress must
satisfy not only the equation of equilibrium, but also the yield criterion. On the other hand,
the frictional stress acting on the contact surface where slipping occurs in the plastic region
must satisfy not only the equation of equilibrium and yield criterion, but also the friction
law. Since the Coulomb friction law in Equation (1) also deals with sticking conditions,
there is no mathematical problem in expressing all types of contact stresses, including
the frictional stress in the sliding contact surface and the tangential stress in a sticking
region. As a result, Equation (2) effectively keeps the frictional stress from being greater
than k when the Coulomb friction law is used. If |0}, | exceeds k, then |v; — V| should be
small enough to meet the yield criterion. Thus, sticking should occur in the extreme case
that |0y | is sufficiently large. What should be noted here is that the tangential stress in a
sticking condition generally does not reach the yield stress in pure shear (k) [19].

The traditional Coulomb friction law, which considers the friction coefficient as a
constant, also poses some problems in metal forming. First, there is a fundamental problem
regarding the simple linearity of normal and frictional stresses. Second, the lubrication
regime changes at the contact surface due to the extreme tribological states during metal
forming being inevitable. Therefore, the friction coefficient is bound to change during
metal forming.

Wilson and Cazeault’s work [48] found that the friction coefficient during a wax-
lubricated strip drawing was almost zero in the thick film lubrication regime. In contrast, it
increased to around 0.16 in the boundary lubrication regime. The friction coefficient varied
drastically with the die angle in the strip drawing, especially around the die semi-angle
ranging from 15 °C to 20 °C, implying that the lubrication regime change caused a drastic
change in the tribological condition of friction and die wear. This fact emphasizes that the
friction coefficient is the function of not only a material, die, and lubricant property, but also
the process geometry and sliding speed [40]. Notably, the latter governs the mechanical and
tribological state of the lubricant, which is concerned with the lubrication regime change.

To solve the problem of the traditional Coulomb friction law described above,
Lee et al. [33] formulated the friction coefficient in Equation (1) as a function of state
variables such as pressure, surface strain of the material, and temperature. To improve
practicality, a separable variable function consisting of the influence of each state variable,
that is, the weight, was used, as shown in the following equation:

p# = poWe(e)Wr(T)Wp(P) ®3)

where ji is a friction constant and Wg(e), Wr(T), and Wp(P) are weighting functions
of surface strain, temperature, and pressure, respectively. Each weighting function was
defined as a piecewise linear function. For example, Figure 2 shows a piecewise linear
function of Wg(e).
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Figure 2. Definition of design variables and initial guess.

3. Evidence of LRC and Its Effect on the Processes and Products
3.1. Case 1: Cold Forward Extrusion of Pure Aluminum Using Step Die

The multi-step forward cold extrusion with poor-lubricated surface, defined in
Figure 3, is a typical example where a friction coefficient linked to the state of the contact
surface must be used. When a constant friction coefficient over a value is used for the multi-
step cold forward extrusion process with a moderate reduction of area, plastic deformation
near the skin at the inlet container may occur when the lubricant film on the surface is thin.
Joun et al. [19] solved this problem by using a varying friction coefficient. The previous
method of imposing the friction coefficient on the specific area or region is impractical.

925 Fillet radius = 1.5 mm

-

4 (
b

T

Figure 3. Multi-step forward cold extrusion process.

The friction force inevitably generated from the exit side increases the material’s
hydrostatic pressure, leading to the increase in contact pressure at the material-die interface
inside the container. Notably, it causes a vicious cycle of increased friction and extreme
plastic deformation in the case of a significant friction coefficient. This phenomenon
differs from plastic deformation in the inlet container, even though the friction at the exit
is so substantial that burnt skin can be observed in the actual process. However, this
phenomenon has nothing to do with the fundamental problem of the Coulomb friction law.
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To visualize this phenomenon, a simulation was conducted for the multi-step cold forward
extrusion process using the elastoplastic finite element method. The analysis information is
as follows:

- Flow stress of the material: ¢ = 50.3(1 + 208)026 MPa;

- Young’s modulus of the material: 90,000; Poisson’s ratio: 0.3;

- Rigid dies;

- Ram’s speed: 1 mm/s;

- Frictions:
Case (1) Constant friction coefficient y = 0.1;
Case (2) Surface strain-dependent friction coefficient defined by the piecewise linear
function of the following vertices:

(e, 1) : (0, 0.01); (0.3, 0.03); (0.5, 0.05); (1.0, 0.1); (2.0, 0.2)

The initial finite element mesh system with 5500 uniform quadrilaterals (each quadri-
lateral size: 0.24 (x-direction) x 0.43 (y-direction) mm) was employed. The remeshing
function was turned off to accurately monitor the skin-shearing occurring in Case (1) di-
rectly from the FE mesh system. The upper material’s effective strain and grid distortion at
the final stroke are shown in Figure 4. The maximum strain reached 1.8, implying that the
friction coefficient increased to over 0.18 in the third step near the exit. It was found that
the upper material in Case (1) started to be plastically deformed when the leading edge of
the material touched the third step, causing the skin-shearing of the upper material. On the
contrary, the upper material in Case (2) maintained rigid-body translation throughout the
process even though the maximum friction coefficient exceeded 0.18 in the third step.

Effective strain

Metal flow lines Metal flow lines

(a) (b)
Figure 4. Effective strain of a multi-step cold forward extrusion process. (a) Fixed friction coefficient
(Case (1)). (b) Variable friction coefficient (Case (2)).

It is empirically known that the lubricated film coated on the material does not suffer
much damage within the container during the cold forward extrusion process. Experiments
suggest that the material’s surface at the third step should be severely damaged and
scratched even though the upper material inside the container experiences no distinct
plastic deformation. Because the contact surface with the undamaged lubricated film
maintains low friction, the frictional stress does not cause a high enough pressure to cause
plastic deformation at the inlet container. On the other hand, damage to the lubricated
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film on the exit side can be crucial due to a considerable frictional stress and excessive
heat. This tribological phenomenon implies that the LRC occurs with a moderate area
reduction during the multi-step cold forward extrusion. Therefore, the friction coefficient at
the exit should be significant while that at the entry should be low, and the varying friction
coefficient with the contact surface state is thus essential.

By simply expressing the damage to the lubricant as a function of surface strain, the
method used in Case (2) solved the excessive friction problem of the Coulomb friction
law. This tribological phenomenon can occur in the actual processes even though the
material in the inlet side remains in the dead metal zone during the entire extrusion. This
case emphasizes that the magnitude of the friction coefficient must change as the state
of the contact surface changes to reflect the phenomenon of LRC. It is this example that
demonstrates the LRC phenomenon step by step and highlights the importance of the
friction model.

This example is very useful in explaining LRC because the effective strain occurring at
all contact surfaces is directly related to the deterioration of the lubricant. In actual forging,
significant strain may occur on the surface without contact with the die. In this case, it may
be unrealistic to treat the friction coefficient as a function of the surface strain itself because
the strain does not accelerate the deterioration of the lubricant. Quantification of the degree
of lubricant degradation at the contact surface is thus important.

3.2. Case 2: Critical Surface Strain in Hot Forging of Aluminum Alloy Piston

Lee et al. [33] conducted a non-isothermal FE analysis of a hot forging process of an
A4032 alloy piston. The surface of the material was well-lubricated by a solid graphite film.
The flow function obtained from compression tests was evaluated in the previous study,
revealing that the maximum error of this flow function was 1.43%. It is accurate enough for
us to focus on friction.

Figure 5 compares the experiments and FE predictions of aluminum piston hot forging
for an assumed constant friction coefficient of 0.2. As shown in Figure 5a, the experiments
of aluminum piston hot forging showed that the bottom of the material was deformed to
be convex. Still, the rigid-thermoviscoplastic FEM predicted a concave shape, as shown in
Figure 5b. Lee et al. conducted FE analyses of the process using various commercial soft-
ware and various traditional friction laws with various constant friction coefficients [33] and
friction factors [49]. It was concluded that the FE predictions obtained by the continuous
friction conditions cannot express the actual situation.

As can be seen in Figure 5a, the lubricant in the regions with large effective strains was
significantly damaged. In contrast, the lubricant film on the lateral side does not appear
significantly damaged, implying that the LRC from a thick film to boundary lubrication
schemes occurred in the regions where the material surface’s color became bright. The
friction coefficient should thus change from position to position depending on the damage
of the lubricant. A scientific approach to damage to the lubricant film is needed. The
friction coefficient can thus be thought of as a function of state variables such as pressure at
the contact surface, temperature [47], strain and strain rate, and relative speed of material
to die.

However, this was assumed to be dependent on the strain of the material at the surface,
which is called surface strain, since the surface strain of the material may represent the
degree of damage to the lubricant. The effective strain of the material at each location is
different, as can be seen in Figure 5b, where the pattern of effective strain distribution
resembles the color of the scratched surface. Considering this, Lee et al. set the friction
coefficient at 0.1 Wg(e).

Lee et al. used an optimization function of HyperStudy [50] to find the optimized
weighting function W(¢) in terms of deformed shape along with the initial guess shown
in Figure 2. The results of the optimized friction coefficient function, 0.1WE (¢), are shown
in Figure 6. These results highlight that the friction coefficient changes rapidly when the
surface strain reaches around 1.5, called critical surface strain [33]. This implies that the
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changed color of the material’s surface represents the degree of lubricant damage and the
evidence of the LRC.

| 86.42 mm

54.56 mm

(a)
Effective strain e

(mm/mm) 0 1 2 3 4 .

(b)

Figure 5. Comparison of the experiments and FE predictions of the aluminum piston hot forging
process. (a) Experiments. (b) Predictions (Effective strain).
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Figure 6. Optimized friction coefficient function.

With the variable friction coefficient expressed as this weighting function, a deformed

shape similar to the experiment was predicted, as shown in Figure 7. This example
is sufficient to dramatically demonstrate the LRC represented by the deterioration of
lubricants and its effects on friction during hot forging. This can occur in the forging of

materials with a low strain hardening capability when the material flows through narrow
die gaps.
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Figure 7. Comparison of the experiment and the prediction obtained using the variable friction

coefficient.

It should be emphasized that the FE predictions obtained with the optimized friction
condition show a smoother strain distribution than those of the constant friction, as shown
in Figure 7. This phenomenon may mean that the lubricant itself has the tendency to spread
deterioration to its neighbors to the extent possible.

3.3. Case 3: Sudden LRC in the Automatic Multistage Cold Forging of Aluminum Alloy Yoke

Figure 8 describes a part of the AMSCF [46] of an aluminum (Al6082-T6) steering
yoke for passenger cars and its fifth stage’s design. As shown in Figure 8a, the punch
was offset approximately 0.2 mm from the center of the process. As a result, as shown in
Figure 8b, it created an ear height difference of 2.2 mm. A hundred test specimens, which
were sawn from an aluminum alloy rod, fabricated for forging but uncoated, were forged
by the AMSCF machine in a forming oil environment. All the test forgings exhibited almost
the same macroscopic configuration except the first 30 trials. Because the metal forming
occurred in the very complex working conditions of the AMSCEF, no information about
friction could be scientifically obtained using conventional methods. Hamid et al. [46]
numerically found the frictional conditions that caused this difference in the ear height.

Hamid et al. [46] characterized the material’s flow behavior, and its validity was
evaluated by comparing the FE predictions of the compression tests with their experi-
ments in terms of the compression force—stroke curve. It was confirmed that the average
error was within 1.9%, implying that the friction can be decoupled from the process-
dominant flow behaviors of the material. However, using various constant friction condi-
tions (4 = 0.03 «~ 0.5), they could not obtain the results that satisfied the experimentally
measured difference in the ear height of 2.2 mm, as shown in Figure 8b. With a constant
coefficient of friction, the maximum predictable ear height difference was 0.6 mm, which is
very small compared to the experimental value. Notably, other than LRC, there is no way
to explain this result.

Meanwhile, Hamid et al. assumed the friction coefficient to be a function of the surface
strain of the material at the contact surface, as shown in Figure 9. They conducted FE
analyses for various friction coefficient functions using the rigid-thermoviscoplastic FEM.
The number of tetrahedrons ranged from 99,000 to 101,000 and around 320 remeshings
were conducted. As shown in Figure 9, a difference in ear height similar to the experimental
result was predicted only in the case that a jump in the friction coefficient occurred at the
critical surface strain of 1.75. Interestingly, the larger the slope of the function, the closer
the predicted result was to the experimental value. It was confirmed that the optimal value
of the critical surface strain was 1.75, at which the LRC [40] occurred.
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Figure 8. Unbalanced ears occurred during pilot production of the AMSCF of an aluminum yoke.
(a) Process and product. (b) Detailed view of the head part. (c) FE-predicted evolution of the metal
flow lines at Stage 5.
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Hamid et al. explained this as a tribological shifting phenomenon. As the temperature
rose, the viscosity of the forming oil for the AMSCF decreased. As the voids in the contact
surface decreased due to high pressure and severe shear deformation, the lubricating
forming oil suddenly lost its function or escaped from the contact surface. It caused the
fluid lubrication-induced LRC, resulting in a rapid increase in friction. The ear height
difference, owing mainly to the extraordinary lubrication phenomenon of tribological
LRC, was believed to appear when the strain hardening of the material was slight. The
temperature softening is extreme, and it occurs when the temperature, surface strain, and
pressure conditions at the contact surface reach critical values. It is concluded that the
tribological shifting phenomenon was owing to a drastic LRC, the reasons of which are
mechanically and tribologically mixed by the deformation and temperature of the material
and lubricant.

This example is also sufficient to highlight the dependence of friction on state variables,
which can be explained as the effect of the LRC on friction even though the tribology in the
AMSCEF process is extremely complicated.

In this process, the final shape is determined by very complex macroscopic phenom-
ena [46]. What is observed from the analysis results is that the greater the jump in friction
coefficient at a specific strain, the closer the predicted results are to the experimental value.
In addition, at the same time as LRC, all state variables such as hydrostatic pressure, effec-
tive stress, and effective strain rate and the increase rate of forming load change rapidly.
Considering the influence of the friction coefficient especially at the critical surface strain, it
can be argued that the LRC leads this change in macroscopic responses.

3.4. Case 4 Skin-Shearing Phenomenon in the Round-to-Half-Circle Drawing Process of SUS 304

Heo et al. [47] studied the skin-shearing phenomenon shown in Figure 10 that occurred
during the round-to-half circle drawing process of SUS 304. The shape drawing process
uses the grease containing the additives as a lubricant, and thus, considerable friction
cannot occur at room temperature because its normal stress at the contact surface is smaller
than that in the cold forward forging of Section 3.1, for example. However, the lubricating
effect of the grease may rapidly be lost as the temperature of the contact surface rises due
to friction heat.
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Figure 10. Friction coefficient-temperature curves, assumed.
This problem is a chronic feature of the drawing process in which the relative motion
between the material and the die is extreme. When high pressure is applied in a specific

part of the die, excessive generation of friction heat centered on this part can dominate
the process and product quality of the drawing process. Therefore, temperature is impor-
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tant in terms of friction. Of course, an increase in temperature destroys the lubrication,
which causes a change from the thick or thin film lubrication regime to the boundary
lubrication regime and promotes die wear due to high heat and relative material-die
movement, leading to increased friction. In any case, temperature is an important factor
that affects friction and wear in drawing and can represent a state variable related to the
lubrication phenomenon.

In the numerical study of Heo et al., a temperature-dependent friction coefficient was
thus used, as shown in Figure 11. However, the hybrid friction model was used, following
the Coulomb friction law. Still, the maximum shear stress was regulated not to exceed 95%
of the pure shear yield stress. The flow stress of the material used is the result of previous
research [51], and the maximum error was 7.7% in the range of test temperature and strain
rate. It is of sufficient accuracy for macroscopic research purposes.

Drawn Free surface
during drawing

material ) )
Tiny folding
along the bar

(a)

; -

- 135 ™ Skin-

shearing

(b)
Figure 11. Experimental and FE-predicted folding defect owing to skin-shearing. (a) Experimental
folding defect. (b) FE-predicted skin-shearing using TWF3 in Figure 10.

Heo et al. used the combined steady-state flow and unsteady-state temperature
method to reveal the local heating generated by friction in the drawing process, that is, the
friction heat ball phenomenon [47]. Due to this friction heat ball, a part of the die is heated
in a vicious cycle of heat generation and increased friction. Eventually, the friction heat ball
heats the material locally, resulting in a LRC and rapid temperature softening of the surface.
It ultimately led to the phenomenon of skin-shearing during drawing. Note that before
the skin-shearing phenomenon, the LRC continuously occurred during the shape drawing
because of the vicious cycle, which brought out the steady increase in die temperature.
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Heo et al. conducted FE analyses under various frictional conditions, including TWF1,
TWF2, and TWES3, defined in Figure 10. Special mesh systems which were extremely refined
in the contact interface were employed. The superfine tetrahedrons with edge lengths less
than 0.02 mm were purposely generated near the burr-like defect and skin-shearing region.
Figure 11 compares the experiments and the FE predictions of TWF3, showing an excellent
qualitative agreement with each other. As shown in Figure 11, the TWEF3 predicted the
skin-shearing phenomenon, which is quite peculiar. The possibility of this phenomenon
occurring was discovered in the FE predictions of TWF2, but TWF1 did not even predict
the possibility of skin-shearing occurring. It means that high friction causes scratches and
the wear of the die as the lubricant does not play its role due to the high temperature in the
friction heat ball area, resulting in the deterioration of the boundary lubrication regime and
an extreme increase in the coefficient of friction. The validity of the high friction coefficient
was confirmed because the lubricant experimentally flowed like water at the outlet, and
smoke was generated due to frictional heat.

Heo et al. showed that the size of the FE-predicted defect tended to increase as the
tetrahedral element edge length at the edge and plate area where the defect was created
became smaller. In other words, it was confirmed that the FE predictions converged with
the experiments.

Although this case concerns a shape drawing process, which is an extreme metal
forming process in terms of friction, it is sufficient to highlight the influence of LRCs that
occur over time due to the temperature dependence of friction during drawing.

Skin-shearing that occurs during drawing is a very unusual phenomenon. Various
attempts were made to predict this phenomenon but failed [47]. Not only does the loss of
lubricant function due to heat energy accumulated in the die cause an extreme increase in
friction, but the increased surface temperature of the die locally heats the surface of the
material, causing a decrease in flow stress at the material’s surface and finally increasing
the skin-shearing of the material. Without the LRC by the drastically decayed function of
the lubricant, it is impossible to explain the skin-shearing phenomenon.

4. Conclusions

The importance of friction during bulk metal forming was emphasized since the mate-
rial and process during bulk metal forming experience extreme competition between flow
and friction. It was revealed that the lubrication regime change is inevitable during bulk
metal forming accompanying moderate plastic deformation. Multi-step forward extrusion
and drawing processes are vulnerable to the lubrication regime change (LRC) owing to
large sliding motion at the material-die interface. Aluminum forging is also vulnerable
to the LRC because the aluminum alloys belong to low strain hardening materials, which
may easily experience the exaggerated effect of the lubrication regime change. Strictly
speaking, most forging processes accompany any LRC owing to the effect of material flow
and heat transfer. This study showed the cases of typical LRC in the bulk metal forming
processes, including the multi-step forward extrusion process, round-to-half circle drawing
process, and cold and hot forging processes of aluminum alloys. A few new findings are
summarized as follows:

(1) It was emphasized that a multi-step cold forward extrusion process with a moderate
reduction of area is a typical example exposed to the problem related to the LRC since
large sliding motion, high hydrostatic pressure, and large deformation of material
at the exit exaggerate the continuous evolution of the LRC from the thick film to
boundary lubrication regimes via thin film and mixed lubrication regimes;

(2) The flow characteristics of aluminum alloys for bulk metal forming purposes are
expressed by low strain hardening, high temperature softening between 200 °C and
300 °C, and the narrow transition region between cold and hot forging. In this forming
environment, friction can dominate the macroscopic plastic deformation during bulk
metal forming, and LRC can thus easily occur, leading to macroscopic instability;
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(3) When the lubrication regime changes, the friction coefficient greatly depends on the
state of the contact surface and the state variables at the contact surface (strain rate,
strain rate, pressure, temperature, relative speed of material to die, etc.). From a
process analysis perspective, the major factors that govern the state of lubrication
include the material’s surface strain (a measure of the damage to the lubricant) and
temperature, which are major factors affecting the LRC;

(4) Anincrease in surface strain promotes direct contact between the material and the
die, which leads to the creation of debris and the acceleration of friction and wear.
For this reason, when the strain at the contact surface reached the critical surface
strain in the hot forging of an aluminum alloy material coated with a lubricant, the
friction coefficient rapidly increased. A similar phenomenon occurred in the AMSCF
of aluminum alloy operated in a forming oil environment, which resulted in a sudden
change in the lubrication state at the specific surface strain during metal forming
because of a drastic LRC.

In summary, as Wilson crucially criticized four and a half decades ago, the traditional
Coulomb friction law, which assumes a constant value of friction coefficient, is not appropri-
ate in most bulk metal forming where the state of the contact surface (pressure, lubrication
state of the material surface) changes rapidly. Experiences say that most forging processes
accompany a LRC during the process. However, most researchers rely on the traditional
friction law based on a constant friction coefficient. In the case of lightweight materials,
including aluminum and magnesium alloys, friction can have a significant impact on the
process. Careful attention is thus required to solve sophisticated tribological problems in
bulk metal forming.

Finally, it is recommended that a quantity to measure the damage of lubricant be
developed to accelerate the study of friction in bulk metal forming.
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Abstract: This article presents a machine vision system for measuring the arithmetic average rough-
ness of shot- and sand-blasted surfaces. In the developed system, a digital microscope was used for
capturing surface images after shot- and sand-blasting processes. The captured grayscale images
were analyzed with the proposed algorithm using Otsu’s global thresholding and a size bandpass
filter. The algorithm detected white regions associated with the specular reflection of light on a binary
image, and then calculated the size of selected regions. One-way ANOVA was used to identify the
relation between the size of the regions and the arithmetic average roughness of blasted surfaces. It
was noted that the average size of white regions showed a linear relation to the arithmetic average
roughness of both shot- and sand-blasted surfaces. Different abrasives (shot or sand) were found to
bring about differences in the rate of change of the average size within a chosen roughness range.
When a surface image with unknown roughness is given, it is possible to predict the arithmetic
average roughness on the basis of the relation. This machine vision system enables the fast and
low-cost roughness measurement of shot- and sand-blasted surfaces. Thus, it could be useful in a
quality inspection for shot- and sand-blasting.

Keywords: arithmetic average surface roughness; machine vision; specular reflection; blasting

1. Introduction

Machine vision and machine learning are known as promising technologies in tri-
bology [1,2]. Particularly, advancements in machine vision for surface roughness charac-
terization are attributed to improvements in computational power and in digital image
sensing performance. Blasted surfaces prior to the deposition of lubricants are required
to maintain precisely controlled roughness. Although conventional methods (e.g., visual
or tactile comparison with a sample comparator) enable the roughness measurement of a
blasted surface, there exist industrial demands for faster and more accurate measurement.

In order to satisfy these demands, various machine vision techniques have been de-
veloped for measuring surface roughness [3-6]. One approach involves analyzing light
intensity on a grayscale level, which has been correlated with surface roughness [3]. Addi-
tionally, wavelet transform has been employed to examine surface images after grinding
and milling, using frequency normalization to enhance precision [4]. Another method,
subpixel edge detection, was introduced for the in-process measurement of surface rough-
ness, providing accurate surface contours for roughness prediction [5]. Another reported
machine vision approach is to characterize surface texture for evaluating the arithmetic
average surface roughness of a grinded workpiece [6]. This approach uses grayscale
co-occurrence matrix features for surface texture characterization. Correlation between
surface roughness and the matrix feature-based principal component is modeled by using
a multiple regression analysis.

Along with these developments in machine vision, machine learning models have
been developed for the prediction of surface roughness and for the characterization of
surface texture [7-9]. Particularly, neural networks has been used for predicting surface
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roughness. One research work selected a convolutional neural network (CNN) for image-
based roughness measurement [7]. The micro-scale images of a surface produced by
die-sinking EDM were selected as training dataset for CNN. Other research has focused
on a vision-based artificial neural network (ANN) for predicting surface roughness [8,9].
Surface images obtained at various milling parameters were selected for the training dataset
in ANN [8]; the parameters included speed, feed rate, and the depth of cut. After the
training and testing processes, the arithmetic average surface roughness was determined
by the ANN model. A computer vision-based ANN method was developed for the
surface roughness prediction of a turned workpiece [9]. The ANN model was built from
datasets obtained with various process parameters (speed, depth of cut, feed rate, and
grayscale). The arithmetic average surface roughness from the model was compared with
those measured with a stylus-type profilometer. In order to increase the accuracy of these
machine learning models, it is necessary to obtain as large of a training dataset as possible.

Despite these recent advancements in machine vision and machine learning, little
has been found related to a machine vision system for the roughness measurement of
blasted surfaces. In order to use a machine vision system for the quality inspection of a
manufacturing process, the system needs to maintain fast execution and high accuracy.

In this article, a simple machine vision algorithm is proposed for predicting the
arithmetic average roughness of shot- and sand-blasted surfaces. The proposed machine
vision system using a digital microscope allows the capture of micro-images, analyzing
captured images with Otsu’s method and a proposed image filter, and predicting the
arithmetic average roughness of blasted surfaces.

2. Materials and Methods

The proposed machine vision system includes a digital microscope with a lens hood,
an external computer, and a display, as shown in Figure 1. A conical-shaped lens hood was
installed to block out external lights that can affect a target surface. Micro-images captured
with the microscope (charge-coupled device sensor with a resolution of 1.3 M pixels
(1280 x 960), ring illumination method, 1200 x) were transferred to an external computer
for image processing (binarization of the submitted grayscale image and filtering). After
the image processing, image and data analysis were employed on the computer: the area
calculation of the selected specular reflection of light on a filtered image, and the prediction
of the arithmetic average roughness (R,) on predetermined data (e.g., data obtained with a
surface roughness comparison sample). Finally, the predicted roughness was displayed.

Import a digital image (grayscale format)

Microscope

Rl i —— . 285 i
| . + Binarization with Otsu’s method,
, Image processing Eittori !

Light source ' * Flieling
9 Extern tall ! 1 i
computer ! . : i
s : Image and data Area c.alculat!on of specular :
! analysis reflection regions :
A : * R, prediction on !
! predetermined data (relation) !
Target material e e

Display Output * Print R,

Figure 1. Schematic diagram of the proposed machine vision system.

A detailed procedure for determination of the arithmetic average roughness is de-
scribed in Figure 2. In this machine vision algorithm, it is necessary to import a grayscale
image. The imported grayscale image is binarized. In this algorithm, Otsu’s method, a clas-
sic thresholding approach in image segmentation, was chosen because of its simplicity and
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speed [10,11]. The method is also known to be better than the original one in segmenting
images corrupted by noise [12,13]. On a generated binary image, the specular reflection
of light is presented as white regions. A single binary image contains various sizes and
shapes of white regions (that is, a region is the group of white pixels).

Otsu’s global threshold N, vs R, relation
Load l Binarize the image Count white pixels (N,,) l the aveDrzteemrqzl)Tje hness
a grayscale image with the threshold I on the filtered image ?R ) 9

Size bandpass filter
=

Smallest - —)

Largest

Slstm E > SIStﬂ
.

.
100th“ E O()th“

50 regions permitted to pass

Figure 2. Flow chart for determining the arithmetic average roughness. The size bandpass filter
passes specific white regions.

In this study, a specific number of regions were chosen with a size bandpass filter.
The filter played the following roles. All regions were arranged in order from the largest.
Among them, 50 regions (from the 51st- to 100th-largest ones) were allowed to pass through
the filter. Here, ‘50" is the specific number of regions; the specific number, ‘50", allowed us
to minimize image noise and to obtain the adequate correlation between the percentage of
white pixels and the arithmetic average roughness.

On the filtered binary image, the number of white pixels was counted and the average
size of 50 regions was calculated. Note that the white pixels correspond to the specular
reflection of light. For the purpose of establishing the correlation between the number of
white pixels and the arithmetic average roughness, this study used roughness comparison
specimens, with blasted surfaces that were well controlled. Based on the relation between
the size of the selected regions and the arithmetic average roughness, the arithmetic average
surface roughness after a blasting process can be predicted. The proposed image-processing
algorithm code is presented in Appendix A.

In this study, two types of blasted surfaces were prepared with shot and sand abrasives
(commercial surface roughness comparison samples (nickel alloys) with fabrication stan-
dards GB6060.5, ISO 2632-2-1985, supplier: MC, China). The arithmetic average roughness
(Ra) values of shot-blasted surfaces were 3.2 um, 6.3 pm, and 12.5 um. For shot blasting,
high-carbon cast steel (53-60 HRC) shots ranging from 0.5 mm to 2 mm in size were se-
lected. The continuous impact of shots was applied to the target surface at an air pressure
of 2—7 bars. Stand-off distance between 15 cm and 45 cm was set based on the shot size.
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The selected sand-blasted surfaces also maintained 3.2 um, 6.3 um, and 12.5 um in the
arithmetic average roughness. In sand blasting, silica (5 Mohs) particles ranging from
0.5 mm to 2 mm were propelled at an air pressure of 2—7 bars and at a stand-off distance of
15—45 cm.

For image processing and analysis, four micro-images (magnification level: 1200x)
were obtained at random locations on a surface at each roughness level; the blasted plates
were 20 cm X 25 cm in size. The surface of the plate was divided into four equal parts. Four
images were captured in each quadrant.

3. Results

Figure 3 shows shot-blasted surface images with R, of 12.5 um. Figure 3a,d,g,j presents
grayscale images. Four images captured at random locations on the surface were selected
(5 mm x 5 mm in size). Brightness and darkness on the grayscale image were determined
with the specular reflection and diffuse reflection of light. The grayscale images were
binarized with Otsu’s thresholding method, as shown in Figure 3b,e,h k. Otsu’s global
thresholding method separates the submitted grayscale image into two classes, foreground
and background. The foreground (white) corresponds to the regions of specular reflection,
while the background (black) is associated with those of diffuse reflection. Sections B and C
present the histograms of grayscale images, representing the distribution of pixel intensities.
The global thresholds for each image were automatically determined on the histogram,
as shown in Table 1. The thresholds were observed to vary with respect to the arithmetic
average roughness of shot-blasted surfaces, while significant difference was not found
among the four values at each roughness level. For sand blasting, the automatically
determined thresholds were found to remain lower than those for shot blasting, ranging
from 0.18 to 0.27. The values were close to each other without regard to the roughness level.

Table 1. Automatically determined Otsu’s global thresholds.

Figures Type of

No Abrasive R, [um] Image a Image d Image g Image j
3 Shot 12.5 0.4118 0.4078 0.4000 0.4118
4 6.3 0.2549 0.2471 0.2431 0.2510
5 32 0.2980 0.2784 0.2745 0.2980
6 Sand 12.5 0.1765 0.2235 0.2255 0.1882
7 6.3 0.2431 0.2471 0.2392 0.2353
8 32 0.2549 0.2549 0.2627 0.2667

Figure 3c,f,i,1 has the images to which a proposed size bandpass filter was applied. In
the filtered images, fifty white regions were presented. The total number of white pixels
was counted on each image and averaged, as shown in Table 2.

Table 2. Number of white pixels in filtered images. Note that the total number of pixels in a binary

image was 360,000.
Number of White Pixels
Figures No Type .Of Ra
Abrasive [um] Image a Image d Image g Image j Average
3 Shot 12.5 25,229 25,397 23,370 25,817 24,953
4 6.3 13,762 13,071 11,481 13,077 12,847
5 32 8462 7549 7241 9479 8182
6 Sand 12.5 19,501 21,640 20,242 19,345 20,182
7 6.3 15,750 14,092 16,152 16,448 15,611
8 3.2 12,297 11,708 13,667 10,191 11,966
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600 pm

) o m © o

Figure 3. Shot-blasted surface images with R, of 12.5 um: (a,d,g,j) present grayscale images;
(b,e,h k) show binary ones obtained with Otsu’s method; (¢ f,i1) are filtered images.

Figure 4 shows shot-blasted surface images with R, of 6.3 um. Figure 4a,d,g,j presents
captured grayscale images. The surfaces were found to be smoother than those in Figure 3
since the arithmetic average roughness for Figure 4 was half lower that in Figure 3.
Figure 4b,e h k shows binary ones obtained with Otsu’s method. Figure 4c,f,i,1 presents fil-
tered binary images. Figure 5 shows shot-blasted surface images with an R, of 3.2 um. Itis
clear that the grayscale images showed the smoothest texture among the three shot-blasted
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surfaces, as shown in Figure 5a,d,g,j. Binary images are presented in Figure 5b,e,h,k. The
binary images after the application of the size bandpass filter are shown in Figure 5c¢,f,i,1.

Captured (grayscale) Binary Filtered

(]) l&‘pm (k) ll’)(]_()'pm 600 um

Figure 4. Shot-blasted surface images with R, of 6.3 um: (a,d,gj) present grayscale images;
(b,e,h k) show binary ones obtained with Otsu’s method; (¢ f,i1) are filtered images.
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Captured (grayscale) Binary Filtered

() o ® ok M o

Figure 5. Shot-blasted surface images with R, of 3.2 um: (a,d,g,;j) present grayscale images;
(b,e,h,k) show binary ones obtained with Otsu’s method; (¢,f,i 1) are filtered images.

Figures 6-8 show images of sand-blasted surfaces with an R, of 12.5 pm, 6.3 um, and
3.2 um, respectively. Grayscale images for sand-blasted surfaces (Figure 6a,d,g,j) present
that surface texture differed greatly from those observed on the shot-blasted surfaces,
despite the same R, level. Shot-blasted surfaces maintained more rounded small peaks,
compared with sand-blasted surfaces. While capturing the surface images for sand blast-
ing, the induced light intensity in the microscope was maintained as constant. That is,
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Figures 6-8 were captured under the same light intensity condition. The binary images
presented in Figures 7 and 8 were also obtained with Otsu’s threshold method. Figures 9
and 10 present the size distributions of white regions in a binary image before filtering.
The size was defined as the number of white pixels. Note that tiny regions, having fewer
than ten pixels, were not taken into account. There existed more than 400 regions with a
range from 10 to 20 pixels in size (this corresponded to about 40 percent of the total). In the
figures, 50 white regions in a gray area were selected.

Captured(grayscale) Binary Filtered

®»

(e) l(i()_0|§1n1

®n Hw

) e ® 0 om

Figure 6. Sand-blasted surface images with an R, of 12.5 um: (a,d,g,j) present grayscale images;
(b,e,h k) show binary ones obtained with Otsu’s method; (¢ f,i1) are filtered images.
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Captured(grayscale)

Filtered
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Figure 7. Sand-blasted surface images with an R, of 6.3 um: (a,d,g,j) present grayscale images;
(b,e,h k) show binary ones obtained with Otsu’s method; (¢ f,i 1) are filtered images.
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Captured(grayscale)

Filtered
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)
Figure 8. Sand-blasted surface images with an R, of 3.2 um: (a,d,g,j) present gray-scale images;
(b,e,h,k) show binary ones obtained with Otsu’s method; (¢,f,i 1) are filtered images.
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Figure 9. Size distribution of white regions in binary images (shot-blasted surface). Error bars denote
95 percent confidence intervals. Fifty white regions within the gray area were selected.
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Figure 10. Size distribution of white regions on binary images (sand-blasted surface). Error bars
denote 95 percent confidence intervals. Fifty white regions within the gray area were selected.

The same filter was applied to the binary images, and the filtered images are found
in Figures 7¢,f,i,] and 8c,f,i,1. The white pixels of the filtered images were counted and the
number of the pixels is presented in Table 2. The number of white pixels on the filtered
images tends to increase with increased arithmetic average roughness for both shot- and
sand-blasted surfaces.

4. Discussion

In order to analyze a relation between the average size of white regions and the
arithmetic average roughness, the numbers of white pixels presented in Table 2 were
interpreted with a one-way analysis of variance (ANOVA). In the one-way ANOVA, null
hypothesis and alternative hypothesis were defined as.

Null Hypothesis (Ho): There is no significant difference among three groups (numbers of white
pixels) measured at each arithmetic average roughness (R,) of blasted surfaces.

Alternative Hypothesis (Hq): Statistically significant difference exists among the mean levels of
the groups.

90



Lubricants 2024, 12, 339

Tables 3 and 4 show the summary and the result of one-way ANOVA for shot- and
sand-blasted surfaces, respectively. The summaries of the standard errors and the confi-
dence intervals for each roughness level are shown (Table 3(1) and Table 4(1)). The standard
error for shot-blasted surfaces was lower than that for sand-blasted surfaces. It is possible to
compare the variability of data between shot- and sand-blasted surfaces: at the R, values of
3.2 um and 12.5 pum, the variances of shot blasting were greater than those of sand blasting,
indicating that shot-blasting data maintained greater variability than sand-blasting ones.
For shot blasting, there was no significant difference in variances among the three groups.
Meanwhile, for sand blasting, the variance for Group 3.2 um was almost at one-fifth the
level compared with those of other two groups.

Table 3. One-way ANOVA summary and results for shot-blasted surfaces.

(1) Summary
Groups . Standard Lower Upper
®,) Count Sum Average Variance Error Bound Bound
3.2 um 4 32,731 8182 1,015,592 510.4 7028.1 9337.4
6.3 um 4 51,391 12,847 935,418 510.4 11,693.1 14,002.4
12.5 um 4 99,813 24,953 1,175,232 510.4 23,798.6 26,107 .4
(2) Result
Cause of Sum of Deg. of Mean .
Variation Squares Freedom Square F pValue F-Critical
Between groups 5.99 x 108 2 3.0 x 108 287.6 6.99 x 1077 4.26
Within groups 9.38 x 10° 9 1.04 x 10°
Total 6.09 x 108 11
Table 4. One-way ANOVA summary and results for sand-blasted surfaces.
(1) Summary
Groups . Standard Lower Upper
®,) Count Sum Average Variance Error Bound Bound
3.2 um 4 47,863 11,966 207,338 597.1 10,615.1 13,316.4
6.3 um 4 62,442 15,611 1,106,643 597.1 14,259.8 16,961.1
12.5 um 4 80,728 20,182 1,097,898 597.1 18,831.3 21,532.7
(2) Result
Cause of Sum of Deg. of Mean .
Variation Squares Freedom Square F pValue F-Critical
Between groups 1.36 x 108 2 6.7 x 107 475 1.64 x 107> 4.26
Within groups 1.28 x 107 9 1.4 x 10°
Total 148 x 108 11

During the ANOVA test procedure, an F-statistic was produced, which was used to
calculate a p-value. The p-value indicates whether there exists a difference in measured
data groups or not. If the p-value is lower than 0.05, the null hypothesis is rejected and
the alternative hypothesis is accepted. As shown in Table 3(2)) and Table 4(2), the calcu-
lated p-values were found to be 6.99 x 10~? for shot blasting and 1.64 x 107> for sand
blasting. This means that there existed statistically significant differences among the mean
levels of the three measured groups (the numbers of white pixels measured at different
roughness levels).

For the purpose of establishing the relation between the average size of selected white
regions and the arithmetic average roughness, a curve fitting was employed. Figure 11
shows the relation between the percentage of white pixels (Py) in the filtered image and
the arithmetic average roughness (R,). Figure 11 shows that it is possible to fit the data
with a linear function; note that R-squared values for shot- and sand-blasted surfaces
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were found to be 0.9963 and 0.9844, respectively. The error bars represent 95 percent
confidence intervals. There exists a difference between the two fitted curves for shot- and
sand-blasted surfaces. Particularly, the slopes of the curves were found to be different. It
could be identified that the type of abrasive gave rise to the difference. The fitted curves
are informative for predicting the arithmetic average roughness of blasted surfaces in a
given manufacturing process within a chosen range (from 3.2 um to 12.5 um); note that the
curve should be re-calculated when light intensity and abrasive material are changed.

1 T

R?=10.9963 \

N

Sand: P,, = 0.2396xR, +2.6649
B T RE=09844

Percentage of selescted white pixels, Pw, %
6)]

0 2 4 6 8 10 12 14

The arithmetic average roughness, Ra, um

Figure 11. Relation between the percentage of white pixels (Py) and the arithmetic average roughness
(Rz). Here, markers show the average values and error bars denote 95 percent confidence levels.

This proposed machine vision system can operate quickly without human error,
compared with conventional methods such as a stylus profilometer [14,15] or manual
comparison [16]. Although a stylus profilometer provides accurate roughness measurement,
a physical contact between a stylus probe and a target surface must be made. Continuous
measurement brings about the wear of the stylus probe. Conventional laser or optical
profilometers provide non-contact roughness measurement. However, it is difficult to
use the profilometers in an actual blasting process due to cost. Thus, in practice, manual
comparison is widely used, including tactile or visual perception with a sample comparator.
However, this manual comparison gives rise to human error that can decrease the accuracy
of surface roughness.

Further work needs to include the investigation of possible factors that affect the slope
of the linear function. The proposed system was developed for shot- and sand-blasting
processes at fixed magnification and light intensity conditions. For identifying actual
feasibility in shot- and sand-blasting processes, it is necessary to perform a sensitivity
analysis by changing capture parameters such as magnification and light intensity. In
addition, other raw materials should be taken into account.

Other dry-type blasting cases, including blower, suction, and dry ice blasting, need to
be taken into account in the future system.

Dry lubricants are often applied onto shot-peened surfaces in aerospace engineering.
Thus, the future application of the system should include shot-peened surfaces having an
R, value lower than 3.2 pm.
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5. Conclusions

In this article, a machine vision system was developed for measuring the arithmetic
average roughness of shot- and sand-blasted surfaces. In the system developed in-house,
grayscale images were captured at the microscale, and then the images were analyzed with
a proposed algorithm using Otsu’s method. A binary image determined with Otsu’s thresh-
old was filtered; that is, only white regions satisfying specific size conditions were extracted
from the binary image. The sizes of extracted regions associated with the specular reflection
of light were determined by counting the number of white pixels in the filtered image.

Blasted nickel alloy plates with R, values of 3.2 um, 6.3 um, and 12.5 um were prepared
with two types of abrasives: shot and sand. The system captured four surface images for
each R, level, so twelve surface images were analyzed for each blasting.

A one-way analysis of variance (ANOVA) was used to identify the relation between
the size of the selected white regions (number of selected white pixels) and the arithmetic
average roughness of blasted surfaces. It was found that the size of the regions was related
to the arithmetic average roughness of shot- and sand-blasted surfaces within the chosen
R, range.

For the purpose of discovering a mathematical relationship between the average size
of selected white regions and the arithmetic average roughness, curve fitting was employed.
It was identified that the percentage of selected white pixels can be expressed as a linear
function of the average roughness of both shot- and sand-blasted surfaces. There exists a
difference between the slopes of the linear function of the shot- and sand-blasted surfaces.
The type of abrasive was one factor bringing about such difference. Further work needs to
include an investigation of possible factors affecting the slope of the linear function.

The proposed system was developed for the quality inspection of near-white metal
blasting with shot and sand abrasives. Before applying the actual quality inspection process,
the system was evaluated at a fixed magnification and under constant light intensity condi-
tions. For identifying actual feasibility in shot- and sand-blasting processes, it is necessary
to perform a sensitivity analysis by changing capture parameters such as magnification and
light intensity. In addition, other raw materials and dry-type blasting, including blower,
suction, and dry ice blasting, need to be taken into account in the future system. Dry
lubricants are often applied onto shot-peened surfaces in aerospace engineering. Thus, the
future application of the system should include shot-peened surfaces having a lower R,
value than 3.2 pm.

When a blasted surface with unknown roughness is given, it is possible to predict the
arithmetic average roughness on the basis of the relationship within the range from 3.2 pm
to 12.5 um in R,. Considering that this machine vision system can provide faster surface
roughness measurement and can be built at lower cost than conventional methods, it could
be used in the quality inspection process of shot and sand blasting.
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Appendix A. The Proposed Algorithm Code for Image Processing (Written in Matlab)

Image_gray = imread(image);

level = graythresh(Image_gray);

BW = imbinarize(Image_gray, level);
maskfilter = imfill(BW, ‘holes’);

maskfil = bwareafilt(maskfilter, 100);

Nc=0;

for i=1:1:width

for j=1:1:height

if Filtered_img (i,j) > 0.5
Nc=Nc+1;

end

end

end

%

Filtered_img = bwareafilt(maskfil, 50,”smallest”);

% import a grayscale image
% Otsu’s threshold
% Binary image generation with Otsu’s threshold

% Selection of top 100 largest white regions
% Selection of bottom 50 regions among 100.

% width of the image (No. of pixels)
height of the image (No. of pixels)

% Unity corresponds to white

Appendix B. Otsu’s Thresholding H
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Abstract: Much research and practical experience have shown that the utilization of textures has
an enhancing effect on the performance of dynamic seals and the dynamic pressure lubrication of
gas bearings. In order to optimize the performance of floating ring seals, this study systematically
analyzes the effects of different texture shapes and their parameters. The Reynolds equation of the
gas is solved by the successive over-relaxation (SOR) iteration method. The pressure and thickness
distributions of the seal gas film are solved to derive the floating force, end leakage, friction, and
the ratio of buoyancy to leakage within the seal. The effects of various texture shapes, including
square, 2:1 rectangle, triangle, hexagon, and circle, as well as their parameters, such as texture depth,
angle, and area share, on the sealing performance are discussed. Results show that the texture
can increase the air film buoyancy and reduce friction, but it also increases the leakage by a small
amount. Square textures and rectangular textures are relatively effective. The deeper the depth of
the texture within a certain range, the better the overall performance of the floating ring seal. As
the texture area percentage increases, leakage tends to increase and friction tends to decrease. A
fractal roughness model is developed, the effect of surface roughness on sealing performance is
briefly discussed, and finally the effect of surface texture with roughness is analyzed. Some texture
parameters that can significantly optimize the sealing performance are obtained. Rectangular textures
with certain parameters enhance the buoyancy of the air film by 81.2%, which is the most significant
enhancement effect. This rectangular texture reduces friction by 25.8% but increases leakage by 79.5%.
The triangular textures increase buoyancy by 28.02% and leakage increases by only 10.08% when the
rotation speed is 15,000 r/min. The results show that texture with appropriate roughness significantly
optimizes the performance of the floating ring seal.

Keywords: floating ring seal; surface texture; surface roughness; Reynolds equation; successive
over-relaxation (SOR)

1. Introduction

A floating ring seal is a non-contact fluid seal installed on a rotor, which separates two
chambers with a high-pressure drop by a high-pressure fluid film formed by high-speed
rotation of the rotor and eccentric operation of the floating ring [1,2]. Its excellent reliability
and high sealing efficiency are of great significance for the safe operation of rotating
machinery. Floating ring seals are typically installed within steel or titanium supporting
rings to minimize the sealing clearance and avoid rubbing with the rotor. However, the
non-contact seals that are installed on the rotor are constrained by the balance between
achieving optimal sealing clearance and minimizing the risk of rotor rubbing.
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With the operating environment of rotating machinery becoming increasingly complex,
the stability and service life of the sealing system are subject to higher demands. In response,
researchers have undertaken extensive studies on the mechanisms of floating ring seals
and the diverse factors that influence their sealing performance. Lee et al. [3] proposed
a numerical method for calculating the static and dynamic characteristics of floating ring
seals. By using the finite difference method, they solved the bulk-flow model under
eccentric conditions and researched the influences of rotating speed and pressure drop on
the performance of the floating ring seal. Bae et al. [4] used numerical analysis to evaluate
the friction on the front end of the floating ring of a turbopump oxidation pump, and
researched the effects of rotor vibration on the radial force acting on the floating ring and
the flow characteristics around the floating ring seal. Furthermore, they researched the
effects of rotational speeds and clearance dimensions on the leakage of the floating ring
seal, and utilized the findings to optimize the performance. The experimental results are
in good agreement with the numerical analysis. Shi et al. [5] established a calculation
method for the working clearance of gas floating ring seals. By selecting appropriate insert
ring materials, the sealing clearance of the floating ring can be kept stable. By using the
“micro-variable clearance” design method to calculate the ideal floating ring material, better
results can be achieved. Anbarsooz et al. [6] conducted computational fluid dynamics
simulations on the floating ring seal of a carbon dioxide centrifugal compressor. They
studied the effect of the annular clearance on the sealing performance and found that the
leakage rate significantly increased with increase in the clearance. The leakage function
remained almost unchanged with increase in the inlet total pressure and temperature.
The results also showed that the minimum flow velocity required to block the leakage
significantly increased with increase in the clearance. Their works provide guidance for
improving the performance of the floating ring seal.

Surface texture technology is an emerging and effective means of achieving lubrication
and friction reduction. By changing the micro-surface morphology of the shaft sleeve
in fluid sealing systems, significant achievements have been realized in improving the
fluid dynamic pressure effect of the lubricating surface and avoiding surface adhesion.
It has now become a research hotspot in the field of advanced sealing technology [7-9].
Zhang et al. [10] have established an analysis model of oil film force for floating ring seals
considering the influence of the axial pressure gradient. They studied the influence of
groove geometry size on dynamic response and analyzed the stability of the floating
ring. The analysis model is based on the Reynolds equation for oil lubrication and the
assumption of short bearings [11], with consideration of the Lomakin effect of the fluid.
Adjemout et al. [12] studied the influence of surface textures on the mechanical sealing per-
formance using numerical analysis. They investigated the local and global effects of various
texture shapes, directions, area ratios, and depth ratios on the fluid mechanics performance
of mechanical seals, providing valuable guidance for enhancing the performance of floating
ring seals through textures. Pei et al. [13] used a deterministic lumped-parameter thermal
model to estimate the performance of floating ring bearings (FRBs), and systematically
studied the effects of nine types of textures on the performance of the bearing. The results
showed that textures can significantly increase side leakage. Shi et al. [14] compared the
effects of micro-grooves and micro-dimples on the performance of the mechanical gas seal.
Both micro-grooves and micro-dimples can generate a positive effect on the fluid dynamic
performance of the seal under different conditions. In engineering practice, micro-grooves
with a depth of 3 um may be the best choice for enhancing the performance of the mechani-
cal gas seal. Wang et al. [15] studied the directional effect of rectangular textures on the
performance of floating ring seals. By selecting the texture direction angle judiciously, the
performance of the floating ring gas film seal can be effectively optimized. He et al. [16]
studied the effects of six different shapes of textures as well as their area ratio, depth ratio,
and angle on the dynamic lubrication performance of rigid bearing rotors. Their study of
textures is very detailed and has significance for the study of texture sealing systems. In
addition, they also considered the influence of surface roughness on bearing performance.
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They modeled a Gaussian rough surface for the bearing surface, and the results showed that
the distribution of pressure peaks in gas bearings with rough surfaces was more dispersed,
with significantly higher pressures at the bearing ends. Zhang et al. [17] proposed a new
fractal roughness model to predict the wear performance of the end face of floating ring
seals. The model’s predictions of wear rate are consistent with experimental results. The
above research has found that factors such as rotational speed, pressure, and floating ring
size can affect the performance of floating ring seals. However, in operating conditions,
when a floating ring seal is in stable operation, most of the working conditions are fixed
and cannot be adjusted to optimize the performance of the floating ring seal. Reducing
the sealing clearance or increasing the eccentricity can improve the sealing performance to
a certain extent, but it also increases the contact and wear, making the system tend to be
unstable and shortening the life of the sealing system. What is more, the above literature
and numerous studies [18-20] have shown that suitable surface textures have a positive
effect on improving the performance of sealing and rotor dynamic systems.

In this paper, a Reynolds equation model for the floating ring seal is constructed. A
floating-leakage ratio is used to judge the performance of the floating ring seal, and the
effects of various shapes of textures, texture area ratio, texture depth, and angles on the
performance of the floating ring seal are analyzed. Finally, optimal texture parameters for
optimizing the performance of the floating ring seal are obtained. In addition, a fractal
surface roughness model is developed, and the optimization of the floating ring seal by
texture under surface roughness is discussed.

2. Theory Model
2.1. Working Principle

A floating ring seal, as illustrated in Figure 1a, primarily consists of a check ring, a
gasket, a wave spring, a floating ring, and a shell. Initially, the floating ring is in touch
with the outer wall of the shaft, with the maximum eccentricity between the ring and the
shaft. As the seal operates, the dynamic pressure due to the wedge effect at high rotational
speeds causes the floating ring to float upwards, creating a rigid fluid film between the ring
and the shaft, which serves as the main sealing surface. Additionally, the high-pressure gas
and the wave spring generate a force making the floating ring’s end face against the shell,
forming a sub-sealing surface.

Floating Ring
Sub-sealing Surface

Main Sealing Surface

Figure 1. Schematic diagram of floating ring seal structure: (a) Three-dimensional structure of floating
ring seal; (b) Diagram of eccentricity.
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Adding texture holes on the outer surface of the shaft is an effective way to enhance the
dynamic pressure effect of the floating ring seal. When the sealing equipment is working
normally, the gas on the high-pressure side is brought into the texture hole by the pump
suction effect. The medium gas is continuously compressed at the edge of the micro-hole,
and a significant dynamic pressure effect is generated in the surrounding area, forming a
thin and stiff air film between the dynamic ring and the static ring, thereby improving the
performance of the floating ring seals.

This paper simplifies the floating ring seal as a rigid radial gas bearing, and uses the
following Reynolds Equation (1) to solve the performance of the floating ring seal:

1 0P 9 (9P om0
R2a9<Ph a9>+az<”h z) = R 28" @

The sealing cross-section of the floating ring forming an eccentricity with the rotor is
shown in Figure 1b. The film thickness of the floating ring seal with surface texture can be
expressed as:

h=c+ecos(0)+hi+hy )

where c is the average gas film clearance, ¢ is the eccentricity, and 6 is the coordinate of
the angle centered at the origin from the positive direction of the y axis. i represents the
height of surface roughness. I, is the film thickness caused by textures.

2.2. Surface Texture Model

In this paper, the effects of many different types of textures on the performance of
floating ring gas seals are discussed. The shapes of texture shapes include rectangle,
triangle, ortho-hexagon, and circle. Rectangular textures involve rectangular types with
different ratios of length to width. Circular textures involve different ratios of long axis to
short axis. For these different shapes of textures, the effects of texture depth, texture angle,
and texture area ratio on the performance of the floating ring seal were analyzed.

The fundamental design scheme for different types of textures is shown below.

@D Set the number of texture distribution in the circumferential and longitudinal
directions;

@) Set the ratio of textured area on the surface of the rotor axis;

@ Set a defined shape of the texture, e.g., define its aspect ratio for a rectangle;

@ Set the remaining parameters, including texture depth and angle.

With the steps D @), the area of a single texture can be calculated. For textures with a
defined shape by steps Q), the defined edge length or radius can be calculated. The region
in which each of the textures are distributed on the surface is determined by step 0. A
new coordinate system is established in each region and the constraint equations for the
shape of the texture are constructed from the known parameters. The direction angle of the
texture is set in the new coordinate system. Under this design scheme, the shape and size of
the texture can be easily modified. When the area ratio of the surface texture increases, the
corresponding edge length or radius of a single texture will be larger, and the gap between
the surface textures will be smaller. At the end of this subsection, the coordinates, shape
constraint functions, and shape illustrations of the texture are shown in Figure 2.
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Figure 2. Schematic of the surface texture in different shapes.

2.3. Surface Roughness Model

During the machining process of the floating ring seals, the sealing surface and journal
surface will produce small spacing and tiny peaks and valleys, forming a surface roughness.
Different machining methods will produce rough surfaces with different characterization
properties. A closer look at a rough surface reveals that it is also statistically similar, while
having scale-free properties under scale transformations. Fractal theory can capture the
different sizes and attendant properties of solid surfaces and can be used to model the
micro-scale structure of rough surfaces.

The main idea of adding the surface roughness is as follows: We refer to the equations of
the fractal roughness model and use the computer to randomly generate the height matrix of
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the fractal roughness surface, and then superimpose the height value of the fractal roughness
surface to the thickness of the sealing film, and finally, put the thickness of the sealing film
into the iteration of the main program to obtain the sealing performance parameters.

It is feasible to use the theory of fractals to study rough surfaces. Its 3D functional
model [21] is expressed as follows:

Z(x,y) = Z Cpy~ B-Ds)n sin[y"(x cos B, + ysin By,) + Ay| €))
n=1

where C,, is a random value from a normal distribution with a mean of 0 and a variance
of 1; A, and By, are mutually independent and uniformly distributed random numbers in
the interval [0, 277]; D; is the theoretical fractal dimension (2 < Dy < 3); the characteristic
parameter 7 is a constant greater than 1, which usually takes the value of 1.5; n is the
number of natural sequences.

A typical function commonly used to generate random fractal surfaces is given by the
following equation [22-25]:

M Mmax
z(x,y) =C Z Z A(D=8)ny
m=1 n=0
4)
27 (32 4 12) /2
{cos ¢mn — COS {W X cos(tanfl(y/x) — L]\Zi) + Gmn

G\ (02 Iny 1/2
=(z) (%) ?

where C is the height coefficient of the surface, D is the fractal dimension, and a larger
fractal dimension D represents a denser rough surface profile. ¢, is a series of random
phases between 0 and 7, 7y controls the frequency density in the surface contour, M is the
number of spatial undulations, L is the size of the simulated image, and G is the feature
scale parameter.

In the actual simulation, 7, cannot be taken to infinity, and its value is taken as

Equation (6): loa(I /I
Nmax = \‘7Og( f:)agx’)/ mm)J

where Lay is the sampling length, Ly, is determined by the instrument resolution, and
|| means rounding down the nearest integer.

Fractal roughness surface characteristics depend mainly on the parameters G and D.
The fractal roughness G is a frequency-independent height scale parameter that determines
the specific dimensions of the rough surface—the rougher the surface the higher the value of
G [26]. The fractal dimension D determines the proportion of high-frequency components
and low-frequency components in the surface profile. Thus, a smaller value of D indicates
that low-frequency components are more dominant in the surface profile. When the fractal
dimension D is a fixed value, the higher the value of fractal roughness G, the smoother the
topology [27]. Taking the fractal roughness G = 5.5 x 10711, the fractal rough surfaces for
different values of fractal dimension are shown in Figure 3. It can be seen that the fractal
dimension affects the roughness of the fractal surface. The smaller the fractal dimension
D, the more complex the variation in the surface contour and the rougher the surface
will be [28]. From the comparison in Figure 3, we can see that the height of the surface
roughness gradually increases as the fractal dimension decreases. From Table 1, we can see
that both the arithmetic mean deviation and the maximum height of the profile increase as
the fractal dimension decreases.

In fact, different values of G and different values of fractal dimension D can be taken
one-by-one to analyze the results. However, the focus of this research is on the optimization
of the texture on the floating ring seal, and the study of roughness is an extension and

(6)
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exploration based on this. It has to be admitted that the rough surface generated is
probably not the real topography of the surface of the floating ring seal material. When
G = 55 x 107" and the fractal dimension is taken as 2.5-2.7, the magnitude of the
generated surface roughness is just at the micrometer level. These values are used and it is
found that the generated surface topography is able to optimize the performance of the
floating ring seal, and such a surface topography is selected and combined with the surface
texture for further analysis of the floating ring seal.

Table 1. Roughness parameters for different fractal dimensions.

Fractal Dimension D =24 D =25 D =26
Arithmetic Mean Deviation/m 1.5137 x 10°° 2.7300 x 10~7 49646 x 1078
Maximum Height of Profile/m 1.0964 x 107> 2.0488 x 10 3.9024 x 107
x10-0m x107m %108 m
8 8
2 6 6
1 4 4
2 2
0 0 0
-1 2 -2
5 2 :g
-8
3 8 -10
(2) () ©

Figure 3. Fractal rough surfaces with different fractal dimensions D: (a) D = 2.4; (b) D = 2.5;
() D =2.6.

2.4. Differential Grids and Iteration

The numerical method used in this paper is the finite difference method, whose basic
idea is to divide the solution field into orthogonal grids and use central difference formulas
to substitute into the differential equations. The differential equations obtained are then
solved by a computer using a successive over-relaxation (SOR) iteration method [29]. This
approach is particularly useful for solving partial differential equations in two or three
dimensions, and it has been widely applied in many scientific and engineering fields, such
as heat transfer, fluid dynamics, and electromagnetic analysis. The approach for solving the
problem is as follows: firstly, the Reynolds equation is simplified to a dimensionless form.
Secondly, the dimensionless Reynolds equation is discretized and differentiated to obtain
the difference equation. Finally, the SOR method is used to solve the difference equation.

The dimensionless Reynolds equation is presented as follows:

[PHozoz 12022 Ho0 o6 962  pH?

@)

R*30HIp  R*&P*p  30HIp  9*p _ 2Apa E%+—5LH
200 " Vo0

where the symbols (6,z) are coordinates in the circumferential and axial directions,

pﬂ
2:%,;7:”722,H:’g.

The grid of the 2D flow field in the floating ring seal is shown in Figure 4. Az is the
step size in the differential grid axis direction, where Az = L/(n — 1). A6 is the step size in
the differential grid circumferential direction, where A0 = 27t/ (m — 1). i and j represent
the circumferential and axial grid positions of the floating ring seal, respectively.

2
A= (%) are the seal coefficients, and the dimensionless quantities are expressed with
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By using the following central difference scheme, the discrete difference of the con-
tinuous 2D Reynolds equation is differentiated and solved iteratively by computer. The
difference schemes are shown as follows:

P Pijr1 —2Pij+Pijo1 PP Pivri — 2P+ Pic1j 9 Pije1 — Pij1

032 AZ2 " 902 A6? "9z 2Az

’

o0p _ Pit1j—Pi-1j o0H  Hijp1—Hjj1 oH  Hiyyj— Hiq
200 0oz 202790 2A0
By substituting the central difference scheme into the dimensionless Reynolds
Equation (7), the differential Reynolds equation is obtained. The simplified difference
equation for solving the dimensionless pressure of the floating ring seal is obtained as
follows:
Ajjpi-1j+ BijPiv1j + Cijpij+ Dijpi1j + Eijpij1 = Fj ®)
For the dimensionless pressure p, the value of its 2 + 1 times iteration can be calculated
from the value of the n times iteration. The equation is presented as follows:
_(nt1) Ai,fﬁz(ﬁﬂ) + B"//’jz(i)l,j + Di/]ﬁz(/?jll) + Ei,jﬁf;ll —Fj

pij = —Cij ©)

The iteration stops when the dimensionless pressure p satisfies the following conver-
gence condition:

(10)

The boundary conditions are presented as follows:

p(Z = 019) = Phigh
p(z=L,0) = piow (11)
p(z,0 =0) = p(z,0 =2m)

where pjqy, is the pressure of the low-pressure end of the floating ring seal, and phgp is the
pressure of the high-pressure end of the floating ring seal. The total procedure for solving
the sealing performance is shown in Figure 5.

JjA
< 2nR >
n y
n-1
i B
ijtt Ly |
/] A
il T+, |
AT
2
1
0 A4
0123456 m-lm

Figure 4. Schematic of the grid in the 2D flow field.
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Figure 5. Flowchart of the numerical method.

2.5. Performance Evaluation

There is no contact between the floating ring and the rotating shaft in normal operation,
resulting in low frictional wear. If the buoyancy force is insufficient, the floating ring will
struggle to rise completely, resulting in contact with the rotor shaft, which can cause severe
wear and significantly impact the performance and service life of the floating ring seal. Gas
leakage is an important indicator of the performance of a floating ring gas seal. The smaller
the gas leakage the better, which means a better seal and more efficient operation of the
equipment. In practice, no leakage at all is unattainable, and there will always be a certain
amount of gas leakage. If the leakage is too large, it will not only reduce the operating
efficiency of the equipment, but may also cause pollution to the environment.

Through the coupled solution of the Reynolds equation and the film thickness equation,
the pressure distribution of the gas film in the floating ring seal is obtained, and the seal
gas film performance parameters are calculated.

The gas film dimensionless buoyancy force @ for a floating ring seal is calculated as:

W= \/W: + ] (12)

where @, and @, are, respectively, the dimensionless buoyancy force in the x- and y-directions

with the formula:
1 2
Dy = p(6,z) —1 | sinfdodz
Wy /0 /0 <\/p( Z) ) sin Z
1 r2m
Dy = \/p0,z)—1 0dodz
Wy /0 /0 ( p(0,2) > cos Z

(13)
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The air film buoyancy force is w = p,RL®. The gas leakage Q of a floating ring seal is
calculated by the formula:

27T 3
et
Qi/o RlZy oz

de (14)

z=L

The ratio of the air film buoyancy to the leakage of the floating ring seal is introduced to
better measure the performance of the floating ring seal, and the formula for the buoyancy
leakage ratio is k = =

In addition, this study considers calculating the friction to provide a comprehensive
measure of the improved performance of the floating ring seal. The components of friction
in the horizontal and vertical directions are shown in Equation (15):

2r Al hop, .
// 77§£)sm9d9dz

2m Al hop
T, // (7~ 5 50) cos budodz

(15)

3. Validation

This paper compares and validates the results of Ma et al. [30] on floating ring cylinder
surface air film seals. Their results were subsequently verified in the paper of Chen [31]
and the paper of Xu [28]. The parameters of the floating ring cylinder surface air film are
shown in Table 2.

A comparison between the results of this paper and Ma et al. [30] is shown in Figure 6.
The curves in the figure show the dimensionless pressure of the cross-section in the seal
at pressures of 0.11, 0.20, 0.32, and 0.45 MPa at the high-pressure end, respectively. From
Figure 6, it can be seen that the trend of the dimensionless pressure in the mid-section
obtained in this study is basically consistent with the literature for different conditions. The
differences in the values are also very small, with the maximum difference not exceeding
5%. The above results and analyses show that the solution methodology of this study for
floating ring seals is well supported and the results are relatively accurate.
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Figure 6. Dimensionless pressure of mid-section with different high pressure: (a) 0.11 MPa in the
high-pressure side; (b) 0.20 MPa in the high-pressure side; (c) 0.32 MPa in the high-pressure side;
(d) 0.45 MPa in the high-pressure side. The comparative results refer to the results of Ma et al. [30].

Table 2. Calculation parameters of seal.

Parameter Value Parameter Value
Eccentricity 0.5 Viscosity [107° Pa- s] 1.932
Clearance [107° m] 10 Density [kg/ m3] 1.1614
Width of seal [1073 m] 40 Pressure of low side [MPa] 0.11
Diameter of rotor [10~% m)] 160 Pressure of high side [MPa] {0.11 0.20
Speed of rotor [r/min] 25,000 0.32 0.45}

4. Result and Discussion
4.1. Seal Mechanism

Figure 7 shows the effect of parameters like rotor speed, average clearance, and
eccentricity on the seal’s performance in terms of buoyancy, leakage, and friction. The
vertical axis is the magnitude of the value of the floating ring seal performance parameters
after the reduction to a dimensionless form and normalization. From Figure 7a, it can be
seen that as the average gas film clearance of the floating ring seal increases, the gas film
buoyancy and friction decrease and the gas leakage increases rapidly. When the clearance is
large, the tendency of the gas film buoyancy force and friction force to decrease is relatively
small. When the gas film clearance increases, the hydrodynamic effect becomes weaker
leading to a reduction in the pressure of the gas in the sealing gap [32], which results in
a corresponding reduction in the gas film buoyancy and friction. Due to the increase in
the gas film clearance, the leakage channel of the gas in the sealing gap becomes looser [6],
which leads to a rapid increase in the gas leakage.
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Figure 7. Normalized seal buoyancy, leakage, and friction: (a) at different clearances; (b) at different
eccentricities; (c) at different speeds.

From Figure 7b, it can be seen that as the eccentricity of the floating ring increases, the
gas film buoyancy and friction increase dramatically and the gas leakage increases conse-
quently. The increase in the eccentricity results in a stronger converging wedge between
the rotor and the floating ring. At the same time, the minimum air film thickness decreases,
and the dynamic fluid pressure in the wedge region increases dramatically, resulting in a
sharp increase in the air film buoyancy and friction. The increase in eccentricity results in
an uneven distribution of the sealing gap, which leads to larger leakage channels in the
low-pressure region and a corresponding increase in leakage.

Figure 7c illustrates the variation in seal performance parameters with rotor speed,
where both the gas film buoyancy and friction increase accordingly with increasing speed,
while the gas leakage decreases slightly. It is easy to understand that as the rotational speed
increases, the hydrodynamic effect increases [32], resulting in an increase in the pressure
of the air film inside the seal ring, which correspondingly results in an increase in the air
film buoyancy [4]. At the same time, due to the viscous effect, the friction between the air
film and the surface increases accordingly. As can be seen from the variation in leakage, the
leakage is mainly related to the dimension of the leakage channel. The pressure gradient at
the end face does not change much, making it stable for the leakage.

4.2. Effect of Texture

In this subsection, we calculate the effect of five different shapes of textures as well as
their depth, rotation angle, and area ratio on the performance of the floating ring seal. The
parameters of the textures are shown in Tables 2 and 3.

Table 3. Calculation parameters of seal and textures.

Parameters of Seal Value Parameters of Textures Value
Eccentricity 0.5 Texture depth [107¢ m] 4
Clearance [107° m] 10 Texture area ratio 0.2
Width of seal [10~% m)] 40 Texture distribution 25 x 2
Diameter of rotor [1073 m] 160 Texture angle 0
Speed of rotor [r/min] 12,500

Pressure of low side [MPa] 0.101325

Pressure of high side [MPa] 0.5

Viscosity [107 Pa- s] 1.932

Density [kg/m?] 1.1614

Figure 8 shows the effect of five texture shapes and their depths on the performance
of the floating ring seal, where the horizontal coordinate is the variation in the depth of the
surface texture and the vertical coordinate is the variation in the performance parameters

of the floating ring seal, which include the gas film buoyancy force, gas leakage, friction
force, and float-leakage ratio.
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Figure 8. Effect of texture depth variation on seal performance: (a) effect on buoyancy; (b) effect on
leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.
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From Figure 8a, it can be seen that the air film buoyancy force decreases and then
increases as the depth of the texture increases. The increasing trend is more drastic for
squares and rectangles, the trend is almost the same for circles and square hexagons, and
triangles bring the weakest effect. At a texture depth of 4 um, compared to the non-textured
surface, all other shapes of textures, except for the triangular textures, can enhance the gas
film buoyancy, and the square texture improved the buoyancy by up to 91.5%. As can be
seen in Figure 8b, the five shapes of textures lead to an increase in the gas leakage of the
floating ring seal as the depth of the surface texture increases, with the square bringing the
best increase and the rectangle the second best. The square texture increases the leakage
by up to 34.66%. Figure 8c demonstrates the trend of the gas viscous friction, with the
friction decreasing accordingly as the depth of the texture increases. Figure 8d shows the
variation in the ratio of buoyancy and leakage. From Figure 8d, it can be seen that the trend
is similar to that of the buoyancy, since the change in leakage is linear overall. Compared
to the floating ring seal without texture, the square texture with a depth of 4 um generates
a significant improvement in the float-leakage ratio.

A comprehensive comparison of the four graphs shows that when the depth of the
texture is more than 2 um, the difference in the effect of the texture shape on the performance
of the floating ring seals gradually increases. Especially, the gas film buoyancy and gas
leakage of the square texture increase substantially. The increase in those two quantities is
smaller for the rectangular texture. The change in the ratio of the buoyancy and leakage
then illustrates that the enhancement of buoyancy is greater for square and rectangular
textures compared with the leakage.

The texture can form tiny concave-convex structures [33] on the surface of the material,
which leads to strong dynamic pressure effects [34] and reduces the actual contact area [35].
As the depth of the texture increases, the average thickness of the air film increases, which
causes the sealing gap fluid channel to widen, enhancing the circulation of the lubricating
air film and increasing leakage.

Figure 9 illustrates the effect of the rotation angle of the texture on the sealing performance
of the floating ring seal, where the horizontal coordinate is the angle of rotation of the texture
from 0° to 180°, since the shapes of the textures are all centrosymmetric. The discussion in
this figure does not involve circular textures as circles have rotational invariance.

As can be seen from Figure 9a, for the square texture, the increase in the buoyancy
force generated by the texture is greatest when no rotation occurs or when the angle of
rotation is an integer multiple of 90°. Meanwhile, it can be seen from Figure 9b that the
leakage in this case is also the largest for the square textures. However, we can find that
the change in leakage is relatively small compared to the buoyancy force. For the square
texture, the maximum change in the floating force is 52.01% while the maximum change in
the leakage is 7.46%. This is also illustrated in Figure 9d, where the buoyancy dominates
the trend of the buoyancy-leakage ratio. From Figure 9c, it can be found that the effect
of the rotation angle of the texture on the friction is weak. Except for the case where the
rectangular texture is rotated by 90°, the changes in friction caused by rotation angle are
all within 1.35%. The reason for this special case for rectangles is probably because it is
relatively less symmetrical. On the whole, the texture rotation angle has a relatively large
effect on the gas film buoyancy force of the floating ring seal. The overall performance of
the floating ring seal is optimized when the square texture is not rotated, the triangular
texture is rotated by 30°, or the rectangular texture is rotated by 90°.

The effects of different texture area percentages on the performance of the floating
ring seal are shown in Figure 10, which involves the textures in area percentages from 0 to
50%. From Figure 10b,c, it can be found that with increase in the percentage of texture area,
the leakage of the floating ring seal is increased accordingly, and the friction is reduced
accordingly. The reason for this phenomenon is similar to the situation of Figure 8, where
the increase in the area of the texture increases the lubrication film [35] on the seal surface,
and also increases the leakage channel of the fluid [34], thus reducing the friction and
increasing the leakage. For the proposed shapes of textures, the effect of the area ratio of the
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texture on the buoyancy force is not consistent. From Figure 10a, it can be seen that both
square and rectangular textures generate more buoyancy as the area ratio of the texture
increases. The circular texture also provides the effect of buoyancy enhancement in general,
but the trend of the change is tortuous. Changes in the area ratio of the triangular and
hexagonal textures have a weak effect on the buoyancy force, which gradually decreases
when the area ratio is larger. In addition, when the area ratio of the texture reaches 40%, the
buoyancy force generated by the rectangular texture falls in a faulty manner. By calculation,
the gap between the circumferential textures in this case is only 12.41% of the length of a
single texture. The texture distribution with depth is too dense, making the effect equivalent
to increasing the sealing clearance.
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Figure 9. Effect of texture angle variation on seal performance: (a) effect on buoyancy; (b) effect on
leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.

Overall, the effect of square and rectangular textures on the buoyancy of the floating
ring seal is more significant, with an increase in either the depth or area ratio of the texture
resulting in an increase in its buoyancy. Other shapes have a weaker effect on the buoyancy
without angular rotation. For all shapes of textures, an increase in the depth or area ratio of
the textures leads to a decrease in friction and an increase in leakage. The degree of friction
reduction is close for different shapes of textures. Comparatively speaking, the effect of
variation in the percentage of texture area on the floating ring seal is more significant than
that generated by variation in the depth of the texture. Different shapes of textures have
their optimal rotation angles: 0° for square textures, 90° for rectangular textures, and 30°
for triangular textures. In general, the square texture with a rotation angle of 0° and an
area ratio of 0.25, the rectangular texture with a rotation angle of 90° and an area ratio of
0.4, and the triangular texture with a rotation angle of 30° and an area ratio of 0.05 give the
best results. In the next subsection, the folded three types of textures are further analyzed
and discussed.
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Figure 10. Effect of texture area ratio variation on seal performance: (a) effect on buoyancy; (b) effect
on leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.

The results of the effect of no texture and three types of textures, as shown in Table 4,
on the performance of the floating ring seal at different rotational speeds are shown in
Figure 11. It can be seen from Figure 11a that all three types of textures can contribute
to increasing the buoyancy force of the floating ring seal, and the increase is greater at
higher rotational speeds. The specific rectangular textures generate the largest increase in
buoyancy force, which reaches 81.2% at a rotation speed of 20,000 r/min. However, it can
be noticed from Figure 11b that this particular rectangular texture increases the amount of
leakage while enhancing the buoyancy. The textures increase the leakage with increasing
speed compared to the no texture. But the specific triangular texture keeps the increase in
leakage within a small range. This specific triangular texture increases the buoyancy by
28.02% when the rotation speed is 15,000 r/min and the leakage increases by only 10.08%.
Figure 11c illustrates the variation in friction with rotational speed for four cases. It is
obvious that the friction increases as the rotational speed increases and all three types
of textures reduce the friction to a certain extent as compared to no texture. Taking into
account the variation in buoyancy and leakage, it can be noticed from Figure 11d that all
three specific textures have a good effect. Among them, the specific square texture and the
specific triangular texture are slightly better than the rectangular texture.

Table 4. Three types of textures that work better.

Texture Shape Texture Depth Rotation Angle Area Ratio
Square 4 um 0° 25%
Rectangle 4 um 90° 40%
Triangle 4 um 30° 5%
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Figure 12 shows the dimensionless pressure distribution for the case of a smooth
surface and three types of surfaces with the aforementioned textures. From the figure, it
can be found that all three textures enhance the peak air film pressure compared to the
smooth surface. Among them, the peak air film pressure with rectangular texture is the
largest. This is in accordance with the results of Figure 11. In addition, it can be noticed
that the pressure in the texture region is lower than that in the non-texture region, but the
texture makes the gas film pressure overall higher than that in the case of a smooth surface.
And because of the increased pressure peaks, it leads to an increase in the gas pressure
gradient making the gas leakage increase.
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Figure 11. Effect of surface textures on sealing performance at different rotation speeds: (a) effect on
buoyancy; (b) effect on leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.

Overall, the specific rectangular texture can be prioritized when buoyancy enhance-
ment is most important. The specific triangular texture can be preferred when buoyancy
enhancement is of high importance while at the same time strictly preventing an increase
in leakage. In addition, this rectangular texture is the most effective in terms of reducing
friction. The textures can be selected according to the requirements of the operation.
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Figure 12. Dimensionless pressure in floating ring gas seals with different textures.

4.3. Effect of Texture with Roughness

Figure 13 shows the thickness and dimensionless pressure of the floating ring seal air
film for a smooth surface and fractal rough surfaces with fractal dimensions D = 2.5 and
D = 2.6, respectively. It can be seen that the surface roughness is presented in the air film
thickness, which is more pronounced when the fractal dimension D = 2.5. This is because
the arithmetic mean deviation is greater for fractal dimension D = 2.5 relative to fractal
dimension D = 2.6. At the same time, we can see a significant increase in the pressure peak.
The pressure comes from the dynamic pressure effect generated by the eccentricity of the
floating ring, and the air film thickness is smaller at the position of the eccentricity of the
floating ring, so the effect of roughness becomes more significant. The air film pressure
of the floating ring seal with surface roughness is enhanced. When the fractal dimension
D = 2.6, the fractal roughness surface has less effect, because the order of magnitude of its
height is negligible compared to the air film thickness.

It can also be seen from Figure 14 that when the fractal dimension of the fractal rough
surface D = 2.6, the parameters such as air film buoyancy, leakage, and friction of the
floating ring seal are close to those when the surface is smooth. When the fractal dimension
D = 2.5, the buoyancy of the floating ring seal is somewhat enhanced at different speeds,
while the gas leakage is slightly increased. This is consistent with the air film pressure
being boosted in Figure 13. The air film buoyancy force increases as the rotational speed
increases. The buoyancy-leakage ratio is enhanced overall, and the greater the rotational
speed the greater the enhancement. It can be seen that a certain surface roughness has an
improving effect on the performance of the floating ring seal. This is consistent with the
conclusions of [36]. It can be found that the surface roughness has a similar effect as the
surface texture. However, as can be seen from Figure 14c, the surface roughness increases
the friction of the floating ring seal, in contrast to the surface texture.
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Figure 14. Effect of surface roughness on sealing performance at different rotation speeds: (a) effect
on buoyancy; (b) effect on leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.

Therefore, the effect of certain textures with surface roughness on the performance
of the floating ring seal is discussed and the results are shown in Figure 15. The texture

parameters are shown in Table 4 and the fractal dimension D =

2.5. Comparison of

Figures 11 and 14 shows that the textures with a certain roughness boost more buoyancy
and only slightly increase leakage. Compared to a smooth surface, when the rotation speed
is 15,000 r/min, the triangular textures increase buoyancy by 28.02% and increase leakage
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by only 10.08%. As a comparison, the triangular textures with roughness increase buoyancy
by 67.39% and leakage increases by 14.92%. The rectangular surface textures improve
buoyancy by 183.29% at 17,500 rpm when the surface of the floating ring seal is rough.
Figure 11c illustrates the variation in friction with rotational speed for four cases. From
comparison of the buoyancy-leakage ratio, the textures with a certain roughness generate a
better enhancement effect on the floating ring seal. In addition, the surface roughness does
not change the mechanism of the effect of textures, but affects the degree of the effect of
the textures. The design of textures combined with surface roughness can be one of the
means to enhance the performance of a floating ring seal. However, the process and cost of
mechanically creating surface roughness need to be considered.
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Figure 15. Effect of surface textures with roughness on sealing performance at different rotation speeds:
(a) effect on buoyancy; (b) effect on leakage; (c) effect on friction; (d) effect on ratio of buoyancy and leakage.

5. Conclusions

In summary, this work employed the finite difference method to iteratively solve the
Reynolds equation for the sealing fluid, and then analyzed the effects of surface texture and
surface roughness on the performance of floating ring seals. The effects of different surface
textures and their parameters on the performance of floating ring seals are systematically
presented and discussed. The key conclusions are summarized as follows:

(D Increasing the clearance can reduce friction, but it will compromise buoyancy and
increase leakage. Conversely, increasing the eccentricity can enhance buoyancy, but it
will significantly increase friction and leakage. Moreover, the increase in rotational speed
significantly boosts buoyancy and friction, with a negligible impact on leakage.

@ For an arbitrarily shaped texture in this paper, the depth of the texture has a
significant influence on the performance of the floating ring seal. The greater the depth
of the texture, the greater the leakage and the lower the friction. The change in buoyancy
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caused by the depth is related to the shape. The greater the depth of the texture within a
certain range, the better the overall performance of the floating ring seal.

@ The best angles for making the textures most effective are 30° for triangles and
hexagons, 90° for rectangles, and 0° for squares.

@ An increase in the texture area leads to increased leakage and reduced friction. The
square and rectangular textures exhibit a stronger effect, and as the texture area increases,
the buoyancy force also increases significantly.

® The textures mentioned in Table 4 can significantly enhance the performance of the
floating ring seals. The specific rectangular texture shows the largest increase in buoyancy
force, which reaches 81.2% at a rotation speed of 20,000 r/min. This specific triangular
texture increases buoyancy by 28.02% when the rotation speed is 15,000 r/min and leakage
increases by only 10.08%.

® Appropriate surface roughness can serve to enhance the performance of the floating
ring seal; the effect of texture is substantially enhanced when the floating ring seal surface
is rough. The triangular textures mentioned in Table 4 with roughness increase buoyancy
by 67.39% and leakage increases only by 14.92%.

Both optimized surface texture and surface roughness can contribute to enhancing
the overall performance of floating ring seals, particularly in terms of buoyancy. The
combination of surface texture and surface roughness is a promising direction that yields
positive results. However, the rough surface simulated by the computer model is generated
by randomization, and the feasibility of the process still requires further verification and
experimental confirmation.
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Nomenclature

A textured area

Ap random numbers in the interval [0, 277]

b position of the shaft surface

By random numbers in the interval [0, 277]

c radial clearance, m

C height coefficient of the surface

Cu a normally distributed random variable with a mean of 0 and variance of 1
d lengths of square textures; the width of the rectangular texture, m
D fractal dimension

D theoretical fractal dimension

e eccentricity, m

G feature scale parameter
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h gas film thickness, m

hy distribution of depth of texture

hy distribution of depth of surface roughness
hy depth of texture, m

H dimensionless film thickness

k ratio of buoyancy and leakage, N- kg/s

1 length of the rectangular texture, m

L size of the simulated image, m

Lmax  sampling length, m
Lyin  anumber which is determined by the instrument resolution

m frequency coefficient

M number of spatial undulations
n frequency coefficient

Nmax ~ Maximum frequency coefficient
P gas film pressure, Pa

p dimensionless film pressure

Pa air pressure, Pa

Plow  pressure in the low-pressure side, Pa

Phigh  pressure in the high-pressure side, Pa

Q leakage, kg/s

R radius of the rotating shaft, m

p radius of the outer circle of a triangular or hexagonal texture, m
To radius of the outer circle of a triangular or hexagonal texture, m
Ty dimensionless friction component in the x-direction

Ty dimensionless friction component in the y-direction

u linear velocity of rotating shaft, m/s

w buoyancy of gas film, N

[ dimensionless buoyancy of gas film, N

Wy dimensionless buoyancy component in the x-direction

wy dimensionless buoyancy component in the y-direction

04 characteristic parameter

A seal coefficient

u aerodynamic viscosity, Pa - m

¢mn  aseries of random phases between 0 and 7

14 gas density, kg/m3
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Abstract: We proposed a numerical method to investigate the thermo-fluid-structural coupled
characteristics of a mechanical seal of a reactor coolant pump (RCP), especially during extended loss
of AC power (ELAP) operation. We developed a finite element program for the general Reynolds
equation, including the turbulence effect to calculate the pressure, opening force, and leakage rate of
fluid lubricant and the two-dimensional energy equation to calculate the temperature distribution of
the fluid lubricant. We verified the accuracy of the developed program by comparing the simulated
temperature distribution and leakage rate of this study with those of previous research. Heat
conduction and elastic deformation due to pressure and temperature changes at the seal structure
were analyzed using an ANSYS program. The results showed that temperature more significantly
affected the elastic deformation of the seal structure near clearance than pressure both under normal
and ELAP operating conditions. High temperature and pressure of the coolant under ELAP operating
conditions deform the seal structure, resulting in a much smaller clearance of the fluid film than
normal operating condition. However, even with a small clearance under ELAP operation, the
leakage rate slightly increases due to the high internal pressure of the coolant. This research will
contribute to the development of robust mechanical seals for RCPs by accurately predicting the
characteristics of mechanical seals, especially when the RCP is operating under ELAP.

Keywords: ELAP; mechanical seal; thermo-fluid-structural coupled analysis; numerical analysis

1. Introduction

A reactor coolant pump (RCP) used in a pressurized water reactor of a nuclear power
plant is a device that circulates pressurized water coolant between the reactor and the
steam generator. To prevent leakage of the coolant, a three-stage cartridge-type mechanical
seal is applied to the RCP. Under normal operating conditions of the RCP, the coolant
temperature is around 40 °C, and the total pressure reduction through the three-stage
mechanical was around 150 bar, where the high pressure of the coolant was roughly
distributed to three mechanical seals with a distribution of 42% (63 bar reduction), 42%
(63 bar reduction), and 16% (24 bar reduction). However, with extended loss of AC power
(ELAP), the coolant temperature is over 300 °C, and a single stage of the mechanical seal
has to be safely operated to withstand a high-pressure difference of 150 bar. It is important
to predict the leakage and the seal deformation of the mechanical seal in the design stage
to prevent leakage of coolant under the high-pressure and high-temperature conditions
of ELAP [1]. Figure 1 illustrates the structure of the mechanical seal of an RCP, consisting
of a seal that rotates with the shaft and a stationary seal attached to the housing. Either
a stationary or a rotating seal has grooves to generate pressure. During operation, the
mechanical seal balances the closing force exerted by external pressure and spring force

Lubricants 2024, 12, 212. https:/ /doi.org/10.3390/lubricants12060212 119 https:/ /www.mdpi.com/journal/lubricants
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with the opening force generated by the pressure in the fluid film. The behavior of the fluid
film can be determined by the Reynolds equation, where the viscosity of the lubricant is
mainly dependent on temperature. Pressure and leakage vary depending on the state of
the fluid, the thickness of the fluid film, and surrounding pressure. The thermal energy
generated in the fluid film affects the temperature of the fluid film and the surrounding
structures through conduction and convection, and the structural deformation of the seal
due to temperature and pressure influences the behavior of the fluid film. Therefore, an
accurate calculation of the leakage from the mechanical seal requires a coupled analysis
that considers the pressure and temperature distribution of the fluid film and the elastic
deformation of the seal structure.

Housing

External pressure

Internal pressure

Stationary

seal Fluid film pressure

(Lubrication analysis domain )

O-ring

Groove part

Closingforce
Fluid flow

Shaft
- A Rotating axis

(b)

Figure 1. (a) Structure of a mechanical seal in an RCP and (b) a magnified drawing of the mechanical
seal in the dotted box of (a).

Several researchers have analyzed the performance of mechanical seals through
thermo-hydrodynamic analysis. Thomas et al. analyzed the pressure, temperature, and
leakage rate by solving the Reynolds equation and the energy equation to study the per-
formance of mechanical face seals operating under high pressure. They suggested that
this calculation required consideration of heat transfer of the fluid film for a stable de-
sign of seals under high pressure [2,3]. Other researchers also predicted the performance
of seals by analyzing the pressure and temperature of the fluid film through thermo-
hydrodynamic analysis [4-8]. However, they did not consider the changes in clearance
caused by elastic deformation of the seal structure occurring at high a temperature and
pressure. Brunetiere et al. proposed a method to analyze a mechanical face seal, including
the structural thermal deformation under normal operating conditions of 40 °C and a
pressure difference of 20 bar, in addition to solving the two-dimensional Reynolds equation
and the three-dimensional energy equation. They showed that the calculation of leakage
without considering structural thermal deformation can lead to significant error [9-11].
Other researchers also investigated the performance of a mechanical seal considering struc-
tural thermal deformation to accurately calculate the leakage rate of the seals in mechanical
devices [12-14].

Galenne et al. proposed an elasto-hydrodynamic model to analyze the failure of the
seals for an RCP under normal steady operating conditions at 50 °C and a total pressure
difference of 150 bar [15]. They compared the simulated leakage rates from the elastic
deformation of seals by solving the two-dimensional Reynolds equation and the three-
dimensional energy equation and comparing the structural analysis with the experimental
values. Moreover, they investigated lubrication characteristics by including the effects of
structural heat transfer and elastic deformation. However, they did not consider harsh
operating conditions. Su et al. proposed a coupled thermo-fluid-structural model to
analyze the lubrication characteristics of wavy pattern grooved seals for an RCP under
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three temperatures (20 °C, 40 °C, 75 °C) and pressures (53 bar, 106 bar, 159 bar) [16]. They
showed that the elastic deformation of the seals due to pressure and temperature affected
the leakage rates of mechanical seals, with leakage rates increasing as the sealing pressure
increased. Other researchers have also conducted a thermo-elasto-hydrodynamic analysis
of the lubrication characteristics of seals for RCPs [17-20]. However, prior researchers
did not investigate the effects of the high temperature and pressure of ELAP operating
conditions on the performance of RCP seals.

In this study, we proposed a thermo-fluid-structural coupled analysis method to
predict the pressure and temperature distributions, the change in the clearance of fluid
film due to elastic deformation of the mechanical seal, and the resulting leakage rate
under normal and ELAP operating conditions of an RCP. We developed the finite element
program of the general Reynolds equation, including the turbulence effect to calculate the
pressure, opening force, and leakage rate of fluid lubricant and the two-dimensional energy
equation to calculate the temperature distribution of the fluid lubricant. The accuracy of the
developed program was verified by comparing the simulated temperature distribution and
leakage rate with those of the previous research. Heat conduction and elastic deformation of
the seal structure due to pressure and temperature change were analyzed using the ANSYS
program. The proposed method was used to investigate the lubricating characteristics of
the mechanical seal under normal and ELAP conditions of the RCP.

2. Method of Analysis
2.1. Lubrication Analysis in Fluid Film

The two-dimensional Reynolds equation can be derived from the three-dimensional
Navier-Stokes equation and the continuity equation with the assumption of incompressible
laminar flows. By neglecting body force, inertia force, and the pressure gradient along the
direction of film thickness, the two-dimensional Reynolds equation is derived to calculate
the pressure of thin film flow. In fluid between two plates, the fluid state changes from
laminar to turbulent condition when the Reynolds number is greater than about 1000, and
the turbulent effect becomes significant as the Reynolds number increases [21,22]. Hirs
proposed the general Reynolds equation in Equation (1) to model the turbulence occurring
in thin-film flow [21,22].

] 13 9p ] W3 ap u oh

5(%5) +E<Geﬁﬁ> = %0 @
Here, h, i, p, U, Gy, and Gy represent the film thickness, viscosity coefficient, pressure,
velocity of the fluid, and the flow rate coefficients in the radial and circumferential direc-
tions, respectively, and they are the functions of » and 6. The flow rate coefficients vary
depending on the state of the fluid. For laminar flow, these coefficients are 12 in both radial
and circumferential directions; for turbulent flow, they are 0.0392Re%7> and 0.0687Re%7>,
where Re is the Reynolds number. The film thickness varies depending on the deformation
of the seal structure and can be expressed as shown in Equation (2).

h=hg+hg+hd ()

where &, he, and hy represent the minimum film thickness, groove depth, and elastic
deformation of the seal face, respectively. The internal and external boundary conditions of
the Reynolds equation are described in Equation (3). The external boundary conditions are
applied to the inner radius and the outer radius. The periodic boundary condition implies
that the pressure is continuous along the circumferential direction.

p(r=ri,0) = pi

p(r=r10,0) = po 3)
p(r,0) = p(r,0+2m)
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Here, p; and p, represent the internal and external pressures, respectively.

To develop the finite element formulation of the Reynolds equation, a weighting
function is multiplied; partial integration is performed, and Green’s theorem is employed
to yield the following expression.

13 9w ap 13 9w dp Uh ow
A <G’7§a7+c ;@@)‘m* 02 rogt =0 @)

where () and w represent the interested domain and weighting function, respectively. The
pressure of a four-node element can be defined through the nodal pressure P,, arbitrary
vector 1,, and shape function N and is expressed as shown in Equations (5) and (6).

p=NT'P, )

w_neN (6)

By substituting Equations (5) and (6) into Equation (4), the following local finite-element
equation is produced:

T 1 ON ONTP, 13 ON oNTP, r [ UhoN
/ —MNe
Q a 2 rdf

¢ "uwoor or * 1 o8 rae 2 rag =0 @

Equation (7) can be rewritten by introducing the local element stiffness matrices and load
vectors, as shown in Equations (8)—(10):

K.P. = F, (8
1% ON oNT 1% ON oNT
K= ) (Gfﬁﬁfar +Co a6 o0 )"Q ©)
Uh oN
F, = A 7@do (10)

Assembling the local finite element equations to construct the global finite element equation,
applying the boundary condition, and solving the global finite element equation, we can
determine the pressure of the fluid film. Then, the opening force, leakage rate, and heat
generation can be calculated, as shown in Equations (11)—-(13) [21,22].

27T 1y
Fopen = / / prdrdo (11)
0 T
13 ap
Q_'O G,VardG (12)
2 (hop  ulU
H= / / <§%+7>rd6’dr><rw (13)

2.2. Thermal Analysis in Fluid Film

Assuming convection at the boundary between the fluid film and the solid (based on
the principle of energy conservation), the two-dimensional energy equation in the fluid
film can be established as follows [23,24]:

wrh _ Geh® 3p _ G ap\ar
pCp [(* ) et ()5

3 2 3
= [S2 (%) + S ()] + 2 = D) (T )

(14)
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where Cp, Ty, Ts, h Fro and K s represent the specific heat capacity of the fluid, the tempera-
tures at the end face of the respective rotating seal and stationary seal, the convective heat
transfer coefficient at the boundary of the rotating seal, and the convective heat transfer
coefficient at the boundary of the stationary seal, respectively. The internal and external
boundary conditions of Equation (14) in the fluid film are as described in Equation (15). The
external boundary conditions include the internal temperature and external temperature,
applied, respectively, at the inner radius and the outer radius. The periodic boundary
condition implies that the temperature is continuous.

T(r=r,0) =T,
T(r=r1,,60)=T, (15)
T(r,0) =T(r,0+2m)

where T; and T, represent the internal temperature and external temperature, respectively. To
develop the finite element formulation of the energy equation, a weighting function is applied;
partial integration is performed, and Green’s theorem is applied to yield Equation (16).

. wrh dw Goh® ap ow G/h3 dp dw
jﬂpc”KT@T_T m%ﬂ ( "« aror )}”’Q

2
IQ{GM (%) G;h3w<gf>}d0 R 16)

~Jaw[{1s(T =)} + {nss(T, - 1)} 2 = 0

The temperature of a four-node element can be defined through the nodal temperature
T,, arbitrary vector 1,, and shape function N. With substitution and rearrangement, it is
expressed as Equation (17).

aQ

2 rob ¢ u rof rof
" JopGy G, 9p IN
()

u or or

Gh ap G,n3 J )
1 ot T P T V

¢ JoN thr( ~NTT,) } + {hfs(Ts ~NTT,) }[d0 =0

Here, the pressure gradient calculated from Equations (1)—(10) is used in Equation (17). The
convective heat transfer coefficient at the lubrication surface can be calculated using the
relationship expressed in Equations (18) and (19).

(17)

3pr!/%k
hpr = hps = = (18)
C
pr= £ (19)

where Pr and k represent the Prandtl number and thermal conductivity, respectively.

The convective heat transfer coefficient at the outer diameter of the mechanical seal
was derived through the empirical correlation of the Nusselt number in Equation (20), and
the Nusselt number is calculated using Equation (21) [25].

Nu = 0.133Re?/?pr!/3 (20)
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_h
k)1
The temperature of the fluid film is calculated by assembling the local finite element

equations to construct the global finite element equation, applying the boundary condition,
and solving the global finite element equation.

Nu 1)

2.3. Heat Conduction and Elastic Deformation of the Seal Structure

The heat conduction equations for the stationary seal and the rotating seal are ex-
pressed as Equations (22) and (23), respectively; for the rotating seal, it includes the rota-
tional component in the 6 direction.

18T oot P,
r2 902 Or or 072

=0 (22)

k, [10*T, 09T, 9T, oT;

oG 2002 Torar Yoz | T V%0

(23)

Here, Ts, Ty, k;, pr, and Cpr represent the temperature of the stationary seal, the temperature
of the rotating seal, the thermal conductivity of the rotating seal, the density, and the specific
heat capacity of the rotating seal, respectively.

Figure 2 illustrates the boundary conditions of the heat conduction equations for the
lubricating fluid and the seal structure. An isothermal boundary was applied to the outer
radius of the stationary seal, and a convective boundary with air was applied to the inner
radius. For the rotating seal, a convective boundary with water coolant was applied to
the outer radius, and an isothermal boundary was applied to the inner radius. On the
lubrication surface, the heat flux, which is obtained by dividing the generated heat in
Equation (13) by the element area, is applied to the lubrication surface. For the other parts,
an insulating boundary was applied to calculate the heat transfer between the lubricating
fluid and the solid [26,27].

:I Stationary /"7 lsothermal boundary condition

seal T T Convectionwith water

l l Convectionwith air

villl" <—» Heatflux

!FLV

Shaft

___________ Rotating axis

Figure 2. Heat transfer boundaries of a mechanical seal.

Figure 3 shows the pressure boundary conditions for the analysis of elastic deformation
of the seal structure. External pressure was applied to the outer diameter of the stationary
seal, and the internal pressure was applied to its inner diameter. Additionally, spring
force was applied to the outer diameter of the stationary seal. External pressure was also
applied to the outer diameter of the rotating seal, and the internal pressure was applied to
its inner diameter. The pressure calculated from the Reynolds equation was applied to the
lubricating surface. The other parts were subjected to a fixed boundary condition because
they are fixed to the shaft and housing.
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i/ J/ External pressure
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’T‘ ’T‘ Internal pressure

T

<> Pressure of fluid film

Spring force

e S | - Rotating axis

Figure 3. Pressure boundaries of a mechanical seal.

2.4. Numerical Algorithm

To calculate the lubrication characteristics at the high temperature and pressure en-
countered under ELAP operating conditions, it is necessary to consider the variation
in the viscosity coefficient according to temperature. The viscosity coefficient depends
on temperature and pressure. For liquid, it decreases with increasing temperature until
a phase change occurs, after which the viscosity coefficient increases. However, under
high pressure (where no phase change occurs), the viscosity coefficient increases with
increasing pressure at the same temperature. In this study, Freeprop (available online:
https:/ /webbook.nist.gov/chemistry /) was used to determine the viscosity coefficient of
each finite element depending on temperature and pressure.

Figure 4 shows the numerical procedure of this study. Lubrication analysis in the fluid
film was conducted with a finite element program developed using C++. First, the Reynolds
number was calculated on each finite element, and lubrication analysis was conducted
based on laminar and turbulent flow. Subsequently, thermal analysis to determine the
temperature of the fluid film was conducted using the finite element program developed
using C++. In this state, we applied the heat generation obtained from the fluid film analysis
to solve the energy equation. An iteration process was required to find the film thickness
that satisfies the equilibrium state under the given operating conditions by calculating
the opening force based on the initial film thickness (clearance) and comparing it to the
closing force. The process was repeated until the force equilibrium state was achieved. The
bisection method was used as the iteration method in this study. For this purpose, the
minimum and maximum film thicknesses were defined, and the analysis was repeated
until the difference between the opening force and the closing force for the calculated
film thickness was less than 1 x 10~%. Then, analyses of heat conduction and elastic
deformation of the seal structure were conducted using ANSYS software 2022 R1. In this
state, we applied the pressure from the fluid film analysis and the temperature distribution
of the heat conduction analysis to solve the elastic deformation of the seal structure. These
processes were repeated until the difference in total deformation of all nodes between the
previous step and the current step was less than 1 x 107%.
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| Input the operating parameters |

| Set the mini and maximum film thickne: | Fluid film analysis

| Laminar Reynolds equation |
[
Solve the general Reynolds equation to calculate pressure
distribution, opening force, leakage rate and heat generation

Solve the energy equation to calculate temperature distribution
with the application of the heat generation of fluid film analysis
T

No

|Fetose — Fopenl/Fdnse se

Yes Seal structure analysis

Solve the heat conduction of the seal structure to calculate
temperature distribution with the application of the temperature
distribution obtained from the energy equation

l

Calculate the elastic deformation of the seal structure with the
application of the pressure of fluid film analysis and the
temperature distribution of heat conduction analysis

‘ Determine pressure distrik

I force, leakage rate,
heat generation, and temperature distribution

Figure 4. Numerical procedure of thermo-fluid-structural coupled analysis of a mechanical seal.

3. Numerical Verification

To validate the developed finite element programs for lubrication and thermal analyses
and the proposed numerical procedure, we performed a thermo-fluid coupled analysis
of the face seal, as analyzed by Tournerie et al. [28]. The external radius, internal radius,
and tapering angle of this face seal were 45 mm, 40 mm, and 0.0001 rad, respectively.
The rotating speed, pressure difference, fluid density, initial viscosity, and fluid thermal
conductivity were 300 rad/s, 2 MPa, 850 kg/ m?3, 0.001 Pas, and 0.14 W/mK, respectively.
Our finite element model was constructed with 3000 quadrilateral elements. Figure 5 shows
a comparison of our temperature distributions along the radial direction with those of
Tournerie for film thicknesses of 2, 5, and 10 um. It shows that our simulated temperature
distributions are very close to those of Tournerie, within a discrepancy of 3%. Additionally,
our simulated leakage rate for the film thickness of 10 um is 1.182 x 10~® m3/s, very close
to Tournerie’s leakage rate of 1.175 x 107° m3/s, with a discrepancy of 0.59%.

160

——2pm —6—5pm —S—-10pm

Temperature [°C]

— Tournerie. B research
60— present research

0.04 0.041 0.042 0.043 0.044 0.045
Radius [m]

Figure 5. Temperature distribution according to film thickness.
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4. Results and Discussion
4.1. Analysis Model

We applied the proposed method of the thermo-fluid-structural coupled analysis to
investigate the lubrication characteristics of the mechanical seal under normal and ELAP
operating conditions. Figure 6a shows the mechanical structure of a mechanical seal with
a dodecagonal groove. The finite element model of the mechanical seal was developed
with 144,000 quadrilateral elements. Figure 6b is the finite element model corresponding to
the boxed area in Figure 6a, and it shows groove and ridge areas. The groove is engraved
in the stationary seal, while the rotating seal has a plain shape. Table 1 shows the design
variables and operating conditions used for the lubrication analysis of the mechanical seal.
Table 2 shows the pressure and temperature boundary conditions of the mechanical seal
under normal and ELAP conditions. The pressure differences between normal and ELAP
operating conditions were 64 bar and 176 bar, respectively. We assumed that the fluid
film in the clearance remained in a liquid state. Figure 7 shows the three-dimensional
model to analyze the heat conduction and elastic deformation of the seal structure. In
this research, we developed one-quarter of the three-dimensional model and applied a
symmetric boundary condition. The gray area is made of silicon carbide, where lubrication
occurs, while the rest is carbon graphite. We did not include the shaft and housing in the
finite element model in the analysis of elastic deformation and heat conduction because they
were much stiffer than that of the carbon graphite and because the thermal conductivity
of the shaft and housing was almost equal to that of the carbon graphite, and they were
located far from the heat source. Table 3 shows the material properties of the seal structure
in the analysis of heat conduction and elastic deformation.

116 18 120 122

x [mm]
@) (b)

Figure 6. 3D Geometry (a) and FE model (b) of a mechanical seal for RCP for lubrication and thermal
analyses.

124 126

Table 1. Design variables and operating conditions of the mechanical seal.

Parameter Value
Outer radius, 7, [mm] 131
Groove radius, rg [mm] 128.7
Inner radius, r; [mm] 125
Balance radius, r;, [mm] 127
Radial groove length [mm] 1
Number of grooves [ea] 12
Groove depth [mm] 1
Fluid specific heat capacity, Cp [J/kgK] 4184
Fluid thermal conductivity, k [W/mK] 0.592
Rotating speed, w [rpm] 1200
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Table 2. Pressure and temperature boundary conditions of the mechanical seal under normal and

ELAP operating conditions.

Parameter Normal Condition ELAP Condition
External pressure, p, [bar] 64 176
Internal pressure, p; [bar] 1 1
Seal fluid temperature, T, [K] 313 583
Ambient temperature, T; [K] 313 583
Fluid density, p [kg/m?3] 995.02 709.76
Fluid viscosity, p [pPas] 655.38 85.44

_Stationary seal

Rotating seal

I Silicon carbide
Carbon graphite

<+— Housing connection part

"

Shaft connection part

Figure 7. 3D Geometry of a mechanical seal for structural elastic deformation analysis.

Table 3. Material properties of the seal structure in the analysis of the heat conduction and elastic

deformation of the seal structure.

Parameter Carbon Graphite Silicon Carbide
Density, o [kg/m?] 1800 3100
Young’s modulus [GPa] 25 400
Poisson’s coefficient 0.2 0.17
Specific heat capacity, Cpr [J/kgK] 710 400
Thermal conductivity, k, [W/mK] 15 150
Linear thermal expansion coefficient [/ 106 °C] 4 4.3

4.2. Characteristics of a Mechanical Seal under Normal Operating Conditions

A thermo-fluid-structural coupled analysis was conducted to analyze the character-
istics of a mechanical seal under normal operating conditions. In this normal operating
condition, the proposed numerical procedure in Figure 4 was converged after nine itera-
tions, with an average clearance of 7.31 um. Figure 8 shows the Reynolds number along
the radial direction at 0° and 10°. Because there is no groove along the radius at 0°, the
Reynolds number is lower than Re = 1000, and no turbulence occurs. However, there
is a groove along the radius at 10°, and the Reynolds number is higher than Re = 1000
in the groove area, causing turbulence in the groove area. Figure 9a shows the pressure
distribution on the lubrication surface. Under normal operating conditions, the opening
force, maximum pressure, and leakage rates were 22,946 N, 64.03 bar, and 8.63 x 105 m3/s,
respectively. The maximum pressure is very close to the external pressure because the
wedge effect caused by the groove was weak. Figure 9b shows the temperature distribution
of the fluid film. The maximum temperature of 335 K occurred at the inner diameter of
the seal, and the minimum temperature of 321 K occurred within the groove due to the
lubricating fluid within the groove depth.
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Figure 8. Reynolds number of the fluid film at 6 = 0° and 6 = 10° under normal operating conditions.
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Figure 9. Pressure (a) and temperature distributions (b) in the fluid film of the mechanical seal under
normal conditions.

Figure 10 shows the temperature distribution of the seal structure due to heat con-
duction. The maximum temperature of 335.4 K occurs at the middle lower part of the
stationary seal, where a relatively high temperature is observed due to the low convective
heat transfer coefficient of air. At the middle upper part of the rotating seal, a relatively
low temperature is observed due to the high convective heat transfer coefficient of water.
Figure 11 shows the elastic deformation of the mechanical seal under normal operating
conditions. The maximum deformation of 4.5 pm occurs at the top of the stationary seal
because the pressure of 64 bar at the outer diameter of both the stationary and rotating
seals is much greater than the pressure of 1 bar at the inner diameter. Figure 12 shows the
clearance along the radial direction due to temperature, pressure, and their interaction.
When pressure is only applied, the clearance changes from a maximum of 4.92 um at the
outer radius to a minimum of 3.46 um near the middle, and the clearance at the outer
radius is slightly greater than that at the inner radius because of high external pressure.
When the temperature is applied, the clearance changes from a maximum of 7.48 um at the
inner radius to a minimum of 4.7 pum near the middle, and the clearance at the inner radius
is greater than that at the outer radius because of the high inner temperature. Temperature
changes the clearance more significantly than pressure. When both pressure and tempera-
ture are applied, clearance changes from the maximum of 9.77 um at the inner radius to the

129



Lubricants 2024, 12,212

minimum of 6.47 um near the middle, and the clearance at the inner radius is greater than
that at the outer radius, mostly due to high inner temperature.

Stationary seal

Rotating seal

Unit : K
335.4 Max
33291
L] 33042
L] 3270
L] 32545
32296
32047
L 31708
31549
313 Min

:] Upper middle part
:| Lower middle part

Figure 10. Temperature distribution of the mechanical seal under normal operating conditions.
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Figure 11. Elastic deformation of the mechanical seal under normal operating conditions.
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Figure 12. Clearance along the radial direction due to temperature, pressure, and their interaction
under normal operating conditions.

4.3. Characteristics of a Mechanical Seal under ELAP Operating Conditions

The characteristics of a mechanical seal under ELAP operating conditions were an-
alyzed by using the proposed thermo-fluid—structural coupled analysis. As shown in
Figure 4, the proposed numerical procedure was converged to an average clearance of
4.91 pum after 23 iterations. Because the groove depth affects the Reynolds number more
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significantly than clearance change, turbulence occurs only at the groove area in the ELAP
operating condition. Figure 13a shows the pressure distribution on the lubrication surface,
and it shows that the maximum pressure is very close to the external pressure because the
wedge effect caused by the groove is weak. Under ELAP operating conditions, the opening
force, maximum pressure, and leakage rate are 61,564 N, 176 bar, and 9.7 x 107> m3/s,
respectively. Figure 13b shows the temperature distribution of the fluid film. The maximum
temperature of 660 K occurs at the inner diameter of the seal, and the minimum temper-
ature of 635 K occurs within the groove due to the lubricating fluid within the groove
depth. According to the NIST, the coolant (water) remains in a liquid state up to 628.29 K
at 176 bar and up to 372.76 K at 1 bar. Vaporization of the fluid film may occur where
the temperature of the fluid film rises over the boiling temperature of water, as shown
in Figure 13. Figure 14 shows the temperature distribution of the seal structure due to
heat conduction. The maximum temperature of 669.3 K occurs at the middle lower part
of the stationary seal with the distribution of a relatively high temperature due to a low
convective heat transfer coefficient of air. A relatively low temperature occurred at the
middle upper part of the rotating seal due to the high convective heat transfer coefficient
of water.
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Figure 13. Pressure (a) and temperature distributions (b) in the fluid film of the mechanical seal
under ELAP operating conditions.
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Figure 14. Temperature distribution of the mechanical seal under ELAP operating conditions.
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Figure 15 shows the elastic deformation of the mechanical seal under ELAP operating
conditions, and the deformed shape of the mechanical seal under ELAP operating condi-
tions is very similar to that under normal operating conditions. However, the maximum
deformation of 60.5 pm occurs at the top of the stationary seal because the high pressure of
176 bar at the outer diameter of both the stationary and rotating seals is much greater than
the pressure of 1 bar at the inner diameter. Figure 16 shows the clearance along the radial
direction due to temperature, pressure, and their interaction, respectively. The maximum
clearances due to pressure, temperature, and their interaction are 4.59 um at the outer ra-
dius, 5.99 um at the inner radius, and 7.37 um at the inner radius. The minimum clearances
due to pressure, temperature, and their interaction are 3.09 um, 3.8 um, and 3.69 pm near
the middle, and it shows that the pressure additionally decreases the minimum clearance
near the middle when both temperature and pressure are considered. In total, elastic
deformation of the seal structure happens near clearance, and the temperature has a more
significant influence than pressure in ELAP operating conditions. Figure 17 shows the
clearance of the fluid film along the radial direction under normal and ELAP operating
conditions, and it shows that the clearance due to high temperature and pressure under
ELAP operating conditions is much smaller than that under normal operating conditions.
However, the leakage rate under ELAP operating conditions (9.7 x 105 m?/s) slightly
increased in comparison to that under normal operating conditions (8.63 x 107> m®/s) due
to the high internal pressure.

Stationary seal

Rotating seal
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40304
33587
26.87
20152
13435
67174
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l: Upper middle part
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Figure 15. Elastic deformation of the mechanical seal under ELAP operating conditions.
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Figure 16. Clearance along the radial direction due to temperature, pressure, and their interaction
under ELAP operating conditions.
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Figure 17. Clearance of the fluid film along radial direction under normal and ELAP operating
conditions.

5. Conclusions

In this paper, we proposed a thermo-fluid-structural coupled analysis method to
predict the pressure and temperature distributions, the change in the fluid film clearance
due to elastic deformation of the mechanical seal, and the resulting leakage rate under
normal and ELAP operating conditions of the RCP. We developed a finite element program
for the general Reynolds equation, including the turbulence effect to calculate the pres-
sure, opening force, and leakage rate of fluid lubricant and the two-dimensional energy
equation to calculate the temperature distribution of the fluid lubricant. The accuracy of
the developed program was verified by comparing the simulated temperature distribution
and leakage rate with those of previous research. Heat conduction and elastic deformation
due to pressure and temperature changes at the seal structure were analyzed using the
ANSYS program. The results show that temperature more significantly affects the elastic
deformation of the seal structure near clearance compared to pressure under both normal
and ELAP operating conditions. High temperature and pressure of the coolant under
ELAP operating conditions deformed the seal structure and resulted in a much smaller
clearance of the fluid film than in normal operating conditions. Even in the small clearance
of ELAP operating conditions, the leakage rate increased due to high internal pressure
and low viscosity. A high temperature of the coolant in the seal structure under ELAP
operating conditions rises over the boiling temperature of the coolant, which may cause
the vaporization of the coolant. The effect of two-phase flow in the fluid film under ELAP
operating conditions will be a future research topic to accurately analyze the fluid film and
the thermo-fluid—structural coupled analysis of the seal structure under ELAP operating
conditions. This research will contribute to the development of robust mechanical seals
for RCP by accurately predicting the characteristics of mechanical seals, especially under
ELAP in the RCP.

Author Contributions: Conceptualization, G.J.; methodology, Y.P. and G.H,; software, Y.P. and G.H.;
validation, Y.P; formal analysis, TK. and G.H.; investigation, Y.P. and M.K.; resources, M.K. and
TXK.; data curation, J.C. and S.J.; writing—original draft preparation, Y.P. and G.H.; writing—review
and editing, G.J.; visualization, Y.P. and G.H.; supervision, G.J.; project administration, G.J.; funding
acquisition, G.J. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Korea Energy Technology Evaluation and Planning (KETEP)
grant funded by the Ministry of Trade, Industry, and Energy (MOTIE) (20222B10100010, Development
of silicon carbide composite material technology with improved surface lubricity, 2023). This work
was supported by Korea Research Institute for Defense Technology planning and advancement
(KRIT) grant funded by Defense Acquisition Program Administration (DAPA) (No. KRIT-CT-21-008,
Predicting precise leakage rates of carbon seals and technology of designing aerodynamic patterns
for improving lifetime, 2023).

133



Lubricants 2024, 12,212

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Authors Sanghyun Jun, Jeongmook Choi, Taegyu Kim and Minsoo Kang were
employed by the company Department of Engineering, Flowserve KSM. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

Nomenclature

Dy Total elastic deformation of all nodes at the n-th iteration
Feose Closing force [N]

Fopen  Opening force [N]

Gy Fluid state coefficients for radial flow
Gy Fluid state coefficient for circumferential flow
h Film thickness [mm]

he Minimum film thickness [mm]

hg Groove depth [mm]

hy Deformation amount [mm]

Pressure of fluid film [bar]
Temperature of fluid film [K]

Fluid velocity [m/s]

Weighting function

Viscosity [Pa-s]

Density [kg/m?]

Arbitrary vector

Shape function vector

Element pressure vector [bar]
Element temperature vector [K]
Interested domain

Rotating velocity [rad/s]

Reynolds number

Prandtl number

Nusselt number

Z3 D= 8 ST

z3peodn
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Abstract: A new technique for finishing the surfaces of friction pairs has been proposed, which, in
combination with the original test method, has shown a significant influence of the initial roughness
configuration (surface texture) on friction and wear. Two types of finishing processing of the shaft
friction surfaces were compared, and it was found that the friction and wear coefficients differ by
more than 2-5 and 2—4 times, respectively. Based on a new methodology for analyzing standard
roughness parameters, the tribological efficiency criteria (in the sense of reducing friction and wear)
are proposed for the initial state of the friction surface of a radial plane sliding bearing shaft relative
to the friction direction, which is consistent with its frictional characteristics. Comparison of the
laboratory test results with the surface tribological efficiency criteria showed that these criteria are
very promising for controlling existing technologies and optimizing new technologies for friction
surface finishing in various friction systems.

Keywords: roughness; friction surface; wear; angular spectrum; bearing area curve

1. Introduction

From a tribology perspective, mechanical devices consist of various friction units with
distinct contact geometry and friction kinematics. The overall efficiency and operability
of the product depend on the efficiency, reliability, and durability of each of these friction
units, especially in case of critical wear [1]. A special place among them is occupied by
aviation fuel control equipment, on which flight safety directly depends. These units
use fuel as a lubricating medium, making it impossible to lubricate tribological contacts
with modern oils that have highly effective additive packages. Therefore, traditional
approaches are used to increase the reliability and service life of such units. These include
selecting a material combination for the parts of the friction pairs, using various chemical
and thermal technologies for processing friction surfaces, and applying various effective
coatings through various physico-chemical methods [2,3].

The technology of finishing friction surfaces is the most common method to improve
tribological properties in the manufacture of friction parts, especially fuel control equipment
on surfaces, which can retain boundary-lubricating layers. This texturing technique is
widely used in various sliding bearings, as evidenced by numerous publications [4-9] and
their references. However, there are significantly fewer publications dedicated to shaft
texturing [10-13].

The microgeometry of the rough surfaces of contacting parts changes rapidly at the
start of the tribological interaction process [14]. At the same time, the intensive processes
that occur during the initial stage of run-in, such as microplastic deformation, local thermal
flares (triboplasma), and desorption of boundary layers, significantly affect the behavior of
the tribological contact, including wear, friction force, and durability [15]. Therefore, the
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reliability and service life of a product are not only determined by the accuracy of its size
or shape but also by the state of the micro- or nano-geometry of the surface layer.

The adhesion-deformation or molecular-mechanical theory of friction and wear has
been widely used to describe the mechanisms and causes of wear of rubbing surfaces [16].
According to this theory, the boundary layers of lubricant are almost solid bodies that are
destroyed by tangential mechanical stresses and heat flows. However, this contradicts the
fundamental theories of boundary layer adsorption. Based on the identified fundamental
phenomena of extrusion and rarefaction in boundary layers of lubricant, we propose an
adhesion—-deformation-hydrodynamic (ADH) model of friction and wear [17]. The ADH
model explains that the primary cause of adhesion interaction and destruction of friction
surfaces is the desorption of boundary layers in diffuser elastically deformed discrete
micro- and macro-curved contacts. Rarefaction occurs there under the influence of negative
gradients of contact stresses. Therefore, the diffuser elastically deformed regions are the
most dangerous, as rarefaction always occurs there during friction. Intense desorption of
the boundary layers causes quasi-dry friction conditions, leading to primary adhesion and
subsequent tearing of the material from the bearing surface.

To prevent the destructive effects of friction in diffuser regions, the ADH model of
friction and wear proposes creating a structure of protrusions and indentations on the
surface of the shaft. This structure could increase the pressure in the diffuser zones of
microcontacts. This approach was tested in [18]. The authors suggest that this is due to the
lateral flow of the boundary lubricant from areas of high pressure, such as the confusor
zones, to areas of lower pressure, such as the diffuser microcontact zones, through bypass
channels on the bearing.

This paper presents an approach based on the ADH model to create such closed micro-
crater zones on the friction surface of the shaft, in the depressions of which, with natural
pre-compression in the confusor and transition zones of the elastically deformed contact,
it is possible to increase the pressure of the boundary lubricant. It is assumed that in the
rarefied zones of tribological contacts, pressure increases due to the flow of previously
compressed lubricant fragments from closed cavities through the contact contours. This
results in a decrease in the intensity of their desorption in accordance with the Langmuir
and BET (Brunauer-Emmett-Teller) adsorption isotherms.

To implement the proposed approach, two objectives must be met: to develop a
method for creating micro-craters on the surface of the shaft and to determine methods for
evaluating their 3D configuration relative to the direction of friction.

The technological process for creating the friction surfaces of sliding bearing shafts
involves sequentially grinding, fine-tuning, and polishing at high rotational speeds using
special lapping and abrasive media of various grain sizes. The resulting mirrored surfaces
are believed to have better tribological properties when friction occurs in the bearing.
However, it has been observed that such tribological sliding systems experience significant
adhesive-deformation wear during operation. To improve wear resistance and decrease
friction force, we propose creating micro-crater formations on the mirrored surfaces, as
suggested by the ADH model of friction and wear. The primary objective in creating
surfaces with uniformly distributed micro-crater formations on the shafts is to utilize a
specific abrasive medium and finishing modes.

The task also involves determining the tribological properties of surfaces after finishing
and establishing their relationship with the initial roughness parameters. The tribolog-
ical properties of the surface are determined through laboratory tests using specialized
equipment, for example, as in [17]. These tests ensure that identical samples experience the
same type of tribological contact under the same initial conditions throughout the friction
process of the model shaft along the model bearing, including during a single revolution.

To determine the surface roughness parameters, a well-known control and analysis
methods according to ISO 4287 [19], ISO 13565 [20], and ISO 25178 [21] are utilized. Mod-
ern measuring equipment enables the acquisition of information regarding the volumetric
configuration of nano-roughness and its corresponding parameters in 3D space. As demon-
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strated in [22], this information provides a more comprehensive understanding of the
statistical properties of roughness than existing standard roughness parameters.

Preliminary research suggests that these systems can be used to measure local surface
defects, including assessing volumetric wear of machine parts. This is particularly impor-
tant in laboratory tribological tests [18]. The 3D parameters or characteristics obtained
from this information should allow for both qualitative and quantitative evaluation of
the variation in roughness properties in different directions for shaft surfaces, whether
obtained by traditional or proposed new finishing techniques.

The purpose of this paper is therefore (1) to experimentally confirm the possibility
of reducing the frictional force and increasing the wear resistance of frictional surfaces
by applying a surface-finishing technology that provides the necessary configuration of
the nano-geometry of the roughness of the shaft, and (2) to search for parameters of
the volumetric roughness configuration that allow for the evaluation of the tribological
efficiency of the surface in terms of reducing friction and wear, taking into account the
direction of friction.

2. Objects, Materials, and Research Method

The Timken linear contact scheme was chosen for laboratory modeling of friction pairs
because it corresponds to the operation of the sliding friction unit, which is widely used in
mechanical engineering, including plunger pumps, multiple spool pairs, and other friction
units of fuel control equipment of various types of engines. This scheme is also the most
problematic in terms of wear resistance. To ensure good repeatability of the results and
avoid misinterpretation of data after testing, it is extremely important to ensure several
important requirements regarding the preparation of test samples and the test methodology
itself. We used a technique for processing the surfaces of shafts assembled in one cassette
that allows us to create a certain texture on their rubbing surfaces with a high degree of
uniformity. Also, when physically modeling tribocontacts, our test methodology assumes
the need to ensure constant contact and constant contact stresses at any time of friction.

The BIT-TRIBO-01 laboratory system, shown in Figure 1, was chosen from the avail-
able Timken friction-testing machines [23]. The BIT-TRIBO-01 friction laboratory setup is
designed to determine the wear and friction resistance of lubricants and their additives,
structural materials, and coatings. It also evaluates the effect of friction surface texture on
their friction performance by testing a model friction system with a single linear contact
(see Figure 2). Its notable feature is that this single contact is complete and constant within
a circle of the axis, which closely corresponds to its theoretical ideas. On this device, the
counter-sample 1 (model shaft) slides over the surface of the planar sample 2 while main-
taining a constant contact length (indicated by the white contact line) (see Figure 2). At the
same time, displacement of the contact line relative to the sensitive element of the friction
force measurement sensor is almost completely eliminated. The design of the device is
such that all axes along which the contact may have changed (OX, OY, and OZ) intersect
at the centroid of the counter-sample 1—at point O (Figure 2). Figure 2 shows the axis of
action of load N at the center of linear contact (OY axis). Figure 2 also shows the OX; and
0OZ, axes associated with the orientation of the linear contact. At the same time, all axes are
coordinated to the centroid O of the model shaft. Therefore, at the slightest displacement of
the contact, all axes simultaneously deviate relative to the centroid of the counter-sample
O, maintaining perpendicularity to each other and providing constant and complete single
linear contact.
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Figure 1. Laboratory device BIT-TRIBO-01 for tribological tests.

Figure 2. Friction pair: 1—counter-sample (model shaft); 2—fixed sample (model bearing).

The BIT-TRIBO-01 device achieved high reproducibility of friction and wear laboratory
test results due to the high stability of the initial contact conditions. Additionally, this
device allows for observation of a uniform secondary structure on the friction surfaces of
counter-samples that corresponds to the properties of the friction pair material, lubricant,
and surface texture under specified friction conditions. This is a difficult observation to
make for other devices with Timken schemes.

Flat stationary specimens (model flat bearings) were made of steel G52986 with a
hardness of HRC 59-62 and the nano-sized roughness of a model flat bearing. The surface
roughness, determined by the Ra parameter, was less than 0.01 pm and achieved through
sequential multistage polishing on cast iron lapping plates with different diamond pastes
ranging from 40 um to 0.5 um in grain size.

Two types of friction pairs were used for tribological tests within the framework of this
paper, differing only in the friction surfaces of the model shafts. The first type had surfaces
obtained through the traditional method of grinding and polishing with diamond paste
AFM. The second type had surfaces obtained through additional finishing of previously
polished shafts using silicon carbide and the same laps.
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Counter-samples that simulate the shaft were prepared from steel G52986 with HRC
59-62 hardness. The surfaces of the samples were prepared using glass laps with increased
flatness (no more than 0.5 um on an area of 120 x 40 mm?). The laps were made using the
well-known three-plate method and manually in a suspension of silicon carbide (5 pm)
in mineral oil with a ratio of 1:3. More than a dozen control samples were collected in
cassettes, fixed, and ground in processing centers (see Figure 3a). The cassettes were
manually polished using various diamond paste AFMs and rotated at a frequency of
1000 rpm. This followed the traditional step-by-step diamond-polishing technology with a
grain size ranging from 40 pm to 0.5 pm. As a result, we obtained several highly polished
model shafts.

(b)

Figure 3. Appearance of a cassette tape with 22 counter-samples. After the usual diamond slurry

finishing is completed, the counter-samples in the cassette tape have a mirrorlike surface state (a).
One counter-sample extracted from the cassette tape after additional Si-finishing has a matte diffusing
surface (b).

To create micro-crater formations on the surface of the model shafts, we utilized an
additional finishing technology called Si-technology. This involved finishing with an oil
suspension of silicon carbide.

It has been experimentally established that when silicon carbide with a maximum
grain size of 5 um is in a free state in an oil emulsion in a ratio of 1:3 and is located between a
flat glass lap and the processed steel surface of the shaft along the line, a micro-crater texture
forms on the steel surface. Given the plate-like structure of silicon carbide crystallites and
their relatively high hardness (ranked fourth after diamond), it is reasonable to assume that
large silicon carbide crystals may crumble into smaller fractions during finishing, resulting
in craters on the surface of the shaft.

After polishing the diamonds, the cassettes were washed thoroughly with petroleum
ether, a mixture of low-molecular-weight hydrocarbons (CsHy, and C¢Hjyy), and were then
wiped with moistened filter paper before being dried. The same procedure was repeated
for the cassettes after additional finishing with Si-technology.

Five samples were taken from the central part of the cassettes, which were processed
differently and tested to avoid the influence of edge effects after finishing. The model shafts
were prepared and installed on the friction machine according to the described methods,
with radial deviations from the axis of rotation not exceeding 3 um. Upon contact with the
flat sample, it was fully immersed in aviation kerosene.

The hardness of the samples was determined using a standardized DECHUAN hardness
tester (Laizhou, China). Radial runout of the model shafts after installation on the spindle was
eliminated using a special device, which measured micro-displacements when the spindle
shaft was slowly rotated using a MITUTOYO (Kanagawa, Japan) dial indicator with a division
value of 1 um. Measurements of deviations in the shape of the surfaces of the samples were
carried out on a “KEYENCE” (Osaka, Japan) coordinate-measuring machine.
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Test conditions: The linear sliding speed was 0.3 m/s and the axial load was 110 N.
Based on G. Hertz’s formulas [24] for this linear contact of surfaces made of G52986 steel, the
maximum initial design contact stresses were 70 MPa, which is realistic for fuel equipment.
However, it should be noted that the theory of G. Hertz assumed perfectly smooth surfaces
without boundary layers. The calculated initial contact width was approximately 0.16 mm,
which is over 50 times greater than the radial runout of the shaft, which was 0.003 mm.

Friction and wear test method: Tribological comparison tests were performed using
Timken test methods based on ASTM D2509 [25] for greases and ASTM D2782 [26] for oils.
However, in our case, we compared not lubricating media but the anti-wear and anti-friction
properties of surfaces having different three-dimensional states in the same environment—
aviation kerosene at the same initial contact loads, at the same sliding speed, for the same
four-stage tests, with the same time, and in the same external environmental conditions.

After applying a load of 110 N and filling the chamber with aviation kerosene TS-1,
the shaft rotated at a tangential speed of 0.3 m/s. The first stage of friction lasted for
15 min. Subsequently, two more such tests (2" and 3 stages) were carried out using
the same model shaft, but on new sections of the surface of the flat model bearing, each
lasting 15 min. Finally, the fourth stage of friction was carried out for 3 h. It was possible to
construct accurate wear rate dependencies by assuming complete running-in occurred in
the first three stages. The similar wear values after friction in the second and third stages
indicate that the additional work in kerosene was completed. The tests monitored the
volumetric temperature of the kerosene and friction force, and wear tracks were measured
and investigated afterward.

Surface roughness study: We used the laser-scanning profilograph—profilometer for
the surface measurement and determination of 2D roughness parameters as defined by the
ISO 4287 [19], ISO 25178 [21], and ISO 13565 [20]. The profilograph-profilometer had the
following parameters: field of view 300 x 300 pum?, lateral resolution 0.5 m, and vertical
resolution 0.1 nm.

If the surface roughness is described in accordance with ISO 4287 [19], the data
obtained on the average value and distribution of the values of the roughness parameters
along a plane do not provide information on the angular characteristics of these parameters.
However, raster surface scanning and additional data processing made it possible to obtain
the angular distribution of the surface roughness parameters, taking into account the
direction of friction. This paper introduces some angular characteristics that allow us to
describe the standard roughness parameters.

For example, Figure 4 shows the results of the calculation for the parameter Ra of
the standard surface roughness. The calculation is presented in the form of a standard
regular profile with Rz = 0.1 um. The relief of the profile is shown in Figure 4a, taking
into account the angular distribution of the average value of this parameter, as shown in
Figure 4c. Additionally, a histogram of the distribution of the Ra parameter along raster
lines is presented in Figure 4b, and its dependence on the direction is shown in Figure 4d.
Figure 4b shows a histogram of the distribution of the Ra parameter value for angle
@ = 0°. The profile is measured in the direction perpendicular to the grooves on the surface
of the test sample, as shown in Figure 4a. The blue curves in Figure 4c show the standard
deviation of the Ra parameter from its average value. Figure 4d shows the quantitative
distribution of surface profiles based on the Ra parameter value and the direction of the
profile study. The red color Indicates the maximum number of profiles (N). The contours of
the color image characterizing the distribution of the Ra parameter in Figure 4d correlate
with the curves shown in Figure 4c. Following this example, one can analyze the angular
dependences of the different parameters of the test sample surfaces such as Ra, Rz, and Rk.
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Figure 4. Angular dependence (by angleg) distribution of the average value (red line) and the
boundaries of the range of change (blue lines) of the parameter Ra (c) for the standard surface
roughness with a regular profile (a), including considering histograms of the distribution of this
parameter along raster lines (b) and along the angle directions of profile research (d).

3. Analysis of the Results

During multiple tribological laboratory tests of friction pairs with various finishing
work surfaces, it was discovered that these pairs have fundamentally different tribological
properties, all other factors being equal (in the same environment, at the same initial contact
loads, at the same sliding speed, during the same duration of the friction process, and under
the same external normal environmental conditions). Friction pairs in which the working
surfaces of the model shafts were adjusted using Si-technology exhibited abnormally low
values for the friction coefficient and wear rate. At the same time, these friction pairs
exhibited a slight variation in tribological characteristics during the burnishing stage and
maximum resistance to setting, with the critical specific load being at least 200 MPa.

Figure 5 show some results of wear tests on friction pair samples (5 control samples
from different batches) in four stages (I, II, III, and IV). The model shaft surfaces were
finished using various technologies. The temporal dependencies of wear of a flat bearing
are presented in Figure 5a, while the histograms of wear of a flat bearing depending on
the batch number are shown in Figure 5b. The wear is presented as the depth I of the trace
formed on the surface of the flat bearing as result of the material removing during the
friction process.
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Figure 5. The time dependences of wear of a flat bearing (a); wear histograms of a flat bearing
depending on the batch number (b) for two finishing technologies.

Significant differences were observed in the behavior of friction coefficient oscillograms
during the friction of shafts prepared using traditional processing methods and during the
friction of the same shafts processed using Si-technology in the most informative fourth
stage of the tests (see Figure 6). The results show that there were both quantitative and
qualitative differences between the two technologies. The friction coefficient Cy decreased
by 2-5 times in the case of the Si-technology compared to the traditional technology both
in terms of amplitude and frequency of oscillations. Additionally, there were differences in
the amplitude and frequency of oscillations, indicating a decrease in the intensity of the
adhesive forces in the interaction of the friction surfaces in contact (submicron adhesions)
in the case of Si-technology. Figure 6 shows dotted lines that limit the range of trends in
oscillograms of friction coefficients when testing five batches of model shafts under other
equal friction conditions with different processing technologies on a stationary sample.
The minor discrepancies between the friction force values during the five identical tests for
each case of the surface condition of the model shafts (no more than 10%) indicate a high
level of reproducibility of the experiments performed.

0.16-
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~
© 0.08

0.04

0.00 T T r T . )
0 40 80 120 160 200
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Figure 6. Change in the coefficient of friction C; over time during sliding friction of model shafts at the
fourth stage of testing using various technologies for finishing shaft surfaces: traditional processing
method (1); processing using Si-technology (2). The coefficients of friction trends during the testing
of five batches of model shafts are shown with dashes.
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The graphs in Figure 6 show that samples treated with Si-technology have a friction
coefficient reduced by up to five times as well wear resistance increased by two to three
times (Figure 5b). The linear roughness parameters (ISO 4287) obtained from the surfaces
under study using one profilogram for samples with Si-technology surface treatment
differed from those with traditional surface treatment, showing a decrease. The surfaces
of model shafts manufactured using Si-technology had, on average, 30-50% lower Ra
and Rz parameter values compared to those manufactured using traditional technology.
However, this alone does not account for the significant differences in wear rates and
friction coefficients. Therefore, a search was carried out for more informative parameters
using a profilograph—profilometer.

The study investigated cylindrical surface sections of a series of model shafts with
surface finishing using both traditional technology and Si-technology. Figure 7 shows
typical surface reliefs of the indicated areas with a size of 300 x 300 um?, which were
obtained using a profilograph—profilometer. The obtained images (Figure 7b,c) clearly
show that the three-dimensional configuration of roughness on the cylindrical surfaces of
the investigated shafts has different characteristics. On the surface of the shaft processed
using traditional technology, grooves in the form of a structure are clearly visible. These
grooves run perpendicular to the axis of the model shaft and coincide with the direction of
the X axis in Figure 7. Similarly, grooves are visible on the surface of the shaft processed
using Si-technology, but they are less noticeable and lack a clearly defined direction. In
addition, it is worth mentioning that the surface irregularities on the shaft, which were
processed using Si-technology, are distributed more uniformly.

Scanned

(a)

Figure 7. The reliefs of cylindrical surface section (a) of model shaft samples processed using
traditional technology (b) and Si-technology (c) were scanned by a profilograph—profilometer.
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The angular spatial spectrum of the test surfaces analyzed due to their pronounced
dependence on the direction was considered first. It was found that the angular spatial
spectrum has almost identical characteristics in different areas of the cylindrical surface of
samples processed using the same technology. However, the angular spectra of the surfaces
of the samples processed by different technologies differed significantly. Figure 8 shows
typical graphs of angular spectra for the test surfaces of model shafts. The direction with
an angle of 0° in the graphs of the angular spectra corresponds to the X-axis in Figure 7.

Std=0° Std =90°
Stdi=0.178 Stdi = 0.409

Figure 8. Angular spectra of the surfaces of model shaft cylinders processed using traditional
technology (a) and Si-technology (b).

The ISO 25178 [21] provides a quantitative characterization of the angular spatial
spectrum of the test surface using the parameters Std and Stdi. The texture direction, Std, is
defined as the angle of the dominating texture of the rough surface. The texture direction
index, Stdi, is a measure of how dominant the dominating direction is. The Stdi value is
always between 0 and 1. Surfaces with very dominant directions will have Stdi values
close to zero, and if all directions are similar, Stdi will be close to 1. Figure 8 shows the
values of Std and Stdi parameters for different technologies used to finish the surfaces of
model shafts. The Std parameter confirms the main direction of the surface texture, which
is consistent with the conclusions drawn from Figure 7. With traditional surface-processing
technology (Figure 8a), directional roughness is clearly expressed. The grooves on the
surface are parallel to the Y axis in Figure 7a, the maximum values of which are achieved
perpendicular to the grooves on the surface in the direction of 0° (along the X axis in
Figure 7a). Similar reasoning can be repeated regarding Si-technology. Figure 8b shows
that the angular spectrum has the largest values in several selected directions, namely,
0°, 45°, and 90°. In this case, the Std parameter shows the greatest dominance in the
direction of 90°. Additionally, the roughness direction with Si-technology is significantly
less dominant compared to with traditional technology, as evidenced by the values of the
Stdi parameter. With traditional technology, the Stdi is much closer to zero (Stdi = 0.178)
than with Si-technology, where it is closer to unity (Stdi = 0.409). This is supported by the
shape of the angular spectrum graph. With traditional technology, the angular spectrum is
narrow, with a clear maximum in the direction of roughness dominance. However, with
Si-technology, the angular spectrum is significantly wider.

Figure 9 shows typical angular dependences of the histogram of the distribution
of parameters Ra, Rz, and Rk over the surface for model shaft samples processed using
traditional technology (Figure 9a,c,e) and Si-technology (Figure 9b,d,f). The orientation
of the shaft samples with different surface-polishing technologies and the test areas of
their surfaces coincide with the designations shown in Figure 7a. This case does not
consider the fact that the average values of the parameters are slightly different for both
technologies, as previously noted. The obtained images show that for both surface pre-
treatment technologies the parameters Ra, Rz, and Rk have similar angular dependencies
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within the same technology. However, these dependencies differ between different surface
treatment technologies. This applies to both the average values of the parameters and
to the distributions of parameters across surface profiles. With traditional technology,
there is a wide and non-uniform scatter of all parameters (40-60% of the average value),
which depends on the angle and on individual surface profiles in a given direction. For
Si-technology, the dispersion of parameter in terms of angle and individual profiles in a
given direction is significantly smaller (25-35% of the average value) and more consistent
(the peaks of the predominant parameter values are less fragmented in terms of angle
compared to the case of standard technology). It is important to note that the level of
roughness with Si-technology is approximately the same over the entire surface of the
sample and is not significantly affected by the direction, as the direction of roughness is
weakly expressed.

g : 2 ° 2 ] - G : = : -
0 10 20 30 40 50 Ra,nm 50 40 30 20 10 0 10 20 30 40 50 Ra,nm

e < o i A 2 & i ? o
0 70 140 210 Rz, nm 210 140 70 0 70 140 210 Rz, nm

(e) f)

Figure 9. Angular dependences of the histogram of the distribution of the parameters Ra (a,b),
Rz (c,d), and Rk (e f) over the surface for samples of model shafts, the surfaces of which are processed
using traditional technology (a,c,e) and Si-technology (b,d,f).

The ISO 13565 [20] identifies the bearing area curve (BAC) as a significant characteristic
of a rough surface. The BAC, also known as the Abbott-Firestone curve, was proposed
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as a general measure of surface quality for machined parts. It is a simple and practical
tool for assessing surface quality. The BAC is an integral characteristic of contacting rough
surfaces and provides a visual representation of the primary operational characteristics of
the contact, including rigidity, wear resistance, and tightness. The BAC determines several
crucial parameters, such as Rk, Rpk, and Rok, which establish the limits of the profile core,
the average height of the protrusions, and the average depth of the depressions, respectively.
Additionally, the parameters Mr1 and Mr2 determine the proportion of surface protrusions
and depressions, respectively.

Figure 10 shows typical images illustrating the change in BAC based on the direction.
The color-coded amplitude values of the points on the BAC are shown for both surface-
processing technologies of model shafts. The orientation of shaft samples with different
surface-polishing technologies and the areas of surface examination coincides with the
designations shown in the Figure 7a. The images obtained also illustrate the presence of
a dominant roughness direction on surfaces manufactured using traditional technology
(Figure 10a). The average depth of the depressions and the height of the protrusions increase
in these surfaces. This is indicated by the increase in BAC values in Figure 10a, as well as in
the Rk values in Figure 10c, in the direction of the dominant roughness. In contrast, surfaces
manufactured using Si-technology (Figure 10b) do not exhibit a pronounced dominant
direction, which is consistent with the previously obtained characteristics. Figure 10c,d
present typical graphs of the parameters Mr1 and Mr2 depending on the direction for two
finishing technologies. The graphs show that the proportion of protrusions and depressions
on the surface of shafts processed using traditional technology can vary significantly
depending on the direction. In most cases, depressions predominate in the direction of
maximum roughness. On shaft surfaces processed using Si-technology, depressions are
more prevalent in the direction of greatest roughness, while the proportion of protrusions
and depressions is roughly equal in other directions. It is worth noting that the parameters
Rpk and Ruk exhibit similar behavior (Figure 10c,d). For shaft surfaces processed using
traditional technology, in the direction of greatest roughness, the ratio Rvk/Rpk is usually
greater than one in the direction of greatest roughness. This ratio varies significantly across
different samples and areas of the surface. For shaft surfaces processed using Si-technology,
the ratio Rvk/Rpk remains relatively constant. Specifically, this ratio is greater than 1 and
close to 1.3 in angle ranges from 0 to 50° and from 150° up to 180°. In the range of angles
from 50° up to 150°, the ratio is close to 1.

Height, um
0.38

Height, ym
0.21

80 60 40 20 0 20 40 60 80 % 80 60 40 20 0 20 40 60 80 %

(a) (b)

Figure 10. Cont.
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Figure 10. The 3D images of the BAC dependencies were averaged over the surface and determined
based on the direction of study of the surface profile for samples of model shafts manufactured using
traditional technology (a) and using Si-technology (b). The parameters Rk, Rpk, Rok, Mr1, and Mr2
were determined based on the direction of study of the surface profile for samples of model shafts
manufactured using traditional technology (c) and using Si-technology (d).

The angular dependencies of standard surface roughness parameters can identify
certain directions on the surface where these parameters exhibit features that make it
possible to describe the fundamental differences between the surface-finishing technologies
of the model shafts considered here.

4. Criteria for Evaluating the Tribological Efficiency of Roughness

The analysis of the above angular dependencies of standard roughness parameters
enables the formulation of criteria for evaluating the tribological efficiency of roughness in
the sense of reducing friction and wear.

When comparing the images in Figure 9, it can be seen that the distributions of average
values of standard roughness parameters over an angle (as shown in Figure 4c) and over
individual surface profiles (similarly, as shown in Figure 4b) for Si-technology surface
finishing appear more symmetrical relative to angles 0° and 90° than for traditional tech-
nology. It is assumed that this feature contributes to Si-technology’s superior tribological
friction efficiency. Therefore, when evaluating the tribological efficiency of a surface, the
symmetry of the surface texture relative to the direction of friction can be considered a
characteristic of the surface. This characteristic depends on the direction of friction and is
determined based on a standard roughness parameter (such as Ra or Rz). To obtain this
characteristic objectively, we will consider the coefficient of symmetry of the surface texture
in the direction of friction. The calculation is proposed to be performed as follows.

Using the parameter Ra as an example, it is evident from Figure 9a that traditional
technology exhibits a significant scatter of values for individual profiles taken in one
direction relative to its average value. Additionally, the maximum of the distribution of this
parameter also changes significantly depending on the direction in which it is determined.
For Si-technology (as shown in Figure 9b), the Ra parameter values are less spread out
over the surface in different directions of its determination. Furthermore, the maximum
distribution of this parameter is characterized by a lower dependence on the observation
angle. Thus, it can be concluded that for Si-technology, there exists a dominant value
of the parameter Ra over the entire test surface, as determined along various profiles
and directions. This dominant value can be used to calculate the dominance coefficient,
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which characterizes the degree of dominance of this parameter over the surface in a given
direction. We propose calculating the dominance coefficient using the following formula:

ARa(a) 2
Opa(®) = Cpla) - i) (1)
where for the selected direction of friction the following a values are determined:
Cp(x) = Np(a)/N—ratio of the maximum number of profiles Ny(«) in the direction
« with the same value Ra (determined from the parameter distribution histogram in Fig-
ure 9) to the total number of profiles N on a surface, ARa(«)—the standard deviation of
the Ra parameter over all surface profiles in the direction a, Ra (x)—the average value of
the parameter over all surface profiles in the direction «. The coefficient Cj(«) in Formula
(1) describes the maximum amplitude distribution of parameter values Ra over the surface
in a given direction a. The second factor in Formula (1) describes the influence of the width
of the distribution function of the parameter Ra over the surface in the direction a.

By utilizing the data shown above to characterize the dominance of the roughness
parameter Ra on the surface, it is possible to calculate the symmetry coefficient of the
distribution of this roughness parameter in relation to the chosen direction of friction.
To do this, you need to determine the degree of symmetry (similarity) of the functional
dependence Qg,(«) on both sides (within the range of £90°) relative to the selected
direction « using a normalized autocorrelation function. We propose determining the
symmetry coefficient with respect to the selected direction of friction as follows:

/2
| Qga(a—0) - Qga(a +0) do

Skala) = 2 - : )
[ OR,(6) do
0

As a result, we obtain the following graphs (Figure 11) for the coefficient of symmetry
of the surface texture depending on the direction of friction within the range of angles
a=(—90°...+90°).
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Figure 11. Angular dependencies of the symmetry coefficient SR, of surface texture on the direction
of friction &, obtained for traditional technology (curve 1) and Si-technology (curve 2) of model shaft
surface finishing.

The graphs indicate that traditional technology exhibits maximum symmetry in two di-
rections, i.e., 0° and 90°. This is due to the dominant direction of the roughness on the
surface, which takes the form of regular grooves that run perpendicular to the axis of the
model shaft. Therefore, the roughness in traditional technology is most symmetrical in the
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aforementioned directions. For Si-technology, symmetry is uniform and maximal in all
directions. This characteristic can serve as a criterion for determining the optimal surface
texture for friction in a specific direction.

The second criterion is related to the analysis of the BAC and its directional depen-
dence. As shown in Figure 10, Rk roughness parameters determined from the BAC exhibit
several features that are characteristic of the surface-finishing technologies used for model
shafts. This analysis utilized all Rk parameters and their angular dependencies. To evaluate
the tribological efficiency of the friction surface in a specific direction in terms of reducing
friction and wear using Rk parameters, the dependencies shown in Figure 10 were used as
a basis.

The dependencies presented in Figure 10 clearly show that for traditional technology,
the parameter Rk has a minimum value only in the direction perpendicular to the shaft
axis, which coincides with the direction of friction. The parameter itself varies within a
wide range, from 0.1 pm to 0.2 um. In addition to the observations made along the shaft
axis, there is also a noticeable divergence in the values of Rpk and Rvk when measured
perpendicular to the shaft axis (90°). The fractional components of the protrusions and
depressions corresponding to the parameters Mr1 and Mr2 also show a similar divergence.
It is worth noting that for Si-technology, the parameter Rk exhibits two insignificant minima
at 0° and 90°, and its value is less than that of traditional technology, varying within
a significantly smaller range (0.085 to 0.1). In the direction perpendicular to the shaft
axis, similar values of the parameters Rpk and Ruk, as well as Mr1 and Mr2, respectively,
are observed.

It is known that the samples prepared using the Si-technology have significantly higher
friction efficiency (in the sense of reducing friction and wear) in the direction perpendicular
to the axis of the model shaft compared to traditional technology. To account for the behav-
ior of the parameters Rk, Rpk, Rvk, Mr 1, and Mr 2 described above, a friction roughness
efficiency coefficient is introduced. This coefficient varies in the range of 0 to 1. In this case,
a value of 0 corresponds to the maximum ineffective roughness (in the sense of increasing
friction), while a value of 1 corresponds to the maximum effective roughness (in the sense
of reducing friction). When selecting a suitable functional dependence for calculating this
coefficient, it is important to consider that in order to achieve maximum efficiency of the tri-
bological interaction between the surfaces of the friction pair, the coefficient should quickly
approach unity. The coefficient of roughness efficiency with respect to friction should
tend to zero, except when the parameters Rpk and Ruk, as well as the parameters Mr1 and
Mr2, respectively, have close values. In the direction of maximum friction efficiency, the
parameters Rk, Rpk, and Ruk should take a minimum value. Based on the given conditions,
the coefficient of roughness efficiency with respect to friction should tend to zero. Therefore,
we propose representing the function describing the angular dependence of the roughness
efficiency coefficient with respect to friction as follows:

Rk(«) - Rpk(a) - Rok(x)

2
Rpk(a)—Rok(a)| | Mrl(a)—Mr2(a)
[Rk - Rpk - Rok] i, (1 - \/IRZk(ZHRzk(i)I : ‘Miuiimfzﬁﬁ)')

®G)

x(a) =exp1—

where the parameters Rk, Rpk, Rvk, Mr1, and Mr2 are determined for a given direction at
the angle «, and the parameter [Rk - Rpk - Rvk],, represents the minimum value of the
product of the parameters Rk, Rpk, and Rok in the angle « range from 0 to 180°. If we take
« as an angle relative to the axis of the model shaft, the dependencies x(«) for both the
traditional technology and the additional Si-technology for finishing the surfaces of model
shafts will have the form shown in Figure 12.
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Figure 12. Angular dependencies of the roughness efficiency coefficient with respect to friction x on
the direction of friction & obtained for traditional technology (curve 1) and Si-technology (curve 2) for
finishing the surfaces of model shafts.

Using the obtained dependencies, a criterion for the efficiency of roughness in terms
of reducing friction and wear can be established. It is observed that in the direction
perpendicular to the axis of the model shaft (x = 90°), both surface-finishing technologies
exhibit a pronounced maximum. This indicates that surface wear and friction force will be
minimized when rubbing in this direction. This statement is consistent with tribological test
data and the general understanding that the surface’s tribological efficiency will be better in
the direction where the surface roughness parameters have the lowest value. However, it is
important to note that the maximum roughness efficiency coefficient with respect to friction
x(x) for Si-technology (Figure 12, curve 2) is much closer to 1 than the maximum of the
similar coefficient for traditional technology (Figure 12, curve 1). Based on the tribological
test data, it can be assumed that the surfaces of friction pairs exhibit the best tribological
efficiency when rubbing in the direction with a higher roughness efficiency coefficient y(x).
A coefficient closer to 1 indicates greater tribological efficiency of the friction pair.

5. Conclusions

The original technique for performing tribological tests of friction pairs in combination
with a new method of additional finishing to the surfaces of friction pairs has shown
a significant influence of the configuration of the initial relief of rough surfaces on the
parameters of their tribological interaction (friction and wear). The surface of the shaft
was prepared using both traditional diamond paste polishing techniques and additional
finishing with silicon carbide. Tribological testing was performed on a single permanent
linear contact with other factors being equal. In a comparative experiment on sliding
friction of linear contact friction pairs composed of model shafts with different states of
friction surfaces on a fixed plane, significant differences in friction performance were found
between shafts with different surface textures. Additional finishing of the shaft surface with
silicon carbide resulted in a 2-5 times reduction in friction the coefficient and a 2—4 times
reduction in wear. In particular, the friction coefficient decreased from a value of 0.1 to
a value of less than 0.02. Along with this, the standard parameters of the initial rough-
ness of the surfaces of friction pairs processed using different technologies did not show
significant differences.

The abnormally low values of friction coefficient and wear strength observed during
the additional finishing process on the shaft surface are consistent with the adhesive de-
formation fluid dynamics model of friction and wear. This is due to the random micro
cracks on the polished nano surface. The new technology applied forms a uniform sur-
face relief. The reduction in the degree of rarefaction and micro-adhesive interaction of
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local areas of surfaces in the elastic deformation contact area of the diffuser can explain
this phenomenon.

A new technique for analyzing rough friction surfaces in polar coordinates has been
developed. This technique enables the acquisition of roughness angular characteristics
and the evaluation of their impact on the frictional characteristics of the surface relative to
the friction direction using standard roughness parameters. The technique was developed
considering the frictional test results of the model friction pair and the study of the influence
of various machining techniques on the three-dimensional-state characteristics of roughness
generated on the shaft surface. Criteria for evaluating the tribological efficiency of rough
surfaces (in the sense of reducing friction and wear) in a given friction direction are
proposed based on roughness angular characteristics. These criteria are consistent with
the results of frictional tests and enable the control of existing technologies for machining
friction pair working surfaces. They also facilitate the development of new technologies to
increase the wear resistance of high load friction sliding systems operating under boundary
fuel lubrication conditions. This method shows promise and could be instrumental in
optimizing various friction system friction surface-finishing technologies.
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Abstract: This research investigates the micro-mechanical and tribological properties of injection-
molded parts made from polypropylene. The tribological properties of polymers are a very interesting
area of research. Understanding tribological processes is very crucial. Considering that the mechanical
and tribological properties of injected parts are not uniform at various points of the part, this research
was conducted to explain the non-homogeneity of properties along the flow path. Non-homogeneity
can be influenced by numerous factors, including distance from the gate, mold and melt temperature,
injection pressure, crystalline structure, cooling rate, the surface of the mold, and others. The key
factor from the micro-mechanical and tribological properties point of view is the polymer morphology
(degree of crystallinity and size of the skin and core layers). The morphology is influenced by polymer
flow and the injection molding process conditions. Gained results indicate that the indentation
method was sufficiently sensitive to capture the changes in polypropylene morphology, which is a
key parameter for the resulting micro-mechanical and tribological properties of the part. It was proven
that the mechanical and tribological properties are not equal in varying regions of the part. Due to
cooling and process parameters, the difference in the indentation modulus in individual measurement
points was up to 55%, and the tribological properties, in particular the friction coefficient, showed
a difference of up to 20%. The aforementioned results indicate the impact this finding signifies for
injection molding technology in technical practice. Tribological properties are a key property of
the part surface and, together with micro-mechanical properties, characterize the resistance of the
surface to mechanical failure of the plastic part when used in engineering applications. A suitable
choice of gate location, finishing method of the cavity surface, and process parameters can ensure
the improvement of mechanical and tribological properties in stressed regions of the part. This will
increase the stiffness and wear resistance of the surface.

Keywords: polypropylene; gate distance; micro-mechanical properties; tribological properties;
structure; crystallinity; surface quality

1. Introduction

Injection molding is one of the most commonly used manufacturing methods to
produce polymer parts. It is characterized by a high degree of automation, high productivity,
and good volumetric stability of injected parts. The polymer is exposed to thermal and
mechanical effects during the injection molding cycle. The polymer experiences a transition
from a molten state to a rubber, glass, or crystalline state. The final physical, optical, and
mechanical properties of the injected part closely correlate with the created micro-structure.

During the melting phase of the injection molding process, the polymer experiences
high shear stress, normal pressure, and a thermal gradient. The high pressure at the wall
leads to the creation of a highly oriented lamellar micro-structure, commonly called the
skin layer. On the other hand, the low pressure in the core leads to the creation of a
spherulitic micro-structure. This difference in morphology between the surface and core
has already been investigated in numerous works [1-6]. This phenomenon is commonly
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called skin—core morphology, which can be observed by a polarized optical microscope
(Figure 1). Injection-molded semi-crystalline parts generally contain 2-5 layers [7-9].
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Figure 1. Morphological structure: (a) scheme of skin—core structure; (b) optical microscope—skin—
core structure.

Crystal growth occurs at temperatures below the melting point (Ty,,) and above the
glass transition point (Tg). Higher temperatures interfere with the molecular arrangement,
while lower temperatures lead to the freezing of molecular chains’ movement. Secondary
crystallization can occur under Tg, although in the time scale of months and years. This
process influences the mechanical properties of polymers and decreases their volume due
to the more compact arrangement of polymer chains [10,11].

The growth of crystalline regions occurs in the direction of the biggest temperature
gradient. In the case of a strong gradient, this growth is unidirectional and has a dendritic
character. If the temperature distribution is isotropic and static, then the lamellae grow radially
and create bigger quasi-spherical aggregates called spherulites. Spherulites’ size ranges from
1 to 100 pm [10]. During observation by a polarized optical microscope, spherulites create a
great number of colored figures, including the typical Maltese cross [10-12].

The crystallization mechanism of the polymer melt is quite important for the injection
molding of plastic parts. Different types of crystallization occur, for example, in extrusion
during the production of fibers and films. The crystallization theory indicates that the
thickness of lamellae is always less than the expected length of molecules. This means that
molecules in crystals can be folded numerous times. During crystallization, only a part of
the melt is deposited in the crystalline phase, while the remainder freezes in the amorphous
phase, which envelops the crystalline regions. A common polyolefin is a semi-crystalline
material with a relatively complex interior structure [10].

The problem of crystallization during injection molding was investigated by Le
et al. [13], who focused on the influence of pressure on crystallization kinetics. The detected
change in crystallization temperature enabled the identification of the pressure dependence
of crystallization kinetic parameters Tm and Tg, which are used in the Hoffman-Lauritzen
equation. Crystallization is the ability of a material to create rigid structures, which give
the material its specific properties.

Liu et al. [14] compared the morphology of iPP samples prepared by conventional
injection molding and micro-injection molding. The samples were studied using PLM, SEM,
DSC, and WAXD. The results showed that micro-injected samples contained a much higher
percentage of oriented shear layers. Varying crystallization in different points of the injected
part was investigated by Sun et al. [15] and Pantani et al. [16], who focused on the creation
of skin—core structure in the injected parts. The change in polypropylene morphology is
described by the arrangement and size of spherulites in dependence on distance from the
wall. The problem of crystallization was researched by more authors [17,18].

The correct setting of injection molding process parameters is a key factor not only for
the stable manufacturing process but also for the expected final properties of injected parts.
The most important parameters that significantly influence the entire injection molding
process are injection speed, injection pressure, holding pressure, duration of holding
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pressure, melt temperature, and mold temperature. The individual process parameters
act simultaneously and influence each other. Therefore, a change to one parameter affects
other parameters [1].

Furthermore, the influence of process parameters on the mechanical properties of the
injected part has been studied in numerous other publications. Wang et al. [19] focused on
the effect of process parameters (especially injection speed) on the mechanical properties
of micro-injected PP samples. It was found that increasing injection speed led to higher
hardness, which increased more in the perpendicular direction of flow than in the flow
direction. A similar study was conducted by Glogowska et al. [20], who injected samples
with differing process conditions. The samples were then grinded, injected again, and their
mechanical properties measured. Sykutera et al. [21] investigated the influence of process
conditions on the polymer viscosity, which was measured directly in the cavity. In general
practice, viscosity is measured in rheometers, but the goal of this study was to provide
real values coming straight from the manufacturing process. Studies [22-25] dealt with the
effect of multiple process conditions (pressure and temperature) on final flow length.

In conclusion, the submitted study focuses on the influence of flow length (distance
from the gate) and process conditions on the creation of crystalline morphology (skin—
core structure). The final structure affects the micro-mechanical properties of the surface
layer of injection-molded polypropylene. The literary research on the problem of the
influence of distance from the gate on the mechanical properties of injection-molded parts
was conducted, and no existing publication concerning this topic was found. In most
cases, the mechanical properties and sometimes hardness were measured only locally
and subsequently taken as results for the overall part. However, there was no study that
investigated the problem of varying properties along the polymer flow path of injection-
molded products. The aforementioned studies were concerned with partial research, mainly
with the influence of process parameters in injection molding on mechanical properties and
the effect of tool quality on flow length and surface replication. Furthermore, other studies
focused on changes in crystallinity, but once again, mostly locally. Some investigated
properties were researched only for micro-injection molding, which is quite different from
regular molding. In the field of micro-injection molding, several studies were concerned
with the influence of surface roughness on the flow length of the polymer. The results of
some studies were similar to macro-injection molding, although the dimensions of the final
part were in the range of micrometers; thus, the effect of surface roughness on polymer
flow was much greater. These results cannot be directly applied to those of macro-injection
molding due to the significant difference in size. As the mechanical properties of injection-
molded products are not uniform along the flow length, this research was designed to
specifically target the non-homogeneity of the properties of injection-molded parts. This
non-homogeneity can be influenced by numerous factors, for example, the distance from
the gate, the temperature of the mold and melt, injection pressure, crystalline structure,
degree of cooling, the surface of the mold, and others. This problem has a significant effect
on injection molding in general practice.

2. Materials and Methods

The preparation of the experiment was inspired by the practical requirements of
manufacturing injection-molded technical parts. Individual designs were checked by
injection molding simulation. Information gained from the simulation was used to choose
the most suitable technological parameters.

2.1. Injection-Molded Material (Polypropylene)

This research, as well as the selection of material (polypropylene), is inspired by
general practice requirements, as polypropylene is commonly used for injection molding
of technical parts. The testing was conducted on polypropylene, which is a semi-crystalline
thermoplastic with the trade name Borealis BJ380MO provided by Borealis (Linz, Austria).
The selected material is commonly used in the automotive industry, from which the request
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for testing properties along the flow length originated. Polypropylene is nowadays being
pushed out by more expensive construction materials. On the other hand, polypropylene is
still quite useful, especially due to its wide range of applications and processing parameters.
The material properties were taken from the provided material sheet, as can be seen in
Table 1.

Table 1. Basic properties of injection-molded material.

Properties Unit Value
MFI g/10 min 80
Density kg/m? 905
Elastic modulus GPa 13
Melt temperature °C 210-260
Mold temperature °C 20-60
Holding pressure MPa Min. 20

2.2. Injection Molding

The test samples were prepared using the injection molding machine Allrounder
470 E 1000-290 Golden Edition, manufactured by Arburg (Losburg, Germany). The mold
tempering was conducted by the oil tempering unit Regloplas 150 Smart, manufactured by
Regloplas (St. Gallen, Switzerland). The process conditions were set based on values gained
from the injection molding simulation and material sheet (Table 2). The test samples were
manufactured as rectangular blocks with dimensions of 6 x 1 x 240 mm. The selection of
injection molding parameters for this research is once again based on the requirements of
industrial practice. This research is only a part of extensive work regarding the problem of
the polymer flow path and its final properties. The chosen injection molding parameters for
this research were taken closer to the lower boundary of recommended parameters given
by the manufacturer with regards to the economic perspective of the length of the injection
molding cycle (melt temperature 215 °C, mold temperature 30 °C). The recommended melt
temperature range is 215-255 °C, and the mold temperature is 30-50 °C.

Table 2. Technological parameters of the injection molding process.

Technological Parameters Unit Value
Injection pressure bar 800
Holding pressure bar 640

Holding pressure duration s 1

Cooling time s 20
Clamping force kN 1000

Mold temperature °C 30
Melt temperature °C 215
Screw zone 1 °C 215
Screw zone 2 °C 210
Screw zone 3 °C 205
Screw zone 4 °C 200
Screw zone 5 °C 200

The cavity of the testing injection mold was in the shape of four grooves with varying
lengths, which were determined according to previously conducted injection molding
analysis that focused on the estimation of process parameters that could lead to the complete
filling of the mold. The length of individual cavities was 208 mm, 158 mm, 68 mm, and
38 mm (Figure 2a). The cavity had a rectangular cross-section with a dimension of 6 x 1 mm
and a length of 208 mm (Figure 2b). The connectivity of the cavity with the runner was
ensured by a cold slug, which was rotated by 90° for each length. The shape plates
were changeable and fit into a universal frame. These plates were tempered through
drilled channels.
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(a) (b)

Figure 2. Injection mold cavity: (a) Test mold, 1—sprue holder, 2—mold plate, 3—ejection plates,
4—tempering system right, 5—mold frame, 6—test mold plate, 7—tempering system left, 8—sprue
insert; (b) cross-section of mold cavity.

The cavity of the injection mold was manufactured by fine milling, as the required
quality of the surface was in the range of Ra 1.6 um to Ra 2.2 um. The conditions of the
manufacturing were set according to the requirements.

2.3. Injection Molding Simulation

The injection molding simulation was performed in order to provide data that could
be compared with real results and to help with the setting of the process parameters. The
simulation was performed in MoldFlow Synergy, which was made by Autodesk (San
Rafael, CA, USA). The conditions were set according to the material sheet in a way that
closely resembled conditions during injection molding.

The material for simulation was selected from the software database, which offers the
same type of polypropylene (Borealis BJ380MO) that was used to produce the injection-
molded specimens. The parameters of the selected material can be seen in Table 3.

Table 3. Basic properties of polypropylene (Borealis BJ380MO).

Properties Unit Value
MFI g/10 min 80
Density kg/m3 900
Elastic modulus GPa 13
Melt temperature °C 210-260
Mold temperature °C 20-60
Ejection temperature °C 117

The imported model was hatched by a 3D network made of 4-sided bodies (Figure 3),
which provided an adequate representation of the part in its entire volume and subsequent
display of results throughout the entire thickness of the part. The gate was made in the
form of a conical sprue. The generated 3D network was subsequently checked for all
requirements, and then the simulation was conducted (Table 4).
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(@) (b)

Figure 3. (a) Imported 3D model; (b) meshed model includes gate system.

Table 4. Properties of mesh.

Properties Unit Value
Mesh type - Tetrahedral
Global edge length on surface mm 1
Entity counts - 111,686
Aspect ratio - 4.61

Figure 4 displays the tempering system and the mold block. The trajectory of temper-
ing channels, including the inlet and outlet of the tempering medium, is derived from the
real mold concept. The core, cavity, and other mold plates were simplified as blocks for the
sake of simulation. Geometry defined in this way was subsequently also hatched by a 3D
network and then checked. After this step, it was necessary to set all other conditions of
the simulation, which can be seen in Table 5.

(a)
Figure 4. (a) Cooling system; (b) mold block.
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Table 5. Process settings for simulation.

Properties Unit Value
Molding material - Borealis BJ380MO
Mold material - Tool steel P-20 (1.2311)
Injection molding machine - Allrounder 470e 143 tons 16.4 oz

Melt temperature °C 215

Ejection temperature °C 117

Cycle time s 30

Mold temperature °C 30

Coolant - oil

Flow rate lit/min 50

After the simulation was started, all necessary calculations ran according to pre-
set conditions. The complex Moldflow analyses provided numerous important results
that were significant for the visualization of events taking place in individual phases
of the manufacturing cycle and allowed the evaluation of qualitative parameters of the
product. The goal of the simulations was to analyze the time of filling, injection pressure,
and orientation in the skin—core layer. The results of these analyses provide important
information for the stabilization of the injection molding process and the prediction of
polymer behavior in the cavity.

2.4. Tribological Properties

Tribological properties were measured using the MicroCombi tester MCT® from Anton
Paar (Graz, Austria). The measurements were carried out using the micro-indentation test,
which allows the coefficient of friction and abrasion resistance of the tested surfaces to be
determined. The principle of this measurement is based on the straightforward movement
of the indentor (Rockwell cone) with a tip angle of 120° and a tip radius of 100 um along
the surface of the test specimen. The process parameters can be seen in Table 6. Tribological
properties were measured on a MicroCombi tester, which was also used in the works of
other authors [26,27].

Table 6. Measurement parameters for tribological properties.

Measurement Parameters Unit Value
Applied load N 1
Speed mm/min 10
Length mm 5
Acquisition Rate Hz 30

Ahead of the process, the indentor moves along the surface with a defined force to
initiate the measurement device. Following the initiation, the indentor penetrates the test
sample with normal force F,, which leads to material deformation and the creation of
an imprint. The sensors record the friction force F; which is proportional to the normal
force, and a so-called pre-scan, which is concerned with the surface profile of the test
sample before the penetration depth Py (penetration depth) and post-scan of the imprint
R4 (residual depth), which are important for polymer relaxation evaluation. Valuable
information about the tribological properties of the material can be obtained from the
difference in profile depths (P4 — Ry). Finally, the critical loads can be accurately measured
using the acoustic emission AE and friction coefficient u. Figure 5 shows a schematic
diagram of the micro-tribometer.
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Figure 5. Schematic diagram of the micro-tribometer.

2.5. Micro-Mechanical Properties

The micro-mechanical properties measurement was conducted by depth sensing inden-
tation (DSI) on a Micro-Combi tester (MCT?) manufactured by Anton Paar (Graz, Austria).

A four-sided diamond pyramid with a top angle of 136° (Vickers indentor) was used
as the indenting body. The measurement was conducted by the DSI method (depth sensing
indentation), and the data gained were evaluated by the Oliver and Pharr method. The
measurement was conducted according to the CSN EN ISO 14577 standard [28]. Two
loading forces were used to observe the changes in the structure (skin—core layer). The use
of loading force 1 N led to a 20 um depth of indentation, while the application of 5 N led to
a 100 pm depth of penetration. The measurement parameters can be seen in Table 7. Since
it was a micro-hardness measurement, which works with low indenting force with depth
in the range of pum, the only evaluated parameters were indentation hardness, indentation
modulus, and indentation creep.

Table 7. Parameters of mechanical property measurement.

Measurement Parameters Unit Measurement of Skin Layer =~ Measurement of Skin + Core Layer
Applied load N 1 5
Maximum load duration s 90 90
Loading and de-loading speed N/min 2 10
Poisson’s ratio - 0.4 0.4

In order to determine mechanical properties and structure changes at varying distances
from the surface, the test samples were cut, fixed in resin, and polished. The test samples
prepared in this way can be measured in a direction perpendicular to the surface. Individual
cuts were conducted in five sections evenly distributed along the flow direction (gate
location 0 mm, and then 79 mm, 158 mm, 198 mm, and 220 mm from the gate).

As described in the ISO 14577 standard [28], the following parameters were evaluated:
indentation hardness, modulus, and creep. The calculation of the individual values has
been carried out using the Oliver and Pharr method (Figure 6).
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Figure 6. Schematic representation of the indentation processes shows the decrease in indentation
depth during loading (according to Oliver and Pharr).

Indentation hardness (Hyr) can be defined as the ability of a material to resist plastic
deformation. Indentation hardness Hyr (Equation (1)) is expressed by the ratio between
the applied load Fiax and the contact area (Ap) between the indenter and the specimen at
the maximum depth and load. The contact area Ap, (Equation (2)) is specified by the shape
constant of the indentor (24.50 for the Vickers indenter) and the depth of contact of the
indentor with the test specimen h. [29,30].

Fmax
Hyp = 22 1
T A, 1)
Ap = 24.50-h2 ()

Another material property that can be obtained from indentation testing using the
DSI method is the indentation modulus Ejr (Equation (3)). The indentation modulus Eyr is
comparable with Young’s modulus of the material. In general, the indentation modulus
can be determined from the slope of the tangent line used to calculate the indentation
hardness Hyr. As described in the ISO 14577 standard, the reduced modulus, E;, is used
to account for the fact that the elastic displacements occur in both the indenter and the
sample. The instrumented elastic modulus in the test material, Ert, can be calculated from
E; (Equation (5)). The calculations involve Poisson’s ratio (vs), which is usually between
0.2 and 0.4 for metallic materials and 0.3 and 0.4 for polymeric materials [29,30].

The plane strain modulus E* is calculated from the following Equation (4), where E; is
the elastic modulus of the indenter (diamond 1141 GPa), E; is the reduced modulus of the
indentation contact, and v; is Poisson’s ratio of the indenter (0.07) [29,30].

Reduced modulus E; is calculated from the following Equation (5), where C is contact
pliability and A, is contact area, \//T = 4.950 * h, for the Vickers indentor [29,30].

Er =E*(1-+2) 3)
. 1
E= 4)
Er - Ej
E, = i (5)

2.C\/Ap
Indentation creep is defined as the relative change in the indentation depth while
the applied load is kept constant. It is defined in the ISO 14577 instrumented indentation
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standard as Cyt (Equation (6)), where h; is the depth at the beginning of the creep test, and
h; is the depth at the end of the creep test [29,30].
Iy — Iy

Crp = 27 My0p ©)
Iy

2.6. Differential Scanning Calorimetry (DSC)

The behavior of the tested samples during melting and solidification was observed by
the differential scanning calorimeter DSC Q20 (TA Instruments, New Castle, DE, USA). The
weight of the sample was 6 mg, which was prepared by a microtome device. The speed
of heating and cooling was set to 10 °C/min. The DSC measurement was divided into
two parts. The first part contained primary heating from Ty to Ty, followed by staying
at constant temperature (isotherm 1 min), cooling to Ty, staying at constant temperature
(isotherm 1 min), and heating to T1. The observed properties were evaluated during the
first heating phase. The first phase of heating was observed in order to determine the
changes induced by the previous processing of the material (injection molding). The first
phase of heating allowed the observation of the history of polypropylene’s processing
and its influence on the structure and macromolecules, while the second phase no longer
showed this history.

Polypropylene Borealis BJ380MO is not 100% crystalline; its crystallinity is around
44%, as reported by the authors in the [31] article. The crystallinity must be recalculated
according to Formula (7). Crystallinity was calculated from the heat flow by the follow-
ing equation:

AH,,
Xe = AHID x 100 (7)
where X, is crystallinity (%), AHp, is heat flow (J/g), and AHp 1% is heat flow for 100%
crystalline polypropylene (207 J/g), which was found in the literature [32].

The process parameters of the DSC test for the determination of the crystallinity
of polypropylene were set according to previously conducted studies [32-36]. The au-
thors of these publications used DSC to determine the crystallinity of polypropylene and
demonstrated the use of this method to find the crystallinity with sufficient sensitivity.

2.7. Polarized Optical Microscope

Tested samples were cut into slices with a 20 um thickness in the transverse direction
on a rotational microtome Leica RM 2255 (Deer Park, IL, USA). These cuts were examined
by a polarized optical microscope, which helped in determining the changes in structure
along the cross-section of the tested material.

3. Results

The goal of the experimental work was to find the influence of gate distance on ob-
served parameters such as micro-mechanical properties (indentation hardness, indentation
modulus, and indentation creep) and morphology. These properties were measured on the
surface layer.

3.1. Injection Molding Simulation

The process conditions were set according to the MoldFlow analysis. Figure 7 shows
the results of filling time (Figure 7a), injection pressure (Figure 7b), and skin—core structure
(Figure 7c,d) for plate-shaped samples. The results were used not only to set the process
parameters of injection molding on the machine itself but also to show the behavior of the
polymer in the cavity and predict the orientation created in the skin and core layers. As
can be seen in the results of layer orientation, a highly oriented layer was created in the
surface layer, while an un-oriented structure was created in the core. This orientation of the
skin—core layer has a significant effect on final properties, which can be seen in the results.
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Figure 7. Results of simulation analysis: (a) filling time; (b) injection pressure; (c) core layers;
(d) skin layers.

The orientation of the skin result (Figure 7d) provides a good indication of how
molecules will be oriented on the outside of the part, showing the average principal
alignment direction for the whole local area at the end of the filling. The magnitudes of
these vectors are normalized to one and are displayed multiplied by the given scale factor.
Skin orientation is determined by the velocity direction when the melt front first reaches a
given location. The orientation of the skin result is useful for estimating the mechanical
properties of a part. For example, the impact strength is typically much higher in the
direction of molecular orientation at the skin. The skin orientation generally represents the
direction of strength. For plastic parts that must withstand high impact or force, the gate
location can be designed to give a skin orientation in the direction of the impact or force.

The orientation at the core result (Figure 7c) provides a good indication of how
molecules will be oriented at the part core, showing the average principal alignment direc-
tion for the whole element. The core orientation for each triangular element is perpendicular
to the velocity vector before the center layer reaches the transition temperature. This is the
most probable orientation in the core region of a part. The other possible orientation is in
the direction of the velocity vector. Core fiber orientation may be different from skin fiber
orientation. Because the melt freezes very quickly when it contacts the mold for the first
time, the velocity vector provides the most probable molecular orientation at the skin.
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3.2. Tribological Properties

Using the scratch test, it is possible to examine the tribological properties of the surface
layer of the tested injection-molded polypropylene, such as frictional force (Figure 8a),
acoustic emission (Figure 8b), friction coefficient (Figure 8c), and surface profile after
indentation (Figure 8d). The tribological properties were examined at five locations, which
were specified at different distances from the point of the injection gate to the end of the part.
The measured distance X was determined to be 5 mm for all samples. These tests can help
with the prediction of surface resistance to abrasion and thus complement measurements
of micro-mechanical properties such as hardness, modulus, etc.
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Figure 8. Tribological properties: (a) frictional force; (b) acoustic emission; (c) friction coefficient;
(d) removal depth.

3

The results of tribological tests show that the highest values of observed properties,
e.g., friction force and friction coefficient, were found at a distance of 154 mm. Acoustic
emission showed similar values for all measured distances. On the contrary, observed
tribological properties improved at the gate (0 mm) and at 208 mm from the gate, where the
lowest values of tribological properties were measured. For example, the friction coefficient
showed a value of 0.27 at a distance of 0 mm (start of the part), 0.30 at a distance of 154 mm
(center of the part), and 0.25 at a distance of 208 mm (end of the part). The difference in the
coefficient of friction between the individual points of the part was up to 20%.

As the results show, the tribological properties of injection-molded PP are not homo-
geneous along the length of the part, but due to different flow conditions, the tribological
properties change, which is reflected in an increase in the wear resistance of the surface
layer. This enhancement was caused by structural changes that directly impacted micro-
mechanical properties.
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3.3. Micro-Mechanical Properties of Surface Layer

This part was focused on the observation of micro-mechanical properties (indentation
hardness, indentation modulus, and indentation creep) in the surface layer at various
distances from the gate. The depth of mechanical property measurement reached approx-
imately 20 um (Figure 9a,c,e). The structures and micro-mechanical properties deeper
in the test samples were measured with a loading force of 5 N, which penetrated up to
100 um (Figure 9b,d,f). This measurement was supplemented by morphology (crystallinity)
observations and the thickness of the skin layer.

The test samples prepared by injection molding demonstrated that distance from the
gate significantly affects mechanical properties, such as indentation hardness and modulus.
The hardness decreased with distance from the gate, up until the measurement point
located at 154 mm. The total decrease was 15%. Further measurement points demonstrated
the opposite trend, and the values measured at the end of the sample were 17% higher than
at the gate and 34% higher than at the middle (154 mm) (Figure 9a).

The indentation modulus (Figure 9c) characterizes the rigidity of the part, and it can
be determined from the de-loading phase of the indentation cycle. The reported results
(20 um) of the indentation modulus display similar tendencies to indentation hardness.
When compared, the modulus values measured at the end of the sample were 24% higher
than at the gate. On the other hand, the indentation modulus measured in the middle of
the sample was 55% smaller than at the gate.

Indentation creep is another important property of the polymer part, as it characterizes
the resistance of the material against long-term strain. Most polymer parts are used in
applications that are exposed to continuous and long-term strain. The results of indentation
creep show that flow path and flow length have a significant effect on the values of
indentation creep (Figure 9e). Once again, the indentation creep decreased by 20% until the
measurement point was located at 154 mm and then improved by 36%. The indentation
creep value measured at the end of the sample was 14% higher in comparison with the gate.

The measurement of the mechanical properties of the surface layer at individual
distances from the gate shows that the length of polymer flow and subsequent cooling of the
polymer within the cavity have a significant influence on the mechanical and morphological
properties of injection-molded products. Within the surface layer, the mechanical properties
(indentation hardness, indentation modulus, and indentation creep) were not homogenous
along the flow direction. The maximum values were measured at the gate (0 mm) and
at the end of the injection-molded product (208 mm), while the minimum values were
measured at the middle of the sample (154 mm), which resulted in the decline of mechanical
properties. The measurements at a penetration depth of 100 um displayed an opposite
trend in values of indentation hardness. An increasing indentation hardness was observed,
up to 154 mm from the gate. The increase in indentation hardness from the gate (0 mm) to
the distance of 154 mm was approximately 43%. On the other hand, a significant decrease in
mechanical properties, up to 15%, was observed at the end of the sample. When comparing
the gate and end of the sample, it can be seen that there was a 24% increase in indentation
hardness between these points. (Figure 9b).

The values of indentation modulus in 100 pm depth once again demonstrated an
opposite trend to those found in 20 um. Towards the center of the part, an increasing trend
in values of the indentation modulus was observed. The difference between the gate (0 mm)
and middle (154 mm) was 120%. Towards the end of the part, the indentation modulus
decreases by 47% (Figure 9d).

Values of indentation creep in 100 um displayed improvement towards the center of
the part by up to 18%. Towards the end of the sample, the values of indentation creep were
the same as those measured in the gate location (Figure 9f).

An opposite trend in mechanical properties was observed in deeper layers of the
material in comparison with the surface layer. This trend was also dependent on the
distance from the gate. An increasing trend in mechanical properties was observed in test
samples along the flow direction, i.e., the mechanical properties rose from the gate up to
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154 mm from the gate and, on the other hand, declined from 154 mm from the gate up to
the end of the specimen.
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Figure 9. Influence of measurement depth and distance from the gate on mechanical properties:
(a) indentation hardness—1 N (penetration depth 20 um), (b) indentation hardness—5 N (measure-
ment depth 100 um), (c) indentation modulus—1 N (depth of measurement 20 um), (d) indentation
modulus—5 N (depth of measurement 100 um), (e) indentation creep—1 N (depth of measurement
20 pm), (f) indentation creep—5 N (depth of measurement 100 pm).

The observed changes in mechanical properties are given by the distribution of the
crystalline phase and the change in the arrangement of the structure (size and shape of
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spherulites) along the flow direction. This is significantly influenced by the magnitude of
holding pressure and mold temperature. The aforementioned findings correspond with the
behavior of polymers within the cavity, in which the polymer experiences fountain flow,
i.e., the polymer moves from the middle of the cavity to the cold surface of the mold, where
the polymer melts quickly, cools down, and creates a frozen layer. As is described in the
following sub-paragraph, property changes at varying distances from the gate were caused
by different skin layer thicknesses along the part. Molecules in this layer are more oriented,
and the total content of the amorphous phase is higher than in the core. The thickness of
the skin layer is lowest at the gate and at the end of the sample, while a thicker skin layer
can be found in the middle of the sample.

3.4. Micro-Mechanical Properties across Sample Depth

In this sub-paragraph, the influence of gate distance in varying depths of the test
sample on the mechanical properties was observed. The measurements were conducted
on cut slices of test samples picked out at differing distances from the gate. The goal of
this measurement was to prove varying mechanical properties in the cross-section of the
test samples. The presentation of results was conducted using 3D columns in order to
clearly display the trends of mechanical properties at two levels (along the specimen and in
individual depths). The average values and standard deviation presented in these graphs
can be seen in Tables 8-10.

Table 8. Statistical parameters of indentation hardness (MPa).

Length of Flow Statistical Parameters Distance from Surface (mm)

mm MPa 0 0.25 0.5 0.75 1
0 X 71.85 75.21 84.22 76.15 73.74
s 0.72 0.81 0.81 0.17 0.74
76 X 71.23 75.74 87.78 79.71 69.84
s 0.55 0.75 0.71 0.58 0.48
154 X 68.30 77.69 90.53 79.97 67.56
s 0.65 0.70 0.82 0.58 0.93
192 X 67.46 81.07 86.41 79.96 66.70
s 0.93 0.65 0.19 0.11 0.51
208 X 70.07 77.95 84.38 78.79 70.08
s 0.66 0.45 0.65 0.87 0.96

Table 9. Statistical parameters of indentation modulus (GPa).
Length of Flow Statistical Parameters Distance from Surface (mm)

mm GPa 0 0.25 0.5 0.75 1
0 X 1.36 1.54 1.68 1.56 1.38
s 0.04 0.03 0.05 0.08 0.05
76 X 1.28 1.65 1.81 1.73 1.29
s 0.05 0.04 0.01 0.03 0.06
154 X 1.26 1.72 1.92 1.79 1.21
s 0.09 0.08 0.06 0.07 0.03
192 X 1.30 1.68 1.84 1.69 1.28
s 0.03 0.01 0.01 0.02 0.03
208 X 1.33 1.38 1.62 141 133
s 0.06 0.08 0.04 0.01 0.09

The measured results indicate that the distance from the surface has a significant
influence on mechanical properties. The results from all gate distances show that the
indentation hardness is significantly higher at the center of the part than at the surface.
These differences were, for example, 17% at the gate and 33% at 152 mm from the gate
(Figure 10a). A similar trend was measured for the indentation modulus, which rose
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towards the center (Figure 10b). The difference between the surface at the gate and in the
middle of the sample was 24%, while it was 53% at 0.5 mm depth. For indentation creep,

a similar improvement between surface and center was measured, up to a 39% increase
(Figure 10c).

Table 10. Statistical parameters of indentation creep (%).

Length of Flow Statistical Parameters Distance from Surface (mm)

mm % 0 0.25 0.5 0.75 1
0 X 12.56 11.92 11.54 12.05 12.56
s 0.31 0.32 0.34 0.36 0.31
76 X 14.32 11.37 11.21 12.13 14.32
s 0.32 0.13 0.09 0.24 0.32
154 X 14.94 10.87 10.69 11.70 14.94
s 0.34 0.19 0.11 0.08 0.34
192 X 14.05 11.64 11.46 12.05 14.05
s 0.36 0.07 0.15 0.31 0.36
208 X 11.00 12.32 11.94 12.05 11.00
s 0.37 0.32 0.34 0.36 0.37
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Figure 10. Influence of distance from the surface of the test sample and gate distance on mechanical
properties: (a) indentation hardness; (b) indentation modulus; (c) indentation creep.

These results confirm the findings discussed in Sections 3.2 and 3.3 while also showing
that the polymer structure is not the same across the entire cross-section of the tested sample.
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3.5. Surface Quality

Results of surface replication (Figures 11 and 12) indicate that the surface quality of
injection mold replicates on test samples to a limited degree and differently at individual
points of the part. Milled surfaces displayed deviances in surface qualities that could be
caused by the direction of milling. According to the results, the surface quality changes
over the course of the flow length. The surface quality of the test sample near the gate was
Ra 1.1 pm, while the mold had 2.1 pm. The surface quality at the end of the test sample
(225 mm from the gate) was similar to the gate. Surface qualities at gate distances of 77 mm
and 154 mm increased to 1.4 um in comparison with mold, which displayed Ra 1.8 pum.
After this measurement point, surface quality decreased all the way towards the end. The
surface quality at the gate was Rz 7.5 pm for the test sample and Rz 11 pm for the injection
mold, while at the end, the surface quality was Rz 4.2 um at the gate and Rz 10.5 pm for
the mold.
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Figure 11. Influence of surface replication at varying distances from the gate: (a) surface quality Ra,
(b) surface quality Rz.

The surface quality of the mold replicated with better surface quality on the test
sample. The replication can be influenced by numerous factors, such as injection pressure,
mold temperature, enclosed air, etc. The main parameter that influences surface replication
is pressure drop, which manifests in a decrease in surface quality from 154 mm from the
gate all the way to the end of the test sample.

The surface profile, as shown by the 3D surface image (Figure 12), shows that the
difference in replication is significant. During flow, the polymer failed to fill the biggest
irregularities in the mold due to the temperature profile. For all measured points, a positive
trend in surface replication was measured. The results of the tool’s and test sample’s
2D surface quality profiles indicate that the highest irregularities of the tool surface were
not replicated on top of the test sample, which manifested in differing surface quality
at individual measurement points. These tendencies were most likely influenced by the
pressure drop in the cavity, enclosed air, and melt temperature.
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3.6. Influence of Gate Distance on Polypropylene Structure

This part served for the observation of morphology changes that occurred during the
filling and cooling of test samples in the cavity. The individual structural changes were
measured at the same distances from the gate as the mechanical properties.

3.6.1. Polarized Optical Microscope

The changes in surface layer (skin) thickness were observed along the length of the
part by a polarized optical microscope. Microtome cuts with 20 pm thickness were made at
individual distances from the gate. During injection molding, the polymer is forced to flow
towards the cold surface of walls, where it cools and solidifies; this is called the fountain
flow. This type of layer displays a high degree of orientation (Figure 13), which directly
translates to specific polymer properties.

Traditional melt flow behavior

-

>

7
7

"

Macromolecule 5 Velocit
S 5 Polymer chain Melt front fad
orientation distribution

Figure 13. Mechanism of structure creation during injection molding.

Figure 14 illustrates cross-sectional views of different morphological structures on
the surface and in the middle of an injection-molded tensile sample. As can be seen, the
morphological structure changes with the thickness of the injected samples. The structure
with high orientation appears in the skin layer, and the spherulitic structure with essentially
no preferred orientation appears in the core layer. It has been reported that in the skin
layer, because of the high shear stress and shear strain, the extended polymer chains lead
to extended chain crystals. In the core layer, because of the absence of shear, the random
polymer chains lead to lamellar, chain-folded crystals, and, finally, spherulites. Hence, the
structure is related to flow-induced crystallization, and the spherulitic structure is related
to quiescent crystallization.

220 mm

Figure 14. Changes in surface (skin) layer thickness at various distances from the gate.
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As can be seen in Figure 14, the skin layer is not the same along the injection-molded
part. The thickest skin layer can be found at gate distances of 158 mm in the sample (up to
20 um), while the thinnest skin layer can be found at the end of the part. These differences
in the thickness of the highly oriented layer are due to differences in the intensity and
velocity of cooling of the polymer during mold filling. This is reflected in the resulting skin
layer. The high orientation of macromolecules in the surface layer prevents the PLM light
from passing, as seen in Figure 14. This surface layer has a significant influence on the
varying mechanical properties of the part.

3.6.2. Differential Scanning Calorimetry

This sub-paragraph deals with observed changes in crystallinity (heat flow, Table 11)
due to differing distances from the gate (Figure 15). Results of surface layer crystallinity
indicate that the highest content of the crystalline phase is near the gate and at the end
of the part. Towards the middle of the sample, the content of crystallinity decreases
(Figure 15b). Crystallinity in the core layer (Figure 15d) points towards the opposite trend
as observed in the skin layer. The highest crystallinity was measured at the center of the
sample (158 mm). These results agree with the mechanical property measurements, which
followed a similar trend.

Table 11. Heat flow AHm (J/g).

Length of Flow Heat Flow AHm (J/g)
mm 100% Crystalline Polypropylene Skin Core
0 88.78 84.45
76 87.48 88.69
154 207 84.19 92.01
192 88.28 86.42
208 91.45 86.51

It is obvious from the DSC measurements that the crystalline phase content, and thus
micro-mechanical properties, change along the flow length (Figure 15). These changes
correspond with changes in micro-mechanical properties. The crystallization rate is not
uniform during polymer cooling, and so different structures are created, including shear-
oriented lamellae and spherulites. These structures provide different mechanical properties.

The injection molding process is sensitive to polymer temperature, especially during
cooling, during which the molecular chains orient in the direction of flow. In the core layer,
the longer chains can remain in a stretched-out state, while the shorter chains are oriented
randomly during filling. In the final structure, the prevalence of spherulites is significant.

The aforementioned results correspond with polymer behavior in the cavity, where the
polymer flows by fountain flow from the middle towards the cold surface of the walls. The
polymer melts, cools rapidly at the wall, and creates a solid layer. This significant cooling
imposes a high degree of elongation orientation in the skin layer, while in other layers, the
molecules have more time to relax. The combined effect of solidification and relaxation
creates several regions with varying degrees of orientation (surface layer, shear layer, and
core). The surface layer solidifies quickly with next to no relaxation and contains highly
oriented molecules. This is caused by elongation deformation brought on by fountain flow.
The degree of orientation corresponds with the flow length at the moment the mold is filled.
The final orientation along the flow length is strongly affected by the holding pressure phase,
as mentioned above. The degree of orientation and especially differences in crystalline
morphology in individual layers of a part have a significant effect on research properties.

In technical practice, a part is generally understood to have uniform properties along
its entire length. Although this does not correspond with reality, the properties can vary at
different points. The findings of this work show that it is not possible to view one part as
homogenous (from the mechanical and morphological point of view), but it is necessary to
focus on specific points of the injected part. A suitable choice of gate location and process
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conditions, such as holding pressure or mold temperature, can result in improved local
properties. This can be especially beneficial in parts with local straining, as they can be
modified without requiring more expensive material.
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Figure 15. Measurement of crystallinity: (a) DSC characteristic—skin layer; (b) crystallinity of surface
(skin) layer; (c) DSC characteristic—core layer; (d) crystallinity of core layer.

4. Discussion

This research aims to explain the tribological and mechanical behavior of polypropy-
lene to support the beneficial introduction of those materials in actual applications. Gen-
erally, the designers have to take into consideration a set of tribological and mechanical
parameters, not only one, including friction coefficient, wear, contact durability related to
application, and the hardness of the surface. Polymers are very promising materials to be
used for rubbing components in machines and devices. However, the selection of materials
with appropriate tribological and mechanical properties is critical. Understanding the
frictional and wear mechanisms controlled, in particular by the intensive and decisive
transfer of material during the operation of polymeric tribosystems, is a very important task
for tribologists. Low cost, corrosion resistance, damping of vibrations, ability to adapt to
work in the presence of contamination, and many other advantages of the use of polymers
in sliding (as well as rolling) systems open up a very interesting research area for tribology.

This research is part of large-scale research based on sub-parts from practice, where it
has been found that the mechanical and tribological properties are not the same along the
length but vary at different points in the injection-molded products. Based on this finding,
test molds with different lengths, shapes, and cross-sections (straight cavity (Figure 2),
spiral cavity, and cavity in the form of a tensile test body) were designed, in which the
surface of the cavity was manufactured by different technologies with manual surface
roughness (milled cavity Ra 1.6 um, grinded cavity Ra 0.8 um and Ra 0.45 um, polished
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cavity Ra 0.1 um, and coated cavity TiB;). Subsequently, the tested materials (PP, PA6,
etc.) and conditions of injection molding (melt temperature in the range of 215 to 255 °C,
mold temperature 30-50 °C, and injection pressure 20-80 MPa) were changed. Based on
these variations, it is possible to declare that the results demonstrated in this work can be
used even in the case of different mold cavities and surfaces, materials, and processing
parameters. The main condition is that the product has a shape with a longer flow path.
Then, it can be said that the product’s properties are not the same along the length of the
part and are influenced by numerous factors that can be affected during injection molding.
These changes have a significant effect on the distribution of the skin—core layer and, thus,
the mechanical and tribological properties.

These findings are crucial for technical practice and can be used in the injection
molding of polymer materials in the industry. Currently, in technical practice, the view
of an injection-molded product’s properties is quite simplified, with no regard for the
non-homogeneity along the flow length. Based on the findings of this study, mold or
process parameters can be modified to improve the properties of injection-molded products.
The areas of the product that are more mechanically strained can be locally reinforced by
these modifications. The biggest influence on mechanical and tribological properties along
the flow is exerted by gate placement, which is closely followed by polymer cooling in
the cavity. A local change in mold temperature in concrete areas could lead to significant
changes in mechanical properties. Due to the aforementioned effects, there could be a
change in the morphological structure of the polymer in the specified area, which could
then manifest as changed mechanical and tribological properties. This publication opens
new opportunities for modification of the injection molding process that could be used for
complex applications with specific requirements.

This knowledge was applied to a practical part, which was a headlamp bezel, where
the clamping points were subject to cracking. By changing the location of the injection
gate, changing the melt and mold temperature, and modifying the tempering circuit, the
mechanical properties were improved (up to 38%). This was achieved by more intensive
cooling in the problem area and also by changing the injection gate location so that the
polymer path was not too long, thus moving the stronger spot into the clamping point area.
It is also possible to improve these properties by applying a TiB; coating to the mold cavity,
which will improve the flowability of the polymer and increase the mechanical properties.
As the following research shows, the application of the coating increased the mechanical
properties by 33%.

The tribological, mechanical, surface, and morphological properties of the injection-
molded polypropylene samples were investigated. It was found that the injection molding
process and the gate location can be used to increase the abrasion resistance of polypropy-
lene. We have also found that the relationship between tribological characteristics and
morphological characteristics (skin—core layer, crystallinity, etc.) has a major influence on
the final product. This can be attributed to the injection molding process, the location of the
injection gate, and the behavior of the polymer during cooling, resulting in a higher surface
resistance of the polypropylene. Thus, it can be concluded that in order to achieve optimum
tribological and mechanical properties of injection-molded polypropylene, it is necessary
to monitor the morphological properties of the material with a focus on crystallinity, which
has a major influence on the aforementioned properties.

Gained results of varying properties along the flow path of injection-molded properties
change the view of polymer behavior during injection molding and can have a significant
effect on technical practice. For a complex description of this behavior, further investigation
is necessary, especially with a focus on other polymer materials or process parameters.

5. Conclusions

This work deals with the influence of gate distance on the properties of injection-
molded polypropylene parts. The importance and current research in the area of tribological
and mechanical properties of injection-molded product surfaces have been extensively
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reviewed to provide an understanding of their importance and benefits relating to their
use in industry. The effect of the technology itself, manufacturing processes, and related
process parameters on the tribological properties of injection-molded polypropylene has
been discussed in terms of the complex behavior of the polymer surface. Understanding
the mechanisms of friction and wear on an injection-molded part is very important for
designers and, when correlated with mechanical properties and especially morphological
properties, opens up a very interesting area of research in the field of tribology. Prepared
test samples were measured for their micro-mechanical properties (indentation hardness,
indentation modulus, indentation creep), tribological properties (friction force, acoustic
emission, friction coefficient), surface quality, and structural changes.

The test samples showed heterogenic behavior along the flow length as well as within
individual depths of the part. In the surface layer (depth of measurement 20 pum), the
mechanical properties decreased from the gate to the middle of the sample (158 mm). This
decrease was in total 15% for indentation hardness and 55% for indentation modulus. The
tribological properties also showed similar behavior to the micro-mechanical properties.
The coefficient of friction has its maximum value at the beginning and end of filling
and decreases towards the middle distance of filling. The coefficient of friction increases
significantly with crystallinity. The difference in the tribological properties (coefficient
of friction) between the individual points of the part was up to 20%. Towards the end
of the sample, an opposite trend was observed. Deeper in the surface layer (100 pum),
an opposite trend was found for mechanical properties, with its maximum at the center
of the sample. The increase towards the center of the sample was 43% for indentation
hardness and 120% for indentation modulus. Also, the replication of the tool surface on
the test sample surface showed significant changes along the polymer flow. The measured
results were probably influenced by the filling process as well as the process parameters of
injection molding. These parameters affected the creation of the final skin—core structure
and crystallinity, which varied along the flow length but also through the cross-section.
The results indicate that the proper indentation method can catch changes in tribological
and mechanical properties that were influenced by polypropylene morphology. Thus,
morphology changes can be correlated with tribological and mechanical changes.

In conclusion, this work demonstrates that the properties of injection-molded parts
are not uniform along the entire sample but change locally according to conditions within
the mold. This significantly alters how tribological and micro-mechanical properties are
looked upon in injection-molded parts. An important part is played by the way a mold is
filled and how this, together with flow behavior, influences the final properties at specific
points of a part.
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Abstract: This article presents the improved properties of GI (hot-dip galvanized) steel plates in
combination with a special permanent surface treatment. The substrate used was hot-dip galvanized
deep-drawn steel sheets of grade DX56D + Z. Subsequently, various surface treatments were applied
to their surface. The coefficient of friction of the metal sheets without surface treatment, with a
temporary surface treatment called passivation, and a thin organic coating (TOC) based on hydroxyl
resins dissolved in water, Ti and Cr®* were determined by a cup test. The surface quality and
corrosion resistance of all tested samples were also determined by exposing them for up to 288 h in
an atmosphere of neutral salt spray. The surface microgeometry parameters Ra, RPc and Rz(I), which
have a significant influence on the pressing process itself, were also determined. The TOC deposited
on the Zn substrate was the only one to exhibit excellent lubrication and anticorrosion properties,
resulting in the lowest surface microgeometry values owing to the uniform and continuous layer of
the thin organic coating compared to the GI substrate and passivation surface treatment, respectively.

Keywords: thin organic coating; galvanized steel; cup test; friction coefficient; corrosion resistance

1. Introduction

The formability of steel plates and the shape of the final parts made from them depend
on factors such as the material (its mechanical properties and surface microgeometry) [1,2];
the forming die geometry (die clearance, radii of the punch and die) and microgeometry
(roughness of contact surfaces) [3-5]; the technological parameters (temperature, strain
rate, blank holding forces, contact pressure, etc.) [6-8]; the properties of the tool’s material
(hardness, chemical composition, structure) [9]; and the type and amount of lubricant
used [10]. During the deep drawing process, the individual parameters change and their
mutual interaction has an influence on the formability, which is largely influenced by the
lubricant or lubrication strategy. Correct selection of the lubricant is therefore one of the
fundamental factors that ensures either the quality of the deep drawing process or its result
in the form of the stamped part itself [11,12].

The functions of the lubricant in the deep drawing process are usually of a different
nature. In general, however, the role of the lubricant is to minimize the friction acting on
the contact surfaces of the tool in order to achieve the greatest possible ductility and to
take maximum advantage of all of the plastic properties of the material [13]. Lubricants
must perform other functions, such as the protection of metal sheets against corrosion, easy
application and the removal of surfaces when necessary [14]. Nowadays, novel tribological
systems are being studied, such as using volatile medium-like liquid carbon dioxide (CO,)
and gaseous nitrogen, directly introduced into the friction zones during deep drawing.
These alternatives aim to reduce environmental impacts and eliminate the need for post-
forming cleaning processes [15]. Good adhesion and homogeneity of the lubricant on the
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surface of the sheet must also be ensured from application through to transport, storage
and processing. Lubricants must be stable in the pressing process as well as non-hazardous
and their application should be cost-effective [16].

One possible way to obtain these properties for a specific area of the stampings
produced is the development of coatings based on a combination of a zinc coating with
an applied permanent thin organic coating. Such a coating should be compatible with all
Zn coatings and remain on the metal sheets during pressing [17,18]. The low coefficient of
friction obtained should allow for more uniform reshaping in tooling and for maximum use
of the mechanical properties for sharper lines of the stampings [19,20]. The dry lubricant
on the steel plates should meet the requirement of eliminating coating flaking and the
need for additional oil, thus keeping the forming presses (the contact surfaces of the blank
holder, punch and die) clean and ready for the next step of production [21]. A typical
permanent coating consists of a coating—forming material (resin) and different types of
additives (forming additives and corrosion inhibitors) [22-24] enhancing conductivity
and/or corrosion protection [25].

An example of such surface treatment on Zn, Al-Zn, Al-Zn-Si, Mg-Al-Zn and other
substrates is a thin organic coating (TOC). The coating contains a limited amount of inorganic
Cr3* and Ti components [26]. After drying, they form a thin dry film with a thickness from 0.8
to 1.7 um (i.e., 1.0 to 2.0 g/m?). The coating serves as a permanent protection for galvanized
sheet metal in transparent and colored versions [26-29]. Steel sheets with a thin organic coating
currently provide an effective solution for applications where traditional passivated or oiled
galvanized material is used, particularly in corrosion-sensitive conditions. The advantages
and functional properties of the coating are excellent corrosion resistance and the absence
of hexavalent chromium, which is RoHS-compliant based on Directive 2011/65/EU of the
European Parliament and the Council [30]. The coating improves the formability due to the
lower coefficient of friction “f”, whose value of less than 0.15 is strictly required by sheet
metal fabricators, especially in the white goods sector. When forming sheet metal with such
surface protection, there is no need to add any pressing oils as it is also compatible with
subsequent joining processes (gluing, welding. ..). A thin organic coating is also characterized
by AFP—anti finger print, i.e., fingerprint resistance. In addition, these coated steel sheets
are suitable for painting without any pre-treatment, for interior and exterior use, as well as
for exposed and unexposed parts of products. This coating has a wide range of applications:
construction—profiles, electronics—TV panels and Hi-Fi systems, and others—furniture, air
conditioning, appliances, etc. [25-29].

The tribological behavior of TOCs is being tested by different methods to evaluate the
friction coefficient in dry/wet contact conditions. The modified scratch test is well suited
to serve as a first screening method to compare the tribological performance of different
types of thin organic permanent coatings for forming applications [31,32]. Pin-on-disc/ball-
on-disc tests are useful when determining the friction coefficient of organic/inorganic
coatings [33,34]. While the mentioned tests belong to the basic testing methods performed
in laboratory conditions, the bending under tension test allows for the modeling of the
friction conditions on the edge of the die [31,35,36]. More complex tests, involving real
conditions in deep drawing/stretching processes, are the cup test and biaxial stretching
test. In [37], the authors tested the formability of organic coated steel sheet metal by using
the cup test and biaxial stretching, focusing on the fracture behavior of the coating during
forming operations. A biaxial tension state showed a greater effect on the coating compared
to a mixed compression—tension state, even if the crack development was demonstrated to
be similar. By using the cup test, it is possible to model the stress of the contact surfaces
during sheet metal forming [38]. The cup test offers a more CF-process-relevant determina-
tion approach for the prediction of the technological characteristics of the deep drawing
process [39,40].

The aim of this paper is to study the tribological and corrosion properties of a thin
organic coating (TOC) based on hydroxyl resins dissolved in water and compare them
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with a standard Zn coating and a passivated one. All of these coatings were created on a
standard drawing quality steel substrate.

2. Materials and Methods
2.1. Experimental Materials—Substrate and Coatings

This experimental study was carried out on 1.0 mm thick steel sheet specimens of deep-
drawn grade DX56D + Z. Tested samples of hot-dip galvanized steel sheet (GI substrate)
were used as the reference material with a Zn layer thickness of 80 g/m? (40/40 g/m?).
Further, for comparison, the same quality hot-dip Zn coating with an applied surface
treatment called passivation (based on inorganic substances) and also the same Zn coating
with the TOC in a white shade were used. It is a single-component product based on Ti
and Cr3*. All of these coatings were in the same condition “as delivered” [27].

Figure 1 depicts a selected region of the metallographic section of the sample with the
TOC analyzed under an Olympus GX 71 light microscope (Olympus, Tokyo, Japan). The Zn
layer thickness was from 5 to 7 um on both the top and bottom of the steel substrate. The
thickness of the organic coating was controlled during its application to the Zn substrate
according to the titanium content of the coating and the thickness of the dry film on the
surface of the Zn substrate.

L L Znlayer
Steel substrate

P

20 pm |

Figure 1. Cross-section of galvanized steel substrate with TOC layer.

The EDX/SEM analysis of the surface treatment (Figure 2b) confirmed a relatively
stable chromium content in the range of 0.3 & 0.1 wt%, which also corresponded with
the required thickness of the coating applied. The uniform distribution of the pigment
particles in the TOC after application to the steel sheet was also observed. The analysis was
performed using a TESCAN VEGA 3 scanning electron microscope (TESCAN GROUP, a:s.,
Brno, Czech Republic) coupled with an OXFORD Instruments EDS analyzer.
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Figure 2. EDX analysis: (a) passivated GI coating; (b) GI coating with TOC.
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The chemical composition of the substrate, which meets the prescribed limits of EN
10346 [41] (Table 1), was determined with an OBLF QSG 750 Analyzer (OBLF, Witten, DE,
Germany) by using optical emission spectral analysis.

Table 1. Chemical composition of 1.0 mm thick substrate DX56D + Z (max. values) [wt%].

C Mn Si P S Ti
0.12 0.6 0.5 0.1 0.045 0.3

2.2. Mechanical Properties of Substrate

The mechanical properties were determined by using a Zwick/Roell Z050 machine
(Ulm, Germany) in the transversal direction (90°) to the rolling direction and meet the
limits shown in Table 2. These properties were determined according to EN ISO 6892-1 [42],
the normal anisotropy “r” was determined according to EN ISO 10113 [43] and the strain
hardening exponent “n” was determined according to EN ISO 10275 [44] on standardized
specimens (20 mm in width and 80 mm of original gauge length). The plastic strain ratio
was determined at 20% of the engineering strain level and the strain hardening exponent
was determined within the strain interval of 5% to uniform elongation Ag [42-44].

Table 2. Mechanical properties of 1.0 mm thick substrate DX56D + Z in transversal direction (90°).

Rpo2 (YS) R (UTS) Ago T n
[MPa] [MPa] [%] [-] [-1
Measured 175+ 1.3 301 £1.1 435+£09 2.30 + 0.03 0.23 & 0.005
Required 120-180 260-350 39% min. 1.9 min. 0.21 min.

Rpo2 (YS) is proof strength; Ry (UTS) is ultimate tensile strength; Agp is percentage elongation after fracture; r is
plastic strain ratio; n is strain hardening exponent.

2.3. Cup Test

To determine the lubrication properties (the value of the friction coefficient on the
contact surfaces of the die and the blank holder), the well-known formability test—the
cup test—was used, which simulates the stresses on the material in a real deep drawing
process [38—40]. This test can be used to describe the most frequent contacts in the tribo-
logical system between the tool (punch, blank holder, die), friction material (sheet metal
specimen/product) and intermediate material (lubricant, oil, foil or permanent special
coating on sheet metal)—Figure 3 [12,38].

Fz d

N ]
NN\ F

T | SAAIIILII d
N

N\ _
(a) (b)

Figure 3. The principle of the cup test to determine the friction coefficient: (a) the friction forces

Ay

during the cup test: Ty;; is the friction force under the blank holder, Ty; is the normal force at the die
radius, Tj; is the friction force at the die radius and Ty;; is the friction force at the punch radius; (b) a
schematic illustration of the cup test: Fy is the blank holder force and F; is the drawing force [12,38].
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The friction coefficient “f” of the tested specimens with different surface treatments
was determined on the basis of the increase in the contact force and the subsequent results
of the tensile forces. The coefficient of friction generally represents the ratio of the frictional
force between two surfaces (press tool-sheet metal) and the load applied perpendicular to
these surfaces. It should not be overlooked that the coefficient of friction depends not only
on the condition of the surface (surface roughness, surface with or without lubricant) but
also on other boundary conditions such as contact force, drawing speed, etc.

The cup test allows for the modeling of the tribological conditions at the contact
surfaces of the tribo-system tool-lubricant-material, as they are carried out under semi-
operational deep drawing conditions. Thus, this test is closer to the real deep drawing
process and allows us to determine the friction coefficient under the blank holder. The
friction coefficient “f” was determined for each type of surface (GI coating) specified
as follows:

A—Reference GI coating (as supplied);

B—Passivated GI coating;

C—GI coating with the thin organic coating.

To determine the friction coefficient, a flat-bottomed punch with a diameter of & 50 mm
was used. Circular blanks with a constant diameter of 90 mm were cut out and subsequently
subjected to plastic deformation on an Erichsen 145/60 hydraulic testing machine (Erichsen
GmbH & Co. KG, Hemer, Germany). The blank holder force Fy represented loads of 10,
20, 30, 40 and 50 kN and the punch speed was kept constant (60 mm-min~!) during the
test. Ten cups were drawn for each level of the blank holder force. At these holding forces,
the maximum drawing force F; required to reshape the blank was recorded from the entire
force course. Then, an average value of the drawing force and its standard deviation were
calculated. After plotting Fi-Fyy on a graph and interpolating the trend equation over these
values, a linear relationship was obtained, where the angle under the curve represents the
friction in the contact surfaces between the press tool and the sheet metal specimen. Thus,
the evaluation method used a regression analysis where the slope of this linear trend line
represents the value of the friction coefficient ‘" [12,40].

During the cup test (Figure 3), each blank holding force Fy corresponded to the
maximum tensile force Fr—Figure 4a. A change in the blank holding force caused the
maximum drawing force F; to change. The graph shows that the relationship Fi—Fy is
linearly dependent (curve 1, Figure 4b) and it can be approximated as follows [12,40]:

Ft = Intercept + Slope-Fy;, (1)

Fimax Fe
A

20 30 40 50 60 70
Punch stroke [mm)] Fn

(a) (b)

Figure 4. Evaluation of the cup test: (a) determination of the maximum drawing force F; from the
record of the force course; (b) determination of the friction coefficient for different lubricants [12,38,40].
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The slope of the curve, given by the angle 31, characterizes the friction conditions
between the tool and the blank. Then, the friction coefficient is determined as follows:

7Slopeiﬁ
f= 2 2 @

In the case of a lubricant with improved frictional properties (lower coefficient of
friction), we obtain lower drawing forces Fr;* for the same blank holding force Fy; and thus
a new relationship Fr*—Fy; (curve 2, Figure 4b). The slope of curve 2 (3,) is less than the
slope of curve 1 (1) and is proportional to the coefficient of friction between the tool and
the blank.

2.4. Surface Microgeometry

Measuring the roughness parameters was carried out on a roughness measuring
device, Hommel Tester T2000 (Hommelwerke, Schwenningen, Germany). Measurements
of the roughness parameters Ra (arithmetic mean deviation of profile), RPc (peak count
number) and Rz (maximum height of profile) were carried out on all sheet metal specimens
from both sides of the blank (A side, B side) at five different points uniformly distributed
on each specimen. Then, the average value of each evaluated parameter was calculated.

2.5. Corrosion Resistance according to ISO 9227

All tested specimens were placed in the SKBW 400 A-TR corrosion chamber (Liebisch
GmbH & Co. KG, Bielefeld, Germany) and tested in an atmosphere of neutral salt spray
(NSS) according to ISO 9227 [45]. A 5% sodium chloride solution (50 g/L £+ 5 g/L of
NaCl) was continuously sprayed onto the samples placed in the rack at an angle of
20° £ 5° to the vertical direction using an air nozzle at an ambient temperature
T =35 £ 2 °C. The accelerated corrosion test was carried out to detect discontinuous
layers, such as pores and other defects, in certain metallic, organic, anodic oxide and
conversion specialty coatings. The size of all tested specimens was 210 x 290 mm and the
corrosion resistance of the coatings was evaluated based on the time until the appearance
of white corrosion, evaluated after 5, 24, 48, 72, 96, 120, 144, 216 and 288 h spent in the
corrosion chamber.

3. Results

The average values of the surface microgeometry parameters calculated from the five
measured values on each side of the specimens are presented in Table 3 for each coating
used in the experiment. As it is shown in the table, the reference “as supplied” GI coating
showed an Ra value of 1.153 + 0.170 um, an Rz value of 7.028 + 0.878 um and an RPc
value of 50.7 & 10.0 cm~! with a low difference when measured on each side of the steel
sheet. The same tendency was noted for the GI passivated surface, with average values of
Ra =1.050 + 0.132 um, Rz = 6.754 + 0.453 pm and RPc = 49.2 + 5.6 cm ™}, and for the GI
coating with the TOC, with average values of Ra = 0.934 + 0.101 pum, Rz = 5.957 + 0.505 pm
and RPc = 48.5 + 5.681 cm L. It can be concluded that the applied organic coating follows
the morphology of the substrate surface, and the applied dry film microlayer influences the
microgeometry of the coating by decreasing the coating roughness parameters Ra and Rz,
while maintaining RPc at almost the same value.

The results of the drawing force measurement in the cup test for each coating are
shown in Table 4. When the GI coating was lubricated by the oil during the cup test, the
drawing forces ranged from 60.3 to 69.8 kN (Figure 5), with an increasing blank holder
force, while the standard deviation was from 0.9 to 1.3 kN. Thus, a linear trend line that
approximates the average values of the drawing forces predicts a friction coefficient fg;
= 0.119 with a Pearson correlation coefficient R = 0.999. The same tendency but a lower
friction coefficient was found when the GI coating after passivation was used (dry friction):
the drawing forces increased from 52.1 to 59.2 kN, with a standard deviation from 0.7 to
1.0 kN. The friction coefficient was fgpass = 0.091, with a Pearson correlation coefficient
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R =0.999. The lowest drawing forces were measured when the GI coating with the TOC was
tested: the drawing forces increased from 41.7 to 46.1 kN, with a standard deviation from
2.0 to 2.3 kN. Thus, the lowest friction coefficient was determined as fgy + Toc = 0.053 with
a Pearson correlation coefficient R = 0.995. For each coating tested, a very good correlation

between drawing force and blank holder force was determined.

Table 3. The average values of the surface microgeometry parameters measured at 90° to the

rolling direction.

Title 1 Title 2 Ra [um] Rz [um] RPc [em—1]
A Side B Side A Side B Side A Side B Side

Average 1.286 1.020 7.646 6.410 54.6 46.8

GI coating St.dev 0.111 0.091 0.610 0.640 13.0 4.3
1.153 +0.170 7.028 + 0.878 50.7 + 10.0

Average 1.162 0.938 7.132 6.376 53.0 454

Passivated GI coating St.dev 0.058 0.066 0.141 0.290 3.9 4.3
1.050 4+ 0.132 6.754 + 0.453 492 +5.6

ar . Average 1.022 0.846 6.332 5.582 49.6 47.4

f;’?;‘ong St.dev 0.038 0.045 0179 0.436 43 41
wi 0.934 + 0.101 5.957 + 0.505 48.5 + 5.681

Table 4. The deep drawing forces measured in the cup test for each blank holder force.

Blank Folder Force Deep Drawing Force
Fn [kN] Ft [kN]
GI GI Passivated GI + TOC
10 60.3 + 0.9 52.1+09 417 £20
20 62.7 + 1.1 53.8 £0.7 431+£20
30 654+ 1.3 55.6 + 1.0 441 +23
40 675+ 1.1 57.7 £ 0.8 449+ 2.1
50 69.8 + 0.9 59.2 + 0.9 46.1 +2.0
Slope 0.238 0.182 0.105
Friction coefficient 0.119 0.091 0.053
R? 0.9989 0.9985 0.9893
80 -
y=0.2377x+ 57.997
= & s
£ 70 s e
m @ s
B .|k >
5 | @i
e B e e e e a4
12 - S o ereeem st y=0.1818x + 50.216
2 5 ¢ 2l R?=0.9985
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& 40 A y=0.1053x + 40.817
a R2=0.9893
=
s" 30 A
8aGl # Gl passivated Gl +TOC
20 T T T T T 1
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Blank-holding force F, [kN]

Figure 5. Regression analysis of measured drawing forces.

185



Lubricants 2024, 12,198

(a)

(b)

()

Fn

The adhesion of the coating to the substrate was evaluated after the cup test through
visual inspection and microscopic analysis. No flaking or separation of the organic TOC
from the substrate was observed on the surface of the cups (Figure 6; Canon EOS 100D
18 MPx with EFS 18-55 mm; Canon, Tokyo, Japan) at different Fjy blank holding force loads.
Even at the maximum loading force Fyy = 50 kN, there was no adhesion of the coating or its
elements to the drawing tool’s contact surfaces (drawing die radius or blank holder area).
Thus, good adhesion of the TOC was observed.

20 kN 30 kN 40 kN 50 kN
Figure 6. Adhesion of coating to GI substrate after cup test: (a) GI oiled; (b) GI passivated;
(c) GI-TOC.

The results of the corrosion test after a selected number of hours in the corrosion
chamber are shown in Figure 7. Based on the test results, it can be concluded that white
corrosion appeared on the surface of the samples with the conventional GI coating with-
out surface treatment during the first hours of exposure to a neutral atmosphere of salt
solution. Surface treatment of the GI coating by means of standard passivation showed
better corrosion resistance, i.e., the observation of white corrosion started after more than
24 h. The GI coating with the TOC showed the best corrosion resistance in relation to
the compared coatings, with no observation of white corrosion for up to 144 h. Since the
corrosion resistance limit for the TOC is set at 72 h (customer quality standard), the coated
specimens still have a sufficient margin.

Start

. . . h

Figure 7. Cont.
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Figure 7. Kinetics of corrosion resistance of different coatings: (a) GI coating as reference one (as

supplied); (b) passivated GI coating; (c) GI coating with TOC.
Figure 8 illustrates the comparison of time to white corrosion appearance between
examined coatings.
160
140

120

i
o
o

@ min. 72 hours

40 |=——=

Time [hours]
3

0 e——=
GI - as supplied Gl+passivation GI+TOC

Figure 8. Comparison of time to white corrosion for examined coatings.

4. Discussion

From the perspective of steel sheet surface morphology, it can be concluded that the
applied passivation and organic coating follow the morphology of the substrate surface,
and the applied dry organic microlayer influences the microgeometry of the coating by
decreasing the coating roughness parameters Ra and Rz. After passivation, the roughness
of the passivated GI surface was Ra = 1.050 £ 0.132 um and Rz = 6.754 &+ 0.453 um,
while applying the organic coating decreased the roughness to Ra = 0.934 £ 0.101 pm and
Rz = 5.957 £ 0.505. The surface morphology after phosphating depends on the deposition
temperature and the concentration of the additives [46,47]; the self-lubricating coating can
smooth the surface of the galvanized steel sheet and decrease the surface roughness of the
galvanized steel sheet [48].

For all tested samples, GI as supplied, passivated GI and GI + TOC, the value of the
friction coefficient determined by the cup test was f < 0.15 (the required parameter fy,x
for final sheet metal processors is 0.15). Thus, for samples without surface treatment (GI),
the value 0.119 was reached when oil was used as a lubricant, while for dry friction (no oil
used) samples with passivation (GI + passivation), it was 0.091, and for samples with the
thin organic coating (GI + TOC), the value was 0.053.
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The effect of phosphating on lowering the friction coefficient was proven by
Narayanan [49]. Shih tested pre-phosphated DDQ and AHSS steels by using the bending
under tension test and the results showed much a lower friction coefficient compared
to without the pre-phosphated coating [50]. But, in a dry condition, phosphate coatings
usually do not have inherent low-friction properties and they have no practical effect on
the friction coefficient [21,51]. Carlsson [31,52] evaluated the friction coefficient of organic
permanent coatings by using different basic tests. They achieved the lowest friction coef-
ficient for a pure organic coating in the modified scratch test and pin-on-disc test within
the range from 0.06 to 0.11, while in the bending under tension test, the friction coefficient
varied from 0.16 to 0.17. Liu et al. [48] also studied self-lubricating coatings from the view
of the influence of surface roughness on the friction coefficient and wear. Their results
showed that within the range from 0.857 to 1.629 pum of the Ra value, the friction coefficient
varied from 0.073 to 0.108 when measured by the reciprocating friction and wear tester. It
may be concluded that when comparing the friction coefficient of 0.053 measured by the
authors for the TOC (based on hydroxyl resins dissolved in water) by using the cup test,
this value is comparable to the results mentioned. Thus, the positive effect of the TOC on
lowering the friction coefficient in the deep drawing process can be elucidated.

The corrosion test showed the enhanced properties of the TOC applied on the GI steel
compared to the passivated surface. The results are supported by other authors. Podjuklova
et al. [53] proved the enhanced short-term corrosion protection of a transparent coating
system containing particles of zinc compounds applied on steel sheets for enameling. Sarli
et al. [54] applied polyurethane-based polymeric films on pretreated electrogalvanized
steel which provided very effective protection against corrosion as a result of their ex-
cellent barrier properties. Gao et al. [55] studied acrylic coatings composed of modified
MoS,; nanosheets successfully prepared on the surface of galvanized sheets. Their results
showed that modified MoS; nanosheets reduced the number of cracks in the coatings and
made the coatings more compact. Furthermore, the coating’s corrosion resistance was
significantly enhanced. Li et al. [56] clarified the roles of titanium-containing materials
in improving coatings when studying organic—inorganic hybrid coatings. As Kuznetsov
analyzed [57], appropriately selected inhibitors will form a durable protective layer on the
surface, preventing the formation of corrosion.

5. Conclusions

Based on this study’s findings, it can be concluded that the tested sheet metal speci-
mens with the TOC based on hydroxyl resins dissolved in water showed the most suitable
lubrication properties due to the continuous coating layer compared to the other tested
specimens. The lowest friction coefficient when measured by using the cup test in dry
conditions resulted in lower drawing forces.

The dependence of the deep drawing force on the blank holding force is linear, and
thanks to the special TOC surface treatment, the coefficient of friction was reduced from
0.119 to 0.053, which is more than half.

Good adhesion of the TOC was observed at each level of the blank holding force. No
elements of the coating adhered to the drawing tool’s contact surfaces.

As proved by the corrosion test, GI + TOC showed enhanced corrosion properties.
The time to white corrosion appearance was greater than 72 h, as required by the customer,
or more than twice that when compared to the GI passivated surface.

Thus, using GI + TOC based on hydroxyl resins dissolved in water, Ti and Cr®*
without the addition of pressing oils as a lubricant has several advantages—cost savings, an
ecological clean process, savings on pressing tools and equipment, a decreased maintenance
time and also much better corrosion resistance. Potential industrial applications of the
studied TOC lie in a wide range of industries (construction, electronics, air conditioning,
appliances, etc.) where metal sheet processing using stamping operations is involved.
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Abstract: Metal machining production faces a myriad of demands encompassing ecology, automation,
product control, and cost reduction. Within this framework, an exploration into employing a direct
inspection of the machined area within the work zone of a given machine through a confocal
chromatic sensor was undertaken. In the turning process, parameters including cutting speed (A),
feed (B), depth of cut (C), workpiece length from clamping (D), and cutting edge radius (E) were
designated as input variables. Roundness deviation (Rd) and tool face wear (KM) parameters were
identified as output factors for assessing process performance. The experimental phase adhered to
the Taguchi Orthogonal Array L27. Confirmatory tests revealed that optimizing process parameters
according to the Taguchi method could enhance the turning performance of C45 steel. ANOVA results
underscored the significant impact of cutting speed (A), feed (B), depth of cut (C), and workpiece
length from clamping (D) on turning performance concerning Rd and KM. Furthermore, initial
regression models were formulated to forecast roundness variation and tool face wear. The proposed
parameters were found to not only influence the machined surface but also affect confocal sensor
measurements. Consequently, we advocate for the adoption of these optimal cutting conditions in
product production to bolster turning performance when machining C45 steel.

Keywords: confocal chromatic sensor (CCHS); turning; steel C45; roundness deviation; tool face
wear; machined surface; Taguchi method; ANOVA

1. Introduction

Laser scanning technology has been well established for several years, with its efficacy
in product inspection demonstrated across various research endeavors. While the utiliza-
tion of scanners in inspecting machined surfaces within the working zone of machines post
process completion offers numerous benefits, it also presents limitations [1]. Sustainable
and efficient manufacturing serves as the impetus behind the burgeoning Zero Defect
Manufacturing (ZDM) trend. ZDM aims not only to detect defective products but also to
predict and prevent defects [2]. As concluded by the authors of [3], dry machining proves
optimal for clean manufacturing. Laser technology currently finds critical applications in
the non-contact inspection of product parameters, with researchers exploring the integra-
tion of laser sensors in measuring parameters within the cutting zone during machining.
According to [4], CCHS represents a high-precision measuring device, with data analysis
stability outweighing mere accuracy. Reflectivity of the beam from the object to be mea-
sured and light source fluctuation pose challenges, as noted by [5]. Other researchers [6]
delved into the utilization of CCHS in three-dimensional product surface measurement.
Meanwhile, in their exploration of product measurement, Ref. [7] employed a high-speed
3D camera system. The authors of [8] investigated the application of CCHS for assessing
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the surface properties of product layers in [9]. However, the machining process itself can be
significantly influenced by factors such as surface topography and microhardness [10-12],
surface roughness [10,11,13], residual stress [14-16], and microstructure [17]. In their analy-
sis in [18], the authors provide insights and solutions for machining hardened steels with
regard to surface integrity. Specifically, they explore the impact of hardening on surface
roughness, cylindricity, and roundness after turning C45 steel. Research findings [19]
indicate a detrimental effect of hardening on surface quality. Furthermore, surface treat-
ment via machining methods can alter parameters associated with surface integrity [20].
The investigation and analysis of the surface quality parameters of milled surfaces were
conducted using a confocal laser scanning microscope by the authors of [21]. Mechanical
hardening is described in detail in studies by the authors of [22,23]. Additionally, other
researchers have endeavored to identify the influence of material properties on the surface
hardening of materials such as Al 6061-T6 [24] and Hadfield steels [25-31]. The issue
of surface hardening in AISI 304 steel is addressed in [32]. The authors of [33] examine
samples of surface roughness after turning. The influence of surface texture on surface
roughness is investigated in [34], while Ref. [35] analyzes the impact of the tip radius of
measuring contacts on surface roughness parameters. Additionally, Ref. [36] asserts results
that surface roughness significantly affects machined product performance. Investigations
into factors affecting the machined surface of metallic materials are carried out by the
authors of [37,38]. The authors of [39] observe the deterioration of machined surfaces in
Ti6Al4V alloys due to thermal softening using the HSM method. Similarly, results from [40]
indicate a trade-off relationship between significant process factors” influence on material
removal rate and surface roughness. Regarding EDM technology, Ref. [41] investigates
the performance of machined stainless steel. Changes in machined surfaces affect quality
parameter attainment in milling due to thermal deformation [42], in turning due to stress
and strain prediction [43], in turning due to cutting tool modification [44] and cutting tool
damage [45], and in milling Ti alloys due to elastic deformation [46]. The investigation
of the effect of tool wear on surface roughness increase is addressed by [47], while [48]
demonstrates through research that low-temperature cooling can enhance machined surface
quality while minimizing tool wear. The determination of tool wear in the machining of
duplex stainless steel is presented in papers [49,50], with the issue of tool wear and surface
topography also discussed in [51-55]. Additional researchers [56] conduct experimental
investigations into factors affecting stainless steel turning and assess wear parameters on
the cutting tool’s face and back surface. Additionally, surface integrity evaluation param-
eters encompass shape and position deviations. In this regard, the application of CCHS
proves highly beneficial, particularly considering its comprehensive data and swift data
acquisition. Nonetheless, the challenge remains in efficiently processing acquired data and
accurately interpreting them for theoretical and practical needs, as per the research results
in [1]. The authors of [57] utilize CCHS to measure roundness deviation and demonstrate,
through experimental results, the method’s steady and reliable evaluation of roundness
deviations. Several authors have explored different machinability characteristics of C45
steel through varying heat treatment methods [58], employing coated tools in milling [59],
utilizing process media [60], implementing ultrasonics in turning [61], and modifying
cutting inserts [62]. Furthermore, the authors of [63-65] investigate various parameters of
machined surfaces using non-contact methods.

Our primary research focus revolves around controlling factors affecting machined
surfaces through non-contact methods, utilizing laser sensors directly within a machine’s
working zone. We aim to optimize input parameters and analyze adverse phenomena on
machined surfaces.

In this investigation, we explored the feasibility of directly measuring roundness
deviation within a machine’s working zone using a confocal chromatic sensor during the
turning of C45 steel. In the turning process, parameters such as cutting speed (A), feed (B),
depth of cut (C), workpiece length from clamping (D), and cutting edge radius (E) were
chosen as input parameters. Roundness deviation and tool face wear (KM) parameters,
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following ISO 3685 standards, were proposed as output factors for evaluating process per-
formance, measured using a microscope. To measure roundness deviation, we developed
new-generation CCHS sensors (CL P070 from Keyence—Mechelen, Belguim). To analyze
the effect of cutting insert face wear on roundness deviation under defined cutting condi-
tions using Taguchi Design in Minitab 21.4.2 software, we designed the Orthogonal Array
L27 experiment matrix. All research tests were conducted under dry turning conditions,
with a key assumption being that machine tool vibrations align with prescribed values
certified for specific machine tools (as outlined in Table 1). Currently, several companies in
our region manufacture various C45 steel products for the engineering industry.

Table 1. Experimental data.

M—Machine

Leadwell T5 CNC machine tool equipped with a FANUC
Oi-MATE-TC control system. Maximum radial sweep certified by
the manufacturer is 0.030 mm, and maximum axial sweep is
0.020 mm.

T—Cutting insert
Tool holder
Working insert tool
geometry

Cutting tool clamped with a tool holder marked SSDCN1212 F09
from Dormer Pramet Ltd., éumperk, Czech Republic.

Cutting insert SCMT 09T308E-FM, T9325 made of sintered
carbide, with specific geometry parameters (nose angle ¢, = 90°,
main cutting edge setting angle k, = 45°, clearance angle major
o =7°, and nose radius ry= 0.8 mm).

W—Workpiece material and
dimensions

Workpiece material C45 steel (1.0503). Test specimen dimensions:
diameter (d) = 40 mm, length (L) = 150 mm.

The chemical composition of the steel is given in Table 2 and was
verified prior to the start of the research. Table 3 shows the main
properties of the tested steel.

F—Fixture for tool and
object

Specimen: A round bar clamped in a chuck.
Tool: Clamped in the cutter head.

Machining conditions

Dry machining.
Machining method—turning.

Mobile Measuring System
(MMS) is composed of
CCHS sensor

PLC Siemens-1511C, Communication module KEYENCE-CL3000,
Amplifier KEYENCE-CLP070N, Communication module
KEYENCE-DL-PN1 and sensor CL P070 by Keyence.
Measurement range: 75 mm to 130 mm.

Reference distance: 100 mm.

Resolutions: £1 mm.

Spot diameter: 600 mm.

Linearity: +0.15% of E.S. (IL-100: £20 mm).

Repeatability: 4 mm.

For the research purposes, a bespoke holder tailored for the
CCHS sensor was meticulously designed and subsequently
fabricated utilizing advanced 3D printing

technology.

Table 2. Chemical composition of C45 steel (EN 10083-2-91) *.

Steel C45 (%)
C 0.50
Mn 0.80
Si 0.37
Cr 0.22
Ni 0.28
Cu 0.18
P 0.035
S 0.032

* Chemical composition verified through analysis of the sample.
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Table 3. Verified properties of C45 steel products.

Steel C45 Values
Yield stress Re (MPa) 202
Tensile strength Rm (MPa) 650
Density (g/cm®) 7.85
Hardness HB max. 220
Elastic modulus (GPa) 81
Flexural strength (MPA) 606
Thermal conductivity (W/mK) 50

2. Description, Implementation, and Experimental Results
2.1. Experimental Design

In this section, we outline the experimental setup and methodology employed in our
study. We proposed to utilize the experimental data within the framework of the technology
system (TS) depicted in Figure 1, along with the mobile measurement system (MMS)
previously introduced by the authors [1], illustrated in Figure 2 and described in detail in
Table 1. The experimental parameters considered in this study are enumerated in Table 1.
The range for each controlled parameter was determined based on prior experiments and
information obtained from manufacturers of C45 steel products, as summarized in Table 2.
Additionally, adhering to recommendations from the tool manufacturer, a specific cutting
insert was selected for machining C45 steel, as detailed in Table 1.

Figure 1. Technological System (TS). The TS comprises the machine (M), tool (T), workpiece (W), and
fixture (F).

iy

Figure 2. Mobile Measuring System (MMS).

The cutting process conditions are outlined in Table 4, with cutting speed designated
as parameter A, feed as parameter B, depth of cut as parameter C, workpiece length from
clamping as parameter D, and cutting edge radius as parameter E. The assessment of
the output factor, specifically the roundness deviation of the circular bar, was conducted
using CCHS. The experimental matrix and resultant output factors, represented as average
values from the measurements, are detailed in Tables 5 and 6. Roundness deviation of
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the machined surface was directly measured and analyzed within the working zone of
the machine tool utilizing CCHS. This measurement was performed post-machining on a
240 mm length workpiece without unclamping, employing MMS (mobile measurement
system) for CCHS. Rd was assessed at three points along the machined length (60 mm)
of the circular bar, specifically at distances of 5.0 mm, 30.0 mm, and 55.0 mm from the
clamping point (refer to Figure 3). KM face wear was gauged following a 240 mm traversal,
adhering to ISO 3685 [66] standards, as illustrated in Figure 4. Rd values for specific local
locations were determined as averages. Resultant average values of Rd and cutting insert
face wear were derived from 12 replicate measurements, with the exclusion of minimum
and maximum outliers. Each experiment employed a cutting insert with a new cutting
edge. Literature reviews [55,56] highlight the importance of surface integrity research
incorporating new technologies, necessitating further investigation. The exploration of
roundness deviation control using CCHS on a reference specimen of C45 steel serves as a
foundation for other materials. A systematic examination of process parameter effects on
the machined surface underscores the potential to influence output factors towards desired
values by parameter adjustments. Enhanced machined surface integrity is achievable
through the optimization of input parameters such as cutting speed, feed, depth of cut,
workpiece clamping length, and cutting edge radius. The alignment of cutting conditions
with CCHS requirements is imperative. These adjustable input parameters during turning
render them conducive to automation and intelligent processing.

Table 4. The primary machining conditions.

Levels
Symbol Process Parameters Units
1 2 3
A Cutting speed (m/min) 90 180 270
B Feed (mm/rev.) 0.1 0.2 0.3
C Depth of cut (mm) 0.1 0.4 0.8
D Workpiece length from clamping (mm) 5.0 30.0 55.0
E Cutting edge radius (mm) 0.003 + 0.0005 0.005 + 0.0005 0.008 + 0.0005
Table 5. Experimental matrix, design, and experimental results.
Controllable Process Parameter Experimental Results
Number of
Exp.-RUN A B c D E Rd tmm) (KM )
mm,
Average Rd STDVP ST&‘\’/IEII{{EE)II;) SE
1 1 1 1 1 1 0.0260 0.001 0.0003 0.1420
2 1 1 1 1 2 0.0184 0.001 0.0005 0.1120
3 1 1 1 1 3 0.0220 0.001 0.0006 0.1180
4 1 2 2 2 1 0.0440 0.001 0.0006 0.1850
5 1 2 2 2 2 0.0440 0.002 0.0009 0.1740
6 1 2 2 2 3 0.0410 0.001 0.0006 0.1670
7 1 3 3 3 1 0.0860 0.005 0.0024 0.1820
8 1 3 3 3 2 0.0720 0.003 0.0015 0.1810
9 1 3 3 3 3 0.0640 0.003 0.0012 0.1960
10 2 1 2 3 1 0.0520 0.003 0.0012 0.1730
11 2 1 2 3 2 0.0450 0.002 0.0010 0.1710
12 2 1 2 3 3 0.0460 0.013 0.0059 0.1690
13 2 2 3 1 1 0.0640 0.008 0.0035 0.1860
14 2 2 3 1 2 0.0420 0.012 0.0054 0.1820
15 2 2 3 1 3 0.0390 0.011 0.0051 0.1670
16 2 3 1 2 1 0.0340 0.005 0.0025 0.1750
17 2 3 1 2 2 0.0360 0.007 0.0030 0.1700
18 2 3 1 2 3 0.0320 0.003 0.0012 0.1710
19 3 1 3 2 1 0.0370 0.010 0.0043 0.1880
20 3 1 3 2 2 0.0410 0.001 0.0006 0.1770
21 3 1 3 2 3 0.0390 0.003 0.0013 0.1860
22 3 2 1 3 1 0.0300 0.007 0.0031 0.1970
23 3 2 1 3 2 0.0370 0.008 0.0034 0.1820
24 3 2 1 3 3 0.0440 0.010 0.0045 0.1820
25 3 3 2 1 1 0.0290 0.001 0.0004 0.1820
26 3 3 2 1 2 0.0370 0.002 0.0007 0.1920
27 3 3 2 1 3 0.0180 0.002 0.0009 0.1810
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Table 6. Calculated S/ N ratios.

Number of Exp.-RUN S/N Ratios of Results

Rd (dB) KM (dB)
1 31.7005 16.9542
2 34.7036 19.0156
3 33.1515 18.5624
4 27.1309 14.6566
5 27.1309 15.1890
6 27.7443 15.5457
7 21.3100 14.7986
8 22.8534 14.8464
9 23.8764 14.1549
10 25.6799 15.2391
11 26.9357 15.3401
12 26.7448 15.4423
13 23.8764 14.6097
14 27.5350 14.7986
15 28.1787 15.5457
16 29.3704 15.1392
17 28.8739 15.3910
18 29.8970 15.3401
19 28.6360 14.5168
20 27.7443 15.0405
21 28.1787 14.6097
22 30.4576 14.1107
23 28.6360 14.7986
24 27.1309 14.7986
25 30.7520 14.7986
26 28.6360 14.3340
27 34.8945 14.8464

(@) (b)

Figure 3. The measurement layout within the Leadwell T5 CNC machine zone. (a) Measurement
scheme utilizing CCHS (confocal chromatic sensor), MMS (Mobile Measuring System), and PC
(Personal Computer). (b) Visualization of the working area of the CNC machine.
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KF-crater front distance
KB-crater width
KM-crater centre distance
KT-crater depth

Flank wear land

A-zone |
B-zone \
C-zone
N-notch
Figure 4. The cutting tool wear parameters as per ISO 3685 [66].

The face wear on the cutting insert was assessed in accordance with ISO standard
3685, as depicted in Figure 4. and analyzed by using a Carl Zeiss Primotech D/A ESD
microscope — Carl Zeiss Jena GmbH, Jenna, Germany as shown in Figure 5.

Figure 5. The measurement of wear on the cutting insert face employing a Carl Zeiss Primotech D/A
ESD microscope. Magnification 5x The yellow circle characterizes the face wear of tool.

2.2. Optimization of Turning Input Parameters Using Taguchi Method with S /N Ratio Analysis

An experiment matrix employing Orthogonal Array L27 was designed following
Taguchi principles using Minitab 21.4.2 software—Coventry, United Kingdom. Five param-
eters were set at three levels each, resulting in a total of 27 runs.

Researchers [67,68] have noted that Taguchi’s methodology [69] considers factors
such as resource wastage, warranty costs, customer complaints, and repair expenses, all of
which influence product quality. Taguchi’s approach is particularly beneficial for optimizing
products or processes while simultaneously reducing experimentation time and research
costs. Orthogonal arrays, coupled with signal-to-noise ratio analysis, are employed to
gauge output parameter quality. Various models incorporating Taguchi methods have been
applied in research, with parameters’ significance determined through ANOVA. These
models include L8OA [70-72], L18OA [73], L270A [74,75], L270A with ANOVA [58,76,77],
L180OA with ANOVA [78], L9OA with ANOVA [37,60,72], and the LBOA model combined
with Response Surface Methodology (RSM) and ANOVA [38,79,80]. Additionally, the GRA
(Grey Relation Analysis) method with ANOVA has been proposed [74,81-84], along with
other variations by different researchers [85].

Genichi Taguchi [69] introduced a loss function in data processing to represent the
disparity between experimental and target values, subsequently converted into signal-to-
noise (S/N) ratios. The S/ N ratio, defined as the ratio of mean value to standard deviation,
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categorizes into “Larger is Better,” “Medium is Better,” and “Smaller is Better,” based on
response requirements. This study focuses on the output factors of roundness deviation and
wear on the cutting insert’s face surface, both adopting the “Smaller is Better” methodology,
aligned with practical and C45 steel machinability requirements. Equation (1) was utilized
for S/ N ratio calculation, with the results tabulated in Table 6. Taguchi analysis, mean
S/ N ratio graphs, and ANOVA were conducted using Minitab 21.4.2 software.

The impact severity of each input parameter on output factors is depicted in Figures 6 and 7.
Cutting conditions and cutting insert geometry influence chip evacuation from the cutting
zone [37,43,44,78]. Continuous cutting processes yield regular machined surfaces devoid
of Plastically Deformed Material (PDM) elements. Conversely, discontinuous cutting may
produce irregular chips with PDM, adversely affecting surface quality and increasing
roundness deviation (see Figure 6). Increasing Rd may signify elevated cutting insert
wear, notably on the KM face, further exacerbating surface quality due to augmented

PDM elements.
B C D E B C D E
0.055 31
Fg 0.050- 30
=
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= z
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z E 28
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Signal-to-noise: Smaller s better
@) (b)
Figure 6. Main effects plots: (a) illustrates the effects of input factors on roundness deviation, while
(b) displays the mean S/ N ratios corresponding to roundness deviation.
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Figure 7. Main effects plots: (a) the effects of input factors on the tool wear of the face, and (b) the
mean S/ N ratios corresponding to the tool wear of the face.
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The S/N ratio (Equation (1)) serves as a quantitative tool, with Rd proposed as a
qualitative machined surface factor, ideally minimized. The S/ N ratio is as follows:

1
S/N:—10logh(y%+y§+...+yﬁ)} (1)

where

S/ N represents parameter values (unit dB)
and
Y1,Y2, ..., Yn are the observed output values for the test condition repeated n times.

Figures 6a and 7a depict the relationship between mean values of roundness deviation
and the face wear of the cutting insert. Cutting speed emerges as the most influential
parameter impacting roundness deviation (as evident in Figure 6a), similarly affecting tool
wear at the cutting insert face (as observed in Figure 7a). Increased feed, depth of cut,
and distance of the workpiece from the fixture also exert a negative effect on Rd. With
rising roundness deviation, surface quality diminishes, accompanied by increased tool
wear. Elevated cutting speed mitigates roundness deviation but heightens the risk of tool
damage and wear. Optimal regions lie between cutting speed levels 1 and 2, as illustrated in
Figures 6b and 7b. Figures 6a and 7a highlight the optimal levels of individual parameters
to achieve the desired output factors in terms of roundness deviation (Rd) and the face
wear of the cutting inserts, respectively. These optimal levels correspond to A3B1C1D1E3
for Rd and A1B1C1DI1E3 for the face wear of the cutting inserts, as corroborated by the
S/ N ratio values in Figures 6b and 7b.

Lower roundness deviation (Rd) values can enhance the operational reliability of the
studied functional surface of a product. This improvement stems from increased friction
between the tool and workpiece, resulting in higher cutting temperatures with increasing
cutting speed. Elevated temperatures in the machining zone cause thermal softening of
the workpiece, reducing smeared materials on the machined surface and consequently
minimizing roundness deviation [77,85,86]. As depicted in Figure 8, Rd values escalate with
rising cutting speed due to heightened tool resistance against the workpiece, particularly as
feed increases, leading to the formation of more built-up edges (BUE) on the tool face. This
phenomenon induces surface deterioration and consequently elevates Rd values. Moreover,
an increasing trend in Rd values accompanies higher depths of cut. These trends align with
the existing literature findings on machining difficult-to-machine materials [87]. Precision
in determining the local measurement spot on the specimen significantly influences Rd.

(a) (b)

Figure 8. Visualization of machined surface. (a) Initial parameter settings at A = 180 m/min,
B=0.2mm/rev, C = 0.4 mm, D = 30 mm, and E = 0.005 mm, (A2B2C2D2E2). Magnification 5x.
(b) Taguchi optimum settings at A = 270 m/min, B = 0.1 mm/rev., C = 0.1 mm, D = 5.0 mm, and
E =0.008 mm, (A3B1C1D1E3). Magnification 5x.
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Simultaneously, this measurement process provides insights into the cutting tool’s
compliance with the specified technical requirements of the product and identifies any
undesirable wear. Variations in Rd magnitude may indicate changes in the cutting tool.
Consequently, this measurement method facilitates the rapid and accurate identification of
local spots on the functional surface and enables the monitoring of changes in cutting tool
wear rate. However, the mean values of output factors are contingent on specific conditions,
necessitating test repetition for other materials.

The S/ N ratio response factor table for Rd is presented in Table 7. Figure 7b illustrates
the S/ N ratio chart generated using Minitab software. A higher S/ N ratio indicates mini-
mal deviation between the desired and measured outputs. As depicted in Figure 9b, the
highest average S/ N ratio values obtained for Rd are 270 m/min, 0.1 mm/rev., 0.1 mm,
5.0 mm, and 0.008 mm. Therefore, the assumed optimal process parameters for achiev-
ing low Rd using Taguchi’s method are 270 m/min, 0.1 mm/rev., 0.1 mm, 5.0 mm, and
0.008 mm. These optimal combinations are highlighted in bold in Table 6 for clarity, with
the corresponding levels identified. This predicted optimal combination is represented as
A3B1C1DI1E3 for roundness deviation.

Table 7. Mean S/ N ratio response table for roundness deviation.

Mean S/N Ratios
Symbol Process Parameters and Units -
Level 1 Level 2 Level 3 Max-Min Rank
A Cutting speed (m/min) 27.73 27.45 29.45 2.00 3
B Feed (mm/rev.) 29.28 27.54 27.83 1.74 4
C Depth of cut (mm) 30.44 28.41 25.80 4.64 1
D Workpiece length from clamping (mm) 30.38 28.30 25.96 4.42 2
E Cutting edge radius (mm) 27.66 28.12 28.87 1.21 5

(b)

Figure 9. Wear display on cutting insert face. (a) Initial parameter settings at A = 180 m/min,
B=02mm/rev., C =04 mm, D = 30 mm, and E = 0.005 mm, (A2B2C2D2E2). Magnification 5x.
(b) Taguchi optimum settings at A = 90 m/min, B = 0.1 mm/rev., C = 0.1 mm, D = 5.0 mm, and
E =0.008 mm, (A1B1C1D1E3). Magnification 5x.

Table 8 presents the generated S/ N ratio factor table for face wear on the cutting
insert. Mean values of the S/ N ratio for face wear are depicted in Figure 7b. Based on the
data from Figure 7b and Table 8, the estimated optimal process parameters for minimizing
face wear are 90 m/min, 0.1 mm/rev., 0.1 mm, 5.0 mm, 0.008 mm. This predicted optimal
combination is represented as A1B1C1D1E3 for face wear on the cutting insert.
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Table 8. Mean S/ N ratio response table for tool face wear.

Mean S/N Ratio

Symbol Process Parameters and Units -
Level 1 Level 2 Level 3 Max-Min Rank
A Cutting speed (m/min) 15.97 15.21 14.65 1.32 1
B Feed (mm/rev.) 16.08 14.89 14.85 1.23 3
C Depth of cut (mm) 16.01 15.04 14.77 1.24 2
D Workpiece length from clamping (mm) 15.94 15.05 14.84 1.10 4
E Cutting edge radius (mm) 14.98 15.42 15.43 0.45 5

The S/ N ratio response table for Rd is also presented in Table 7, while Figure 6b
illustrates the mean S/ N ratio chart obtained through Minitab software—Coventry, United
Kingdom. Again, a higher S/ N ratio signifies minimal deviation between the desired
and measured outputs. As indicated in Figure 6b, the highest average S/ N ratio values
obtained for Rd are A3 = 270 m/min, B1 = 0.1 mm/rev., C1 = 0.1 mm, D1 = 5.0 mm,
and E3 = 0.008 mm. Thus, the assumed optimal process parameters for achieving low
roundness deviation using Taguchi’s method are represented as A3B1C1D1E3, with the
corresponding level values highlighted in bold in Table 7. Table 8 presents the obtained
S/ N ratio response table for face wear on the cutting insert. The average S/ N ratio values
for the face wear of the cutting insert are illustrated in Figure 7b. From Figure 7a, it can be
observed that the estimated optimum process parameters for achieving low wear on the
cutting insert face are A1 =90 m/min, B1 = 0.1 mm/rev., C1 = 0.1 mm, D1 = 5.0 mm, and
E3 =0.008 mm.

Confirmation Test

To validate the optimality of the predicted optimal settings according to Taguchi,
confirmatory tests must be conducted. The predicted signal-to-noise (S/N) ratio (e) was
utilized to estimate and verify the response under the predicted optimal cutting settings,
calculated using Equation (2).

P
Epredicted = Etm + 2(50 — €tm) 2)
i=1

where

€4 is the total mean S/ N ratio;

€, is the mean S/ N ratio at the optimal level;

p is the number of input process parameters.

Confirmatory tests are essential to validate the predicted optimal cutting settings.

After predicting the optimum cutting settings, confirmation experiments were con-
ducted, and the results are presented in Tables 9 and 10 for Rd and KM, respectively. The
predicted optimal cutting settings for both Rd and KM led to improved process performance
outcomes. Tables 9 and 10 demonstrate that the S/ N ratios under the predicted and optimal
cutting settings closely align for both Rd and KM. The enhancement in the S/ N ratio at the
optimal cutting settings for Rd and KM amounted to 4.95 dB and 2.01 dB, respectively, com-
pared to the original parameter settings shown in Tables 9 and 10. From the confirmation
experiments, it was observed that the predicted optimal cutting settings by Taguchi yielded
favorable results compared to the initial parameter settings, particularly with regard to
the reduction in Rd and KM. Specifically, the reductions in Rd and KM compared to the
initial parameter settings were found to be 15.29% and 12.5%, respectively. Hence, the
predicted optimal cutting settings by Taguchi are deemed to be the optimum conditions for
achieving low Rd and low KM in machining C45 steel under the given conditions. From
Figures 8 and 9, it is evident that the optimal cutting settings as per Taguchi led to low
Rd and KM values. Figure 10 demonstrates the reduced impact of removed material and
fewer smeared particles on the machined surface under the optimum cutting conditions
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according to Taguchi compared to the initial setup. Similarly, less face wear (smaller pitting)
was observed at the optimal cutting setting by Taguchi compared to the initial setting.
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Figure 10. Normal probability plot of the residuals for roundness deviation.

Table 9. Confirmation test results for roundness deviation.

Initial Process Optimal Process Parameters

Parameter Prediction Experiment
Level A2B2C2D2E2 A3B1C1DI1E3 A3B1C1D1E3
Roundness deviation (mm) 0.041 0.024
S/ N ratio (dB) 27.44 35.56 32.39
Improvement in S/N ratio (dB) 4.95
Percentage reduction in tool face wear 15.29%

Table 10. Confirmation test results for tool face wear.

Initial Process Optimal Process Parameters

Parameter Prediction Experiment
Level A2B2C2D2E2 A1B1CID1E3 A1B1C1D1E3
Tool face wear (mm) 0.198 0.157
S/N ratio (dB) 14.07 15.97 16.08
Improvement in S/N ratio (dB) 2.01
Percentage reduction in tool face wear 12.5%

3. Optimization of Input Parameters by ANOVA, Regression Analysis, and Modeling

ANOVA identifies the process parameters most influencing performance characteris-
tics. Table 11 presents the analysis of variance for the output factor of roundness deviation
(Rd). It indicates that cutting speed, feed, depth of cut, and workpiece length from clamping
significantly affect roundness deviation (with p-values less than 0.05 at a 95% confidence
interval). However, the significance of the cutting edge radius of the curvature parameter
regarding roundness deviation was not demonstrated. Rd is notably influenced by depth of
cut (37.51%), workpiece length from clamping (30.29%), cutting speed (10.50%), and feed

203



Lubricants 2024, 12, 99

(6.21%), while cutting edge radius exhibits the least significance (2.85%). Table 12 presents
the analysis of variance for the output factor of cutting insert face wear. It indicates that
cutting speed, feed, depth of cut, and length of workpiece from clamping significantly
affect KM cutting insert face wear (with p-values less than 0.05 at a 95% confidence level).
However, the significance of the cutting edge radius parameter for KM was not demon-
strated. KM is significantly influenced by feed (25.43%), cutting speed (23.27%), depth
of cut (21.83%), and workpiece length from clamping (16.89%), with cutting edge radius
exhibiting the least effect (3.56%).

Table 11. Analysis of variance for roundness deviation.

Source DF Adj Ss Adj MS F-Value p-Value Contribution Remarks
A 2 0.000665 0.000332 6.65 0.008 10.50% Significant
B 2 0.000393 0.000197 3.94 0.041 6.21% Significant
C 2 0.002375 0.001187 23.76 0.000 37.51% Significant
D 2 0.001917 0.000959 19.18 0.000 30.29% Significant
E 2 0.000181 0.000090 1.81 0.196 2.85% Insignificant

Error 16 0.000800 0.000050 12.63%

Total 26 0.006330 100.00%

Table 12. Analysis of variance for face wear.

Source DF Adj SS Adj MS F-Value p-Value Contribution Remarks

A 2 0.002450 0.001225 20.63 0.003 23.27% Significant
B 2 0.002678 0.001339 22.54 0.001 25.43% Significant
C 2 0.002298 0.001149 19.34 0.005 21.83% Significant
D 2 0.001778 0.000889 14.97 0.008 16.89% Significant
E 2 0.000374 0.000187 3.15 0.070 3.56% Insignificant

Error 16 0.000950 0.000059 9.03%

Total 26 0.010528 100.00%

In this study, Minitab 21.4.2 software was utilized to develop predictive mathematical
models for the dependent variable of roundness deviation, considering cutting speed (A),
feed (B), depth of cut (C), workpiece length from clamping (D), and cutting edge radius
(E), through linear regression analysis. No transformation was applied to each response.
The prediction equation obtained from the regression analysis for Rd (3) and KM (4) is
provided below.

Regression analysis model for roundness deviation versus A, B, C, D, and E with
regression Equation (3):

Rd =0.00764 — 0.00586 A + 0.00453 B + 0.01137 C + 0.01003 D — 0.00317 E, ©)]

For Rd, an R? value of 83.81% was calculated.
Regression analysis model for face wear versus A, B, C, D, and E with regression
Equation (4):

KM =0.0961 + 0.01167 A + 0.01078 B + 0.01089 C + 0.00850.D — 0.00406 E, 4)

For KM, an R? value of 81.64% was calculated.

The fitness of the developed models was validated using the coefficient of deter-
mination R? [88,89]. The coefficient of determination ranges from zero to one, where a
value closer to one indicates a strong agreement between the dependent and independent
variables. For instance, an R? value of 95% signifies that 95% of the variability in new
observations has been estimated. In this study, the regression models for Rd and KM
achieved high R? values, namely 83.81% and 81.64%, respectively.
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A graph of the residuals was employed to assess the significance of coefficients in the
predicted model. The linearity of the residual graph indicates that the residual errors in
the model are normally distributed, and the coefficients are significant. Figure 10 displays
the residuals for roundness deviation. It illustrates that the residuals closely align with a
straight line, indicating the significance of the coefficients in the developed model. Similarly,
Figure 11 depicts the residuals for tool face wear. The residuals also fall near a straight
line, suggesting the significance of the coefficients in the developed model for KM. To
validate the developed models, confirmatory tests were conducted, and the results are
presented in Table 11. The test results, taken randomly from the orthogonal array L27,
demonstrate good agreement between the predicted and experimental results across a
range of parameters. The response was found to be favorable for machining different
difficult-to-cut materials [74,75,81].
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Figure 11. Normal probability plot of the residuals for tool face wear.

Confirmation Test

Confirmation tests of the control factors were conducted following the Taguchi method
and regression equations for both the optimum level and randomly selected levels. Table 13
provides a comparison between the test results and the predicted values obtained using
the Taguchi method and regression equations (Equations (3) and (4)). The proximity of the
predicted values to the experimental values indicates a high level of agreement between
them. To ensure reliable statistics in the analyses, the error values must be kept below
20% [88]. An examination of the results in terms of percentages reveals that the errors
for the output factors of Rd and KM did not exceed the 20% threshold. Consequently, the
results of the confirmatory test demonstrate a successful optimization process. According
to the authors of [89,90], similar results were obtained during material machining processes,
affirming the effectiveness of the Taguchi optimization method in enhancing the machining
performance of C45 steel under the specified process parameters.

This validation process was conducted under both practical conditions, addressing
the need for controlling the factors of machined surfaces, and under laboratory conditions,
ensuring the reliability and robustness of the optimization procedure.
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Table 13. Confirmation results for the developed models.

Experimental Predicted Residuals Error
Run Rd KM Rd KM Rd KM Rd KM
(mm) (mm) (mm) (mm) (mm) (mm) (%) (%)
1 0.026 0.112 0.025 0.122 0.001 —0.01 3.846 8.929
6 0.041 0.167 0.040 0.172 0.001 —0.005 2.439 2.994
10 0.052 0.173 0.051 0.176 0.001 —0.003 1.923 1.734
11 0.045 0.169 0.048 0.168 —0.003 0.001 6.667 0.592
16 0.034 0.167 0.037 0.175 —0.003 —0.008 8.824 4.79
19 0.037 0.188 0.042 0.189 —0.005 —0.001 13.513 0.532
23 0.037 0.182 0.036 0.184 0.001 —0.002 2.703 1.099
25 0.029 0.182 0.031 0.191 —0.002 —0.009 6.896 4.945

4. Conclusions

The discrepancies between the theoretical and actual values of the machined surface
factors stem from the deformation process occurring ahead of the cutting edge of the tool.
This process is primarily influenced by the properties of the material being machined and
the prevailing working conditions [91-93]. The authors of [1,94] presented both positive
and negative experiences regarding the use of CCHS in measuring roundness deviation on
machined surfaces after turning C45 steel. Furthermore, this research uncovered several
concomitant phenomena, including the following:

e  Plastic deformation occurred at localized sites on the machined surface, as illustrated
in Figure 12. These observations were captured using scanning electron microscopy
with a JEOL JSM 7000F autoemission nozzle—JEOL Ltd., Hertfordshire, England,
United Kingdom. The results of this analysis warrant further investigation.

(c) (d)

Figure 12. Examples of machined surfaces after turning C45 steel. (a) Deformation of the ma-
chined surface not measurable. Perlite and ferrite. Nital. Magnification 500, A = 180 m/min,
B=0.2mm/rev., C=0.4 mm, D =30 mm, E =0.005 mm. (b) Local plastic deformation of machined
surface ~34 um. Perlite and ferrite. Nital. Magnification 500, A = 270 m/min, B = 0.1 mm/rev.,
C=0.1mm, D =5.0 mm, E = 0.008 mm. (c) Local plastic deformation of machined surface. Traces
of volume extraction of the machined surface. Perlite and ferrite. Nital. Magnification 500x,
A =180 m/min, B = 0.2 mm/rev.,, C = 0.4 mm, D = 30 mm, E = 0.005 mm. (d) Local plastic defor-
mation of machined surface ~12 pm. Perlite and ferrite. Nital. Magnification 500, A = 90 m/min,
B=0.1 mm/rev., C =0.1 mm, D =5.0 mm, E = 0.008 mm.
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The research presented in this paper offers several key conclusions based on the analy-
sis conducted. The confocal chromatic sensor (CCHS) proved to be suitable for measuring
the roundness deviation of machined surfaces, particularly on C45 steel. The data collected
using CCHS can serve as a reference for further research, potentially extending to the
comparison of other types of steels. Roundness deviation values were effectively measured
and evaluated within the range of 0.002 to 0.08 mm using CCHS, aligning with the specified
limit of 0.1 mm. The observed wear value on the cutting insert face reached up to 0.3 mm
under the research conditions.

Key research findings include the following:

e The Taguchi method identified an optimal combination of cutting conditions (A = 270 m/min,
B =0.1 mm/rev.,, C = 0.1 mm, D = 5.0 mm, and E = 0.008 mm) resulting in a 53%
reduction in roundness deviation.

e  Similarly, Taguchi’s method determined optimal cutting conditions (A = 90 m/min,
B=0.1mm/rev., C = 0.1 mm, D = 5.0 mm, and E = 0.008 mm), leading to a 31%
reduction in the face wear of the cutting insert.

e ANOVA analysis revealed that depth of cut had the most significant influence on
roundness deviation (37.51%), followed by workpiece distance from clamping, cutting
speed, and feed. Feed was found to be the most significant factor influencing tool
cutting insert wear, with a percentage influence of 25.43%.

These results underscore the effectiveness of the determined optimal cutting settings
in reducing roundness deviation and cutting insert face wear during the machining of C45
steel. The findings also highlight the potential of these optimal settings to positively impact
roundness deviation.

Practical implications relevant for customers include the following:

e  Fine-tuning conditions and controlling factors for laser sensor use on machined sur-
faces of C45 steel.

e  Theidentification of negative phenomena on machined surfaces after turning C45 steel.

e  The consideration of non-contact laser sensor methods for measuring the roundness
deviation of machined surfaces in order to implement optimal cutting settings and
enhance the quality of turning C45 steel within the specified range.
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Abstract: The finite element method(FEM) is a powerful tool for studying friction and wear. Com-
pared to experimental methods, it has outstanding advantages, such as saving financial costs and
time. In addition, it has been widely used in friction and wear research. This paper discusses the
application of the FEM in the study of friction and wear in terms of the finite element modeling
methods, factors affecting wear behavior, wear theory, and the practical application of the method.
Finally, the latest progress of finite element simulation wear research is summarized, and the future
research direction is proposed.
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1. Introduction

Wear, an important factor affecting the service life and reliability of mechanical parts,
is one of the most common topics in tribology, which is defined as the progressive loss
of material due to the relative movement between the surfaces in contact [1]. Wear can
make components lose the correct shape and size, leading to vibration, noise, and other
undesirable effects. In addition, excessive wear may also cause early failure of parts,
resulting in mechanical failure, economic losses, and safety hazards [2-6]. Therefore, the
study of friction and wear behavior of materials is of great significance for improving
machine performance and economic development.

The experimental method is the primary method in wear research. However, the cost
of human, material, and financial resources required by the experimental method is high [1],
and the experimental conditions are harsh. Wear simulation is an alternative technique
for predicting wear characteristics based on experimental material properties. Among the
simulation methods, the FEM is the most popular because of its wide applicability. FEM is
used to simulate the wear characteristics under different conditions, which can effectively
predict the wear characteristics. FEM is a powerful tool for wear prediction and parametric
studies, which, compared to physical experiments, can provide a cost-effective solution for
optimizing friction systems to reduce wear.

ABAQUES, one of the mainstream simulation software, has outstanding advantages
in the nonlinear behavior of materials, such as plastic deformation, contact, and friction.
ABAQUS can model the wear behavior of materials and consider the impact of wear on
structural performance through coupling analysis. In addition, ABAQUS has powerful
computing power and provides users with various subroutines. Based on the above
advantages, ABAQUS has been widely applied in the field of wear research [7].

The purpose of this article is to review the latest methods and progress based on
ABAQUS in friction and wear research. This article is divided into four parts: the establish-
ment of finite element models, factors affecting wear behavior, wear theory, and application
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of wear simulation. On this basis, the future development direction of finite element friction
and wear simulation research is proposed. The overall structure of this paper is shown in

Figure 1.
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Figure 1. Schematic illustration of the main content in this review.

2. Finite Element Model

Establishing a finite element model is the first and crucial step in simulation. Factors
such as the type of model, mesh division, and selection of element types directly affect the
accuracy of the final results and the length of calculation time. On the premise of ensuring
the accuracy of the calculation results, time cost is the biggest issue that scholars have
focused on. A good finite element (FE) model can not only obtain accurate results but also
have a short calculation time. The authors have summarized the research methods used
in 34 articles related to wear simulation, as shown in Table 1, and elaborated on model
types, model updating methods, and model optimization methods. Figure 2 displays the
frequency of commonly used research methods, including model updating methods and
wear theories, as observed in 34 research papers.
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Table 1. Wear simulation research method statistics.

Model Updating Model Optimization -
References Model Type Method Wear Theory Method Application
8] D UMESHMOTION Energy dissipation Extrapolahon Fretting wear
model technique
[9] 2D UMESHMOTION Archard’s wear law iﬁiiﬁ;ﬁtwn Service life prediction
Wear profile
[10] 2D/3D Nope Nope Sub-model prediction
Energy dissipation
model + Extrapolation
[11] 2D UMESHMOTION Damage-coupled technligoue 10 Service life prediction
elastic—plastic q
constitutive model
[12] 3D UMESHMOTION  Archard’s wear law L 7apolation Tribocorrosion
technique
13] 3D Nope Energy dissipation Nope We:%r. mechamsm
model auxiliary analysis
[14] 3D UMESHMOTION Archard’s wear law  Xtrapolation Wear profile
technique prediction
[15] 3D UMESHMOTION Archard’s wear law Sub-model Fretting wear
[16] 3D UMESHMOTION ~ Lnergy dissipation  Extrapolation Fretting wear
model technique
[17] 3D UMESHMOTION  Archard’s wear law L apolation POD tribometer wear
technique prediction
[18] 3D UMESHMOTION Archard’s wear law ExtraPolatlon Tire tread wear
technique
[19] 2D UMESHMOTION Archard’s wear law Nope Casing wear
[20] 2D UMESHMOTION Archard’s wear law Mesh ar}d mnere ment Fretting wear
size optimization
2] 3D UMESHMOTION Power ha’rdemng law ExtraPolatlon Thermo-mechanical
+Archard’s wear law  technique wear
Electrochemical
[21] 3D UMESHMOTION equation + Archard’s  Nope Corrosive wear
wear law
[22] 3D Python Archard’s wear law Nope Vovz;};OPEdlc implant
[23] 3D Python Archard’s wear law Nope Vovreta};OP edic implant
Usui’s tool wear
[24] 2D/3D Python model Nope Tool wear
[25] 3D Python Archard’s wear law Extrapolatlon POD. tr}bometer wear
technique prediction
, Orthopedic implant
[26,27] 3D UMESHMOTION Archard’s wear law Sub-model wear
28] 3D UMESHMOTION Archard’s wearlaw  Sub-model 82 ;};"Wd‘c implant
[29] 2D UMESHMOTION Archard’s wear law iﬁiiﬁ;ﬁtwn Pin wear prediction
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Table 1. Cont.

Model Updating Model Optimization s
References Model Type Method Wear Theory Method Application
30] 3D UMESHMOTION Archard’s wear law ~ LXtrapolation POD tribometer wear
technique prediction
[31] 3D UMESHMOTION Archard’s wear law EXtraP olation Dry ?h(.img wear
technique prediction
1] 2D UMESHMOTION  Archard’s wear law L rapolation POD tribometer wear
technique prediction
[32] 3D UMESHMOTION Archard’s wear law Nope WeaF p.mﬁle
prediction
(3] 2D UMESHMOTION ~ Archard’s wear law L xrapolation POD tribometer wear
technique prediction
[34] 3D UMESHMOTION Archard’s wear law Nope Gear wear prediction
Archard’s wear law +
shape functions and POD tribometer wear
(351 3D UMESHMOTION Newton-Raphson Nope prediction
formulation
[36] 2D UMESHMOTION Energy dissipation 1 Fretting wear
model
137] 3D UMESHMOTION Energy dissipation Nope Wear PI‘OfllE
model evolution
E dissipati Ext lati Wear simulation in
(38] 3D UMESHMOTION ne gy dissipation X rapo ation automotive bush
model technique .
chain
39] 3D UMESHMOTION ~ Cnersy dissipation  Extrapolation Fretting wear
model technique

82%

[EE UMESHMOTION
(B Python
[ Other methods

12%

6%

[ Archord's wear law

[ Energy dissipation model
B Other wear models

21%

(a) Model updating methods

(b) Wear theories

Figure 2. Comparison chart of the frequency of commonly used research methods.

2.1. Model Type
2.1.1. 2D Model

Finite element models can be divided into two categories: 2D and 3D models. The
types of FE models selected vary depending on the needs of practical problems. The
2D model is suitable for cases where there is no concern about the overall wear profile.
Using this approach, the number of elements, nodes, degrees of freedom, and boundary
conditions is reduced, thereby improving computational efficiency. In the field of friction
and wear research, the pin-on-disk (POD) test is a typical example. The 2D and 3D FE
models of the POD test are shown in Figure 3.
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Figure 3. (a) 3D solid model, (b) 2D solid model, (c) 3D mesh model [30], and (d) 2D mesh model [40].

However, as shown in Table 1, a large number of studies used 3D FE models instead
of 2D models. This is because, in practical engineering applications, many models are very
complex, such as orthopedic implants, gears, and cutting tools. The 2D model cannot truly
reflect its true structure and working conditions. Moreover, due to the simplification of
conditions, the 2D model may cause significant computational errors. In this case, the 2D
model is not applicable.

2.1.2. 3D Model

3D FE models have the advantage of more accurate calculation results. However,
3D FE models are not economical because of their complex geometric structure and long
calculation time [15,17,41]. Hence, 3D FE models are often used in situations where the
structure or the stress situation is complex and when the model cannot be simplified.

Sadeghi and Ahmadi [13] applied a 3D FE model to study the Hertz circular and
line contacts. Compared to the results of fretting wear tests, the numerical results are
well-confirmed. Bastola et al. [14] proposed a generalized 3D FEM to obtain the wear
between the contacting components. The results were validated by the POD test.

From the above literature, it can be seen that the calculation results of the 3D FE models
are more accurate. However, as mentioned at the beginning, the problem of long calculation
time becomes more serious in 3D wear simulation. To solve this problem, scholars have
proposed many solutions. Hegadekatte et al. [41] proposed an incremental implementation
of Archard’s wear law, which greatly improved the computing efficiency. Bae et al. [15]
used the sub-model method to reduce the complexity of the model and the significant
computational time required for finite element analysis (FEA). Bose and Penchaliah [17]
introduced a numerical wear simulation approximation technique based on the FEM to
solve the problem. In addition, as shown in Table 1, the main model optimization methods
include a substructure method and extrapolation technique, which will be discussed in
Section 2.5.

2.2. Model Update Method

Wear is an accumulation process. The FEM is employed to simulate wear formation
by updating the mesh model with moving nodes, enabling the determination of wear
depth and volume for wear assessment. In ABAQUS-based wear simulation, two primary
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methods are utilized to update the mesh model: user subroutine based on programming
languages, FORTRAN and Python. This section will elaborate on these two methods.

2.2.1. User Subroutine Based on FORTRAN

ABAQUS provides users with various subroutines, with the most commonly used
in wear simulation research being the UMESHMOTION subroutine, which can be used
to simulate the movement of nodes in an FE model [42]. During the wear process, as
the number of wear cycles increases, material loss also increases, and the actual contact
situation also changes. In order to simulate the actual wear process and obtain correct
calculation results, it is necessary to continuously update node and mesh information
during wear simulation. The UMESHMOTION subroutine provides the conditions for this
process [43,44]. The process of wear simulation is shown in Figure 4. The determination of
the initial parameters is a key step to ensure the accuracy and efficiency of the FE model,
particularly for the parameter “AN"(step sizes). To tackle this problem, McColl proposed a
method that has been widely applied in wear simulation [14,20].

Start

Archard wear law

A 4

| Initial parameters |

\ 4
| Generate FE model I

Energy dissipation equation

Other wear models

<
A 4
Obtain physical quantities such as contact
stress and incremental sliding distance, and
calculate nodal wear Ah; for AN

Update mesh
information

Initial parameters:
1.Material properties

2.Loads
3.Total wear cycles(N,)
| 4.Number of cycles per
End increment(AN)

5.Contact conditions

Figure 4. Finite element model updating process.

In addition, the UMESHMOTION subroutine is always combined with the ALE
(Arbitrary-Lagrangian-Eulerian) technique. The ALE technique is an adaptive mesh method
in ABAQUS [42]. By incorporating the attributes of unadulterated Lagrangian and Eulerian
examination, it permits the mesh to shift independently of the material [1]. This technique
can automatically adjust the mesh according to the degree of distortion in the analysis of
materials with large deformation or loss, ensuring high quality of the mesh and improving
calculation accuracy and model stability. In wear simulation, UMESHMOTION is used to
move the contact node by the amount of local wear increment. As the nodes move, the
contact mesh model is updated, and preparations are made for the node update after the
next wear increment. The movement of nodes may cause mesh distortion, thereby affecting
the FEM results. This mesh distortion can be prevented through the ALE technique [1,9,45].

The majority of examples in Table 1 used the Archard wear equation to calculate the
wear depth, which does not mean that the UMESHMOTION subroutine can only be bound
to Archard’s wear equation. The UMESHMOTION subroutine only serves the purpose
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of moving nodes. The distance and mode of movement of nodes are determined by the
wear model used. The Archard wear equation is only one of the methods for calculating
the distance of node movement. The UMESHMOTION subroutine can also be used in
conjunction with other theoretical models. Chemical corrosion is an important factor
affecting wear [46], Fallahnezhad et al. [21] combined Archard’s wear law with chemical
equations to study fretting corrosion wear of CoCr. Temperature is an important factor
affecting wear [47,48]; Gan et al. [2] took into account the effect of temperature on wear by
combining heat transfer analysis with Archard’s wear law. After verification through POD
experiments, comparative analysis shows that friction heat and plasticity have a substantial
effect on the progression of wear. Li et al. [49] proposed a wear equation, which combines
the hydrodynamic lubrication wear with the thermochemical erosion to study the wear of
artillery barrels under hydrodynamic friction. In addition, as shown in Figure 2, the energy
dissipation model can also be used in conjunction with the UMESHMOTION subroutine to
simulate wear.

2.2.2. Python

Except for the UMESHMOTION subroutine, Python is also an important way to
update node information. By using Python scripts, the ABAQUS/CAE graphical user
interface can be bypassed and the ABAQUS kernel can be directly operated to modify
the finite element model and related parameters [42]. Figure 4 shows that the calculation
process is similar to the UMESHMOTION subroutine. However, as shown in Table 1
and Figure 2, most studies apply the UMESHMOTION subroutine instead of Python.
Compared to the UMESHMOTION subroutine, Python has lower accuracy in FEA. This
is because the UMESHMOTION subroutine is usually used in conjunction with the ALE
technique, resulting in good mesh quality. However, when using Python scripts, the mesh
quality is poor, leading to increased stress concentration and convergence issues [50].

2.3. Contact Property and Interaction Settings

The setting of contact attributes and interactions is one of the important links to ensure
the correctness of the solution. In ABAQUS, the contact surface interaction is established
using the contact pair approach, which employs the master—-slave algorithm to implement
the contact constraints [20]. In addition, surface-to-surface contact discretization is utilized
instead of node-to-surface contact discretization. When the contact geometry is well
depicted, the surface-to-surface discretization produces more accurate stress and pressure
outcomes [14]. Arbitrary separation, sliding, and rotation of the contact surfaces are allowed
by the finite-sliding contact tracking approach [42]. The definitions of tangential and
normal contact properties are needed. For the tangential behavior, constant penalty friction
formulation is utilized with the coefficient of friction tested in the experiment. For normal
behavior, “Hard” contact pressure-overclosure is applied. In addition, two constraint
enforcement methods, augmented Lagrange and penalty, are selected [14]. Compared with
augmented Lagrange, a lower error in the maximum contact pressure can be obtained by
the penalty method [9]. However, the comparable pressure distribution throughout the
contact region can be obtained by the augmented Lagrange method [14]. Both constraint
enforcement methods can be applied in simulation.

2.4. Mesh Sensitivity Analysis

Meshing is also one of the important links to ensure the accuracy of the results. In
general, a fine mesh is needed in the contact area. However, as the elements increase,
the calculation cost will also increase, and the accuracy does not necessarily increase [14].
Therefore, mesh sensitivity analysis is of the essence, which plays a role in determining
the size and number of elements [20]. Based on the literature survey, the Hertz formula is
always used to validate the worn model [9,14,20,51].
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The Hertz contact pressure distribution varies with ‘x” as:
p(x) = poy1- 35 M

where a and py are the half-width of the contact region and the maximum contact pressure,
respectively, given by the following formulas:

4PR\ /2

= (nE*) @
PE*\ /2

w= %) ®)

where P is the applied normal load and E* is the composite modulus of two contacting
bodies. E* and R are given by:

+— )

—1
R= (% + Ri> 5)

where v/, v and Ef, E° are the Poisson’s ratios and the elastic modulus of flat and cylindrical
bodies, respectively. Rf and R° are the radii of the contacting surfaces.

2.5. Model Optimization Method

The effectiveness and computational efficiency of a model are the two most concerned
issues in FEA. With regard to ensuring the effectiveness of the model, the computational
efficiency of the finite element model is the primary concern of scholars because faster
calculation speed will bring better economic benefits. Currently, common methods for
solving computational time problems include the sub-model method and extrapolation
method. This section will elaborate on the two aspects mentioned above.

2.5.1. Sub-Model

The main idea of the sub-model method is to combine the global coarse model of the
entire system with the local fine model of key regions, to minimize computational costs
and provide accurate numerical results. When conducting finite element analysis on large
and complex structures, the order of the equation and the computer resources required for
calculation can be reduced, resulting in an improvement of the solving efficiency. Therefore,
the sub-model method is suitable for wear analysis of large and complex structures. The
program for the wear sub-model mainly consists of three steps [52], which are shown in
Figure 5a. The first step is to determine the boundary conditions required for creating
a detailed local model based on the initial rough FE global model. After checking the
convergence of the quantity to be transmitted, the next step is to create the local model with
the appropriately defined mesh. Eventually, the local model, to which boundary conditions
from the global model are applied, is used to conduct the wear simulation. The research
of Curreli et al. [52,53] on the substructure method showed that the sub-model method
can greatly reduce the computational cost of FE wear simulation. In particular, in the
biomedical field, complex finite element models result in high time costs [26]. Substructure
technology provides an effective solution.
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Figure 5. Schematic diagrams of the (a) sub-model method and (b) extrapolation technique.

Using total hip arthroplasty (THA) as an example, Shankar et al. [26,27] applied this
method to study the contact pressure and wear in hip joint prostheses made of metal,
ceramic, and polycrystalline diamond materials, as well as the wear behavior of silicon
nitride and Ti6Al4V alloy under the influence of five different biological lubricants during
various gait activities. Prasad and Ramkumar [28] employed the sub-model method to
investigate the wear performance of ceramic hip joint implants under dynamic edge loading
conditions. The sub-model technique improves the computational efficiency of FEA in the
above studies.

2.5.2. Extrapolation Technique

The extrapolation technique is one of the most commonly used methods, with the main
idea involving the assumption that the state of multiple wear cycles is the same as the state
of one cycle [52]. An extrapolation factor is introduced to calculate the wear depth after
several wear cycles. As shown in Figure 5b and using Bose’s study as an example [9], each
FEM wear cycle consists of 4 steps. In each cycle, the pin moves a sliding distance increment
of 2 mm, which is called step size. Increasing the step size will lead to a decrease in the
stability of the wear simulation. Therefore, in order to simulate a sliding distance of 200 m
without using extrapolation techniques, 100,000 FEM cycles and 400,000 steps are required.
Assuming a constant contact pressure in the extrapolation process, using an extrapolation
factor of 100, the computer only needs 1000 FEM cycles and 4000 steps to simulate a
sliding distance of 200 m, thus improving the computational efficiency of the finite element
model and reducing time costs. The extrapolation factor depends on the applied load [1].
However, it should be noted that a large extrapolation factor can affect the stability and
accuracy of the model [9,29-31], while a small extrapolation factor will result in higher
utilization of computer resources. Even if an appropriate extrapolation size is selected at
the beginning of the simulation, different sizes of extrapolation factors may be required
at different stages of the simulation to maximize resource utilization [52]. Therefore, the
key to the extrapolation technique lies in selecting the appropriate extrapolation factor to
balance computational efficiency and simulation accuracy. According to current studies,
there is no uniform method for determining the extrapolation factor.

Bose and Ramkumar [1] improved the extrapolation technique. They found that in
the wear model of the POD model, point contact begins, and the contact stress is high. As
the contact area increases, the contact pressure gradually decreases, and using a constant
extrapolation factor will result in a large error. After several wear cycles, the contact
pressure begins to stabilize, and at this moment, using extrapolation techniques will have a
better effect. On this basis, they proposed the linear extrapolation technique. In comparison
to the constant extrapolation technique, this method uses a small extrapolation factor at
the beginning of the cycle, and as the number of wear cycles increases, the extrapolation
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factor also increases, demonstrating better efficiency and accuracy in wear simulation. The
extrapolation method can be used in general wear simulation.

3. Factors Affecting Wear Behavior

Many factors affect the wear behavior, and the influence of the influencing factors on
the wear is often not a single effect; there is an interaction between the influencing factors.
This section will cover four aspects: material hardness, contact stress, lubrication, and
sliding speed.

3.1. Hardness

Hardness is an important factor affecting the material wear rate. In general, the higher
the material hardness, the stronger its surface wear resistance. When two material surfaces
come into contact, they are subjected to stress and friction from the other surface. If the
surface hardness is high, it often exhibits strong resistance to scratches and indentation, and
the degree of wear caused by interaction between contacting surfaces is also small, thereby
reducing the wear rate. On the contrary, if the surface hardness of the material is low, the
surface is susceptible to scratches and indentation, leading to microstructure damage and
material loss, resulting in a higher wear rate. The research of Rigney [54] shows that severe
wear occurs when the hardness ratio range of the tested pin to disc is less than or equal
to 1.0, and mild wear occurs when the hardness ratio is greater than 1.0. Lemm et al. [55]
studied the effect of hardness in an AISI Type O1 steel-on-steel fretting contact. As shown
in Figure 6a, the wear rate initially increases and then decreases with increasing hardness.
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Figure 6. (a) Distribution of the wear volume between the specimens (fraction of the total net wear
volume) [55], (b) variation in the normalized incremental wear rate (wear rate per unit contact area)
with contact pressure at different loads and ball diameters [56], (c) simulated worn profiles of the flat
part: lubricated contact and dry contact [57], (d) friction coefficient obtained from different lubrication
conditions [58], (e) wear coefficient and coefficient of friction (mean values) plotted against the
frictional power [59], and (f) variation of wear depth with the change in sliding speed [60].
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3.2. Contact Stress

Contact stress has a greater impact on wear compared to other factors, and higher
contact stress increases shear forces between contacting surfaces, thereby exacerbating
wear. When the contact stress exceeds the strength limit of the material, it can cause
plastic deformation and peeling on the surface of the material, further exacerbating wear.
Ravikiran and Jahamir [56] studied the effects of contact pressure and load on the wear of
alumina. As shown in Figure 6b, the result indicates that the wear rate increases with the
increase of contact pressure, regardless of the applied load used in the test. Guo et al. [61]
studied the effect of contact stress on the cyclic wear behavior of ceramic restorations. The
result shows that the high contact stress promotes the veneer porcelain to enter a severe
wear stage. On the contrary, lower contact stress can easily keep the veneered porcelain in
a stable wear stage, thereby delaying the arrival of a severe wear stage. The contact area
affects wear by affecting contact stress. Under the same load conditions, the larger the
contact area, the smaller the contact stress, thereby reducing wear.

3.3. Lubrication Condition

Lubrication is a common method to reduce wear as lubricants can form a thin film
between the surfaces of two objects in contact, avoiding direct contact, and thus reducing
wear [62]. Lubricants can also absorb and dissipate the heat generated by friction between
two contact objects, reducing the impact of temperature on material properties and thereby
reducing material wear. Qin et al. [57] compared the simulated geometric shape of lubri-
cated frictional contact and the effect of lubricants on friction and wear with experimental
results. The result shown in Figure 6c indicates that oil lubrication can effectively reduce
microwear and friction in low flexible contact while having little effect on high flexible
contact. Zhao et al. [63] proposed that under mixed lubrication conditions, increasing the
viscosity of lubricants can reduce the degree of wear on rough surfaces as it can reduce
the direct contact area of rough surfaces. Cao et al. [58] established a wear model for
all-metal progressive cavity pumps (AMPCP) based on Archard’s wear theory and studied
the effects of factors such as rotational speed, lubrication, and clearance on wear behavior.
As shown in Figure 6d, lubrication can significantly reduce wear and prolong the service
life of AMPCP.

3.4. Sliding Speed

The impact of sliding speed on wear varies in different situations. Khader et al. [59]
established a wear model for dry sliding contact between silicon nitride and nickel-based
alloys. As shown in Figure 6e, the wear rate decreases with an increase in sliding speed,
reaching a minimum value. Beyond this threshold, wear escalates as the sliding speed
increases. The same behavior was also observed in the relationship between wear and
friction. Okonkwo et al. [64] conducted a study on the influence of sliding speed on the
wear of steel and tool steel pairs. The results show that at all sliding speeds, adhesive
wear dominates on the surface of tool steel, with the highest amount of adhesion occurring
at the slowest sliding speed. Moreover, temperature has a significant impact on wear,
and a slight increase in contact interface temperature can lead to a significant change in
wear rate. Arjmandi et al. [60] conducted parameterized research on the developed wear
model to investigate the impact of key parameters on wear rate. The result shown in
Figure 6f indicates that under higher normal loads and sliding speeds, the wear rate of
three-dimensional woven textiles increases, but the change in friction coefficient has little
effect. Chowdhury et al. [65] studied the effects of sliding speed and normal load on the
friction and wear performance of aluminum. The study showed that the friction coefficient
decreases with the increase of sliding speed and normal load, while the wear rate increases
with the increase of sliding speed and normal load. Maintaining sliding speed and normal
load at an appropriate low level helps to reduce wear.
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4. Wear Theory

Wear is always one of the most complicated and difficult problems in tribology be-
cause there are numerous factors that affect wear, such as load, speed, temperature, surface
roughness, mechanical properties, and microscopic flaws. Currently, there are over 300
wear-related equations [66], most of which are tailored to a specific situation and cannot
be applied to other situations. These theories can be divided into two categories: mech-
anistic and phenomenological [14]. The mechanistic models aim to explore the potential
mechanism, but multiple wear mechanisms occur simultaneously in a practical matter.
Furthermore, the mechanistic models are also limited to specific length scales. The phe-
nomenological models are easier, presented in mathematical equations based on the contact
mechanics variables [67]. In the field of wear simulation based on FEM, the phenomeno-
logical type is preferred because it can be localized and provides an acceptable level of
accuracy and reliability in tracking the wear process [67]. In this section, two commonly
used wear equations are presented.

4.1. Archard’s Wear Law

Archard’s wear law is probably the most famous theory of wear analysis. This equa-
tion relates volume loss, normal load, sliding distance, and material hardness through a
dimensionless coefficient, which lays the foundation for the establishment of wear simu-
lation models. Archard deduced the relationship between the material wear volume (V),
sliding distance (S), dimensionless wear coefficient (k), normal load (Fy), and hardness of
the softer material (H) [41,60] in the two contacting materials, expressed as [68]:

Fy
V=k T S (6)

It can be seen from the formula that the wear volume is proportional to the normal load,
inversely proportional to the material hardness, and proportional to the sliding distance.

In the field of wear simulation, in order to simulate the evolution of the contact surface
with the wear cycle, the wear depth at each contact node needs to be determined. Therefore,
Equation (6) needs to be deformed. For very small contact areas (AA), the relationship
between the incremental wear depth (dh) and the incremental slip distance (4S) can be
expressed by dividing the left and right sides of Equation (6) by the contact area (AA):

dl_k En
AA~ ~ H-AA

ds @)

In this formula, Z—X is the wear increment dh, g—% is the local contact stress p, and % is
replaced by kp; then, the above formula can be expressed as:

dh=kp-p-ds ®)

where kp is dimensional local wear coefficient, which is determined by multiple factors

including contact size [69], temperature [66], sliding condition [70], and pressure [71]. There

is no one explicit approach to obtain the value of kp during the wear process [14,20]. In

wear simulation, the wear coefficient is always considered as a constant [8] and obtained
from experimental results. The equation is given by:

14

kp = S Fy )

Archard’s wear equation provides a theoretical basis for node updates in wear simula-

tion, and as shown in Table 1 and Figure 2, and it is now widely used [67,72-76]. However,

as an empirical formula obtained from experiments, it has a weak theoretical foundation

and cannot fully reflect actual wear behavior. The disadvantages are shown below [77-80]:

1.  Fatigue, corrosion, oxidation, and other wear mechanisms are ignored.
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2. The effects of temperature and lubrication on wear are not considered.
3.  The wear coefficient is set to constant in the simulation.
4.  The effect of transverse shear stress is not taken into account.

In view of the above shortcomings, many scholars have improved Archard’s wear
theory. Most improvement methods are coupled with the addition of related factors to the
analysis. For example, chemical corrosion [21], temperature [2,81,82], and Archard’s wear
law are combined for coupling analysis.

For the effect of temperature, Yin et al. [83] proposed a comprehensive modeling
approach to predict the thermomechanical tribological behaviors. In view of the lack of
consideration of transverse shear stress, Wang [84] used the POD test and hip simulator
wear test results to establish a wear model dependent on cross shear and contact pressure.
However, for conventional non-crosslinked polyethylene, this model is not suitable, because
applying the model without crosslinking would result in the prediction of infinite wear.
Using a POD test, Kang et al. [85] showed that cross-shear ratio (CS) has significant effects
on wear coefficient and established a wear model including cross-shear effect. In addition,
Kang et al. [86] incorporated cross-shear motion and wear factors related to contact pressure
into Archard’s law to establish an independent computational wear model to predict hip
polyethylene wear. Goreham-Voss et al. [7] proposed an improved model considering the
influence of transverse shear motion on the main molecular orientation of polyethylene
joint surfaces. Shu et al. [50] developed an improved Archard’s wear theory by considering
CS for wear prediction of total knee replacements.

4.2. Energy Dissipation Model

The energy-based wear theory was proposed by Fouvry et al. [87], which relates
material volume loss with dissipated interfacial shear energy and considers the influence
of interfacial shear work as an important wear parameter. The energy dissipation method
is expressed as follows:

V=a) E, (10)

where V, &, and E; represent the wear volume, energy wear coefficient, and accumulated
dissipated energy, respectively. The factors affecting the value of « are the same as those
determining the wear coefficient in Archard’s wear equation [67]. E; is given by:

E;=Q-S (11)

where Q and S represent the shear force and the sliding distance. Based on Coulomb’s
friction law, E; is given by:
Ej=u-P-S (12)

where y and P represent the coefficient of friction and the normal load. According to the
equations from (10) to (12), the local wear depth for each wear cycle can be described
as [39]:

dh(x) = a-g(x) - ds(x) (13)

where ¢ is local shear stress and ds is the local sliding distance.

In the numerical simulation study of fretting wear, the energy wear model is con-
sidered better than the Archard-based approach, because it allows for the use of a single
wear coefficient across a variety of fretting load-stroke combinations, encompassing both
partial slip and gross sliding regimes [11,88,89]. Changes in the friction coefficient can be
considered during the wear process [39]. Moreover, as shown in Equations (6) and (10),
the wear coefficient in Archard’s wear equation equals the wear coefficient in the energy
method divided by the coefficient of friction. Therefore, once one of them is known, both
wear equations can be utilized in wear simulation [67]. Nowadays, many scholars use
the energy dissipation model for wear simulation. Shen et al. [11] established a coupled
damage elastoplastic constitutive model and developed a method to predict fretting fatigue
life. The study used the energy dissipation model to simulate the evolution of contact
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geometry. Li et al. [36] introduced the friction coefficient as a function of fretting cycle
numbers in numerical simulations, combining the energy consumption model with an
adaptive mesh method to establish a wear model considering variable friction coefficients.
Zhang et al. [37] proposed a finite element model for thread surface wear based on the
energy dissipation model, simulating the phenomenon of self-loosening of bolted connec-
tions under transverse loads. Tandler et al. [38] simulated wear in automotive chain drive
systems after high mileage using the energy dissipation model, and a comparison of the
simulation data with experimental data demonstrated the effectiveness of the established
model. Imran et al. [39] utilized the energy wear theory to establish a 3D FE model for
simulating fretting wear in steel wire ropes used in coal mining processes. The influence of
contact parameters on the fretting wear process during fretting cycles was examined.

5. Application of Wear Simulation

Wear simulation provides a dynamic representation of the changes in various parame-
ters throughout the wear process. By leveraging the visualization capabilities of ABAQUS,
the wear process can be vividly illustrated. This allows researchers to analyze wear behav-
ior by referencing both the computational results and the actual conditions under which
wear occurs. Utilizing wear simulation technology for analyzing wear mechanisms offers
several distinct advantages:

(1) Using wear simulation before physical experiments allows for early assessment of
wear mechanisms, enabling product optimization and reducing the need for extensive
testing and improvements.

(2) Compared to physical experiments, wear simulation is a cost-effective, fast, and
adaptable method. It allows for multiple calculations with adjustable parameters
based on real working conditions.

(3) Wear simulation, compared to physical experiments, provides an intuitive visual-
ization of the distribution of contact stress, displacement, temperature, and more,
making it easier for researchers to analyze.

As can be seen from Tables 1 and 2, wear simulation is widely used in wear research,
which can be mainly divided into three aspects: service life prediction, wear profile predic-
tion, and wear mechanism auxiliary analysis. This section will elucidate the application of
wear simulation in three areas: POD test, gear wear, and wear of orthopedic implants.

Table 2. Articles related to wear simulation applications.

Reference Application Field Year Aim
The study proposed an approach based on FEM to
[90] Service life prediction 2023 predict the electrical contact resistance endurance of
AgNil0 alloy.
The study predicted thrust bearing run-out, with the
[91] Service life prediction 2015 intention of using linear and non-linear wear models to
predict bearing failure/life.
The study introduced a combined 3D wear and fatigue
[4] Service life prediction 2021 numerical method for fretting issues in
ultra-high-strength steel wires.
[92] Service life prediction 2022 The study analyzed the friction and wear conditions of

dynamic and static metal wires inside the metal rubber.

[3]

Service life prediction
Wear mechanism auxiliary analysis

The study established a 3D FM model to simulate the
2018 failure process of self-lubricating spherical plain
bearings under swinging wear conditions.
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Table 2. Cont.

Reference Application Field Year Aim
[5] Service life prediction 2022 The study investigated the fretting fatigue mechanism of
Wear mechanism auxiliary analysis WC-12Co coating through experiments and simulations.
. i The study aimed to predict the wear of a tenon
[93] Wear profile prediction 2023 connection structure by FEM.
(28] Wear profile prediction 2023 A new fundamental FEM model was developgd to
predict wear for ceramic hip replacement bearings.
[94] Wear mechanism auxiliary analysis 2009 The study exammed.the ! mpact of normal load anr.:l
attack angle of a conical indenter on wear mechanisms.
The study aimed to explore the wear mechanism of
[88] Wear mechanism auxiliary analysis 2023 Inconel 690 alloy and 403 stainless-steel anti-vibration
strips.
. e . The impact of adding 3 wt.% of Y on the wear
93] Wear mechanism auxiliary analysis 2022 characteristics of ZK60 extruded alloy was studied.
The study investigated the influence of loading
[96] Wear mechanism auxiliary analysis 2022 frequency on fatigue performance and uncovered the

wear mechanisms of bolted joints.

5.1. POD Test

Fretting wear, resulting in component failures and financial loss, is defined as a
surface degradation process when small amplitude oscillatory sliding occurs between two
contacting surfaces [69]. To estimate fretting wear, the POD test, which is an essential
approach to estimating the wear performance of a specific material, is always applied in
fretting wear research. However, as previously mentioned, the cost of the test is high. The
FEM, which has been widely used in POD simulation, has a distinct advantage in reducing
cost [97]. This section will discuss the application of POD simulation in fretting wear.

The POD simulation in fretting wear is a typical case, as it shows the basic architecture
of wear simulation, as shown in Figure 7. First, the FE model is established according
to the test conditions. Then, the FE model is validated by the Hertz formula to ensure
accuracy [9,98]. The outputs such as wear depth, wear rate, and wear profile are obtained in
the final step. To track the wear process in fretting wear, two wear equations, Archard’s wear
law and the energy dissipation model [67], are implemented through the UMESHMOTION
subroutine. Since the FE model of the POD test is simple, the sub-model method is rarely
applied. On the contrary, the number of wear cycles is generally large, and the extrapolation
technique is always utilized to enhance the efficiency [1,14].

Wear profile prediction and wear mechanism analysis are the primary applications.
McColl et al. [20] presented a 2D FE model based on Archard’s wear equation for fretting
wear simulation. The study showed that measured and predicted wear profiles are well
confirmed under the low normal load situation. However, under the high normal load
condition, the results were overestimated. The same conclusion was obtained by several
other studies [17,30,33]. McColl attributed this phenomenon to the fact that changes in
the wear coefficient were not taken into account [20]. Despite this drawback, the depth
of wear and the changing trend of the wear profile are generally consistent with the
experimental results. The energy dissipation model is considered superior to the Archard
wear equation [8,88]. Li et al. [97] presented a method based on the energy law to study
the fretting wear of the double rough surfaces. The model was validated by Hertz’s
theory and experiments. Zhang et al. [98] compared the significance of the Hertzian
assumption to that of a rounded punch-on-flat in terms of fretting behavior. The model was
validated by Hertz's theory and experiments. Cai et al. [99] applied the energy dissipation
model to simulate fretting wear under the ball on flat contacting conditions. The research
demonstrated that the combined effect of the normal load and amplitude had an impact on
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the contact pressure and shear stress, which in turn influenced the kinetic behavior, wear
behavior, and evolution of worn surfaces. Li et al. [8] studied the fretting wear performance
of the Inconel 718 alloy-based energy wear approach. In addition, Bastola et al [14] showed
that there is no FE method for describing the wear of two 3D bodies simultaneously using
adaptive mesh. They presented a method to predict wear on both contact surfaces.
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Figure 7. The basic architecture of wear simulation: (a) FE modeling, (b) model validation [99], and
(c) the results of simulation [14].

5.2. Gear Wear

Gears, integral to mechanical transmission, facilitate power and motion transfer be-
tween parallel and non-parallel axes. With their precise transmission ratio, extensive power
range, high efficiency, and smooth operation, they find widespread use in diverse power
transmission domains. Wear, a primary cause of gear failure, occurs on the tooth contact
surface due to friction between meshing gears, excessive load, and unsuitable working
conditions. Excessive wear can distort the gear tooth shape, resulting in increased noise,
vibration, and reduced transmission efficiency. The reduction in the contact area between
meshing gears exacerbates gear force conditions, increases contact stress, and accelerates
other gear failure modes. Hence, gear wear research holds significant importance.
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Numerous studies about gear wear in existing research are predicated on Archard’s
wear theory [100-105]. As shown in Figure 8b, Xue et al. [103] used Archard’s wear law
to calculate the slip distance of an aero-engine’s involute spline coupling. The typical
simulation flow in gear wear simulation studies is shown in Figure 8a. For wear simulation,
the ongoing gear meshing process is broken down into discrete steps, and the points of
contact on the tooth profile are considered as the elastic contact of two cylinders based on
Hertz’s contact theory [106,107]. Subsequently, the contact pressure is determined, and the
wear at each discrete point on the tooth surface within the wear cycle is computed.
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Figure 8. (a) The technical diagram of the simulation process [104], (b) FE simulation map: contact
stress distribution of the initial model and slide distance distribution of the initial model [103], (c) FE
model of gears [108], and (d) contact stress of gears [108].

In gear wear calculations, factors such as positional tolerances and installation errors
can modify the contact path, leading to accelerated tooth surface wear [109]. Therefore,
gear tolerance modeling is crucial. Tooth Contact Analysis (TCA) is conducted to determine
the contact path and meshing state of the gear pair. However, traditional TCA can lead
to high nonlinearity when errors exist in all six degrees of freedom, reducing efficiency.
To mitigate this, the Small Displacement Torsor (SDT) concept has been introduced in
TCA [110,111]. Sun et al. [108] conducted an analysis of the wear law of the tooth surface
by integrating Archard’s wear law with the SDT theory, tolerance theory, and TCA. Their
approach involved the use of modeling and numerical simulation methods (Figure 8c). It
was found that standard assembly of the gear pair results in an evenly distributed contact
ellipse with a complete shape. However, installation errors can cause the contact area to
become skewed, resulting in an incomplete contact ellipse and a smaller contact area, which
leads to edge contact. As shown in Figure 8d, installation error results in a doubling of the
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contact surface stress. The results of their research can serve as a guide for the design and
installation of a small module gear drive system.

5.3. Implant Wear

Joint replacement technology, a pivotal treatment for orthopedic diseases, has revital-
ized patients immobilized by conditions like arthritis and fractures. With the maturation of
this technology and a growing demand, surgical cases are on the rise. Despite its benefits,
the technology has limitations, with implant wear being a primary concern. Excessive wear
can lead to implant-bone loosening, patient discomfort, increased risk of revision surgery,
and potential local inflammation due to wear debris [22,71,112-115]. Hence, implant wear
research is crucial. Wear simulation technology offers a novel approach to study implant
friction wear, outperforming physical experiments in certain aspects. This discussion will
further illustrate this using total knee arthroplasty (TKA) as an example.

TKA is a surgical technique that replaces the worn-out native knee joint. The TKA
schematic is shown in Figure 9b. Specifically, the articular surface consisting of cartilage,
meniscus, and cartilage is substituted with an Ultra-High Molecular Weight Polyethylene
(UHMWPE) insert in a metal backing [116]. In this field, wear prediction is still the primary
application. Innocenti et al. [116] devised and validated a finite element model to anticipate
wear in polyethylene-based TKA. Zhang et al. [117] studied how internal-external rotation
and anterior-posterior translation affect the wear of knee implants. It was shown that
both internal-external rotation and anterior-posterior movement were vital factors that
influenced the contact mechanism and wear of total knee implants. Kang et al. [118]
employed finite element analysis under gait cycle loading conditions to examine the effects
of various surface characteristics on the femoral component’s weight loss, wear depth,
and kinematics in TKA. Furthermore, Koh et al. [119] mitigated wear in personalized
TKA through the design, optimization, and parameterization of a 3D finite element model,
corroborated by experimental wear test outcomes.

The design of joint surface curvature is crucial in TKA for tibiofemoral kinematics
and contact mechanics. Yet, the effects of this curvature on various designs remain under-
explored [120]. Mukhtar et al. [120] optimized and personalized the design parameters
of a knee implant using the Taguchi method. The constructed model and simulation re-
sults are shown in Figure 9a,d. Koh et al. [121] performed computational simulations to
contrast wear performance between conventional and patient-specific TKA under gait
loading conditions. They found that different TKA designs result in kinematic variations,
with contact pressure and area not directly influencing wear performance, as shown in
Figure 9c. Notably, conforming individualized TKA exhibited the highest volume wear
and wear rate, with a 29% increase in volume wear compared to internally rotated center
individualized TKA.

UHMWEE is frequently employed in knee joint replacements. However, research
indicates that Polyether ether ketone (PEEK) and Carbon Fiber Reinforced PEEK (CFR-
PEEK) could serve as alternatives. The wear particles of CFR-PEEK exhibit no cytotoxicity,
suggesting minimal adverse tissue reactions. Koh et al. [122] constructed a finite element
model using tomography and magnetic resonance imaging techniques, investigating the
biomechanical implications of UHMWPE and CFR-PEEK on mobile bearing TKA. The find-
ings revealed a significant reduction in wear volume and the depth of CFR-PEEK compared
to UHMWPE, while PEEK showed an increase (Figure 9e). This underscores the potential
of CFR-PEEK as a promising substitute for UHMWPE in tibial implants. Nonetheless,
comprehensive orthopedic research is warranted for newly introduced biomaterials to
ascertain their threshold conditions and appropriate applications.
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Figure 9. (a) FE model of the knee implant [120], (b) knee implant schematic [121], (c) predicted
wear contours of the four different TKA designs: a conventional TKA, CPS-TKA, MPS-TKA, and
BPS-TKA [121], (d) distribution of the contact stress on the UHMWPE tibial insert [120], and
(e) predicted wear-depth contours for UHMWPE, PEEK, and CFR-PEEK in the gait simulation [122].

5.4. Other Applications

In addition to the applications of wear simulation in the POD test, gear wear, and

implant wear, wear simulation is also applied in many other fields, which can be seen in
Figure 10, such as the wear of seal [123,124], chain [125], tire [126], cam [127], artillery bar-

rel [128], pump [129], metal wire [4] and so on. However, it can be observed that regardless
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of the field where wear simulation is applied, the main functions of wear simulation are
wear profile prediction, service life prediction, and wear mechanism auxiliary analysis.
Moreover, the wear simulation processes are similar across different research subjects and
issues. Another striking feature can also be observed, such that Archard’s wear law is
widely applied in different situations: electrical contact under fretting wear [90], tribocorro-
sion [125], thermal-mechanical coupling wear [130], and so on. However, as mentioned in
Section 4.1, in many cases, Archard’s wear law needs to be combined with other models
to accurately capture the wear process. The same applies to the energy dissipation wear
model.
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Figure 10. (a) An axisymmetric FE model for the spring-energized PTFE seal [123], (b) an FE model
of the Anchor Chain [125], (c) an FE model of stirling engine piston rod oil-free lubrication seal [124],
and (d) schematic diagram of the FE model of metal filament wear and simulation load loading [92].

Except for the features discussed above, an outstanding disadvantage can be observed,
such that the wear processes, in practical situations, include a variety of wear mechanisms.
However, this complex process is described only by Archard’s theory or the energy dissi-
pation theory. Wear simulation lacks some rationality in this aspect. Therefore, it can be
concluded that the application of FEM in wear simulation is still in the research stage.
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6. Summary

This paper presents the research methodology and application of ABAQUS in wear

simulation, covering aspects such as FE model construction, factors influencing wear be-
havior, wear theory, and the practical application of wear simulation. The main conclusions
of this paper are as follows:

1)

@

©)

)

©)

(6)

@)

The FE model can be categorized into two types: 2D and 3D. The 2D model is suitable
for cases where there is no concern about the overall wear profile, offering high
computational efficiency. On the other hand, the 3D model is used for complex
structures and situations with complex boundary conditions and loading, providing
more accurate computational results at the cost of higher computational resources
and time.

To maintain contact in the model and simulate the real wear process, the model needs
to be updated after each incremental step. Common methods for this include the
UMESHMOTION subroutine and Python scripts. The element quality updated by
the UMESHMOTION is better than what is updated by the Python script, reducing
the possibility of stress concentration and convergence issues.

Computational efficiency is a significant concern in finite element analysis. Two
commonly used methods to address this issue are the sub-model and extrapolation
method. The sub-model method is often used for large and complex structures,
while the extrapolation method can be applied to general wear problems, effectively
improving computational efficiency. However, it is important to note that the extrapo-
lation method requires finding an appropriate extrapolation factor to avoid signifi-
cant errors. These two optimization methods can be used in combination based on
actual situations.

There are many factors that influence wear behavior, which can be broadly categorized
into two aspects: material properties and working conditions. These factors include
hardness, roughness, lubrication, contact stress, sliding speed, and others. The effects
of these factors on wear behavior are not singular, and they can also interact with
each other. Therefore, it is challenging to propose a wear model that encompasses all
influencing factors. Archard proposed a widely accepted theoretical model based on
experiments, but it still has limitations. Many scholars have made improvements to
Archard’s wear law through coupled analysis. In addition to this theory, the energy
dissipation theory is another wear theory that is increasingly used in current wear
research. Furthermore, the results obtained from the energy dissipation model show
better agreement with the experimental results compared to Archard's wear law.

In practical applications, wear simulation technology can be utilized in various re-
search fields, primarily focusing on predicting service life, wear profile, and wear
mechanisms. This article provides an overview of the application of wear simulation
in the POD test, gear wear, orthopedic implant wear, and other applications, leading
to the following conclusions: Wear simulation technology can serve as an initial tool
for product development and failure analysis, providing researchers with relatively
reliable reference data.

The wear simulation presented in this paper is capable of capturing micron-scale wear
processes and can provide a reasonable initial estimate of material loss. However, the
subtle features of a specific wear mechanism cannot be obtained.

At present, the application of FEM in wear simulation is still in the research stage.

7. Perspectives

Based on the preceding discussions, it is evident that wear simulation technology

holds vast potential for future applications. In this context, a future perspective on its
development is provided below:
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(1) Development of more precise and accurate wear models to enhance the accuracy of
finite element wear analysis.

(2) Advancement of more efficient and accurate computational methods and algorithms
to reduce computational costs and time.

(3) Integration of new technologies such as machine learning to optimize and improve
wear models, thereby enhancing predictive capabilities.

These developments are expected to significantly enhance the effectiveness and ap-
plicability of wear simulation technology across various industrial and scientific domains.
As computational capabilities continue to evolve, these advancements will play a crucial
role in addressing wear-related challenges and driving innovation in engineering and
materials science.
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