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Abstract

A tribofilm material based on activated carbon and nanochitosan modified with silicone oil has been prepared
using the sol gel method with variations in the composition of activated carbon at a mass ratio of 40% wt — 60%
wt at 5% wt intervals. Sampling was carried out in two stages. The first stage of the synthesis of activated carbon
from palm shells using activation of 7% H3PO4 and nanochitosan derived from shrimp shells using the ionic
gelation method. The second stage was mixing the tribofilm material of activated carbon, nanochitosan and
silicone oil using the sol gel method to produce a film-forming solution which was then characterized including:
physical, chemical, mechanical and thermal properties. The characterization results showed that the most optimum
composition was the tribofilm material of activated carbon/nanochitosan/silicone oil in S1 with a mass ratio of
40%wt activated carbon which produced a density of 0.94 x 10° kg/m?, a viscosity of 28.42 ¢P, and a liquid surface
tension of 63.5 mN/m. While the performance characteristics of the metal surface coating produce a surface
roughness of 0.162 um for aluminum metal and 0.156 pum for copper metal, friction coefficient 0.024, wear rate
0.19 mm, thermal conductivity 0.092 W/m.K, corrosion properties 1a (slight tarnish), rate corrosion rate of 2.34
mm/yr in 3.5% NaCl medium, 4.33 mm/yr in seawater medium and 11,476 mm/yr in 3% H>SO, medium and has
good self-healing properties for 3 days on carbon steel metal surfaces with corrosion scratch treatment on 3.5%
NaCl media, namely almost all the scratches/cracks covered due to frictional force from galvanic corrosion with
active carboxyl, amine and hydroxyl groups with the healing agent aminopropy! siloxane (NH2-R-NH-Si-O-R)
which reacts with metal ion particles (M-OH) in the formation of polymer chains for new network layers.
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INTRODUCTION

In the era of revolution 4.0, human civilization is growing and advancing which has an
impact on the human need for new machine-based technologies to help and reduce human
mechanical motion in carrying out strenuous activities, one of which is machines on robotic
equipment. based on data International Federation of Robotics (2013), world robot sales in
2012 reached 159,346 units with an increase of 25% per year such as agricultural robots, space
exploration, nursing robots, military robots, food packaging robots, arm robots and so on. The
sophistication of the robot lies in the control and sensor systems that make movement flexible,
but complex movements can actually reduce robot performance due to friction which is the
main cause of robot energy loss of 0.099% with a workload of 150-250 kg which reduces
friction will help achieve carbon neutrality in a global energy audit (Ataei, 2019 and Wang, C
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2018). Lubricant is a chemical substance which is generally in the form of a liquid, which is
given between two moving objects with the aim of reducing frictional forces made of (70-90)%
base lubricating oil mixture and added with additives to improve its properties such as
increasing engine efficiency, reducing the rate of wear due to friction and heat removal
(cooling) on the two contacting areas to prevent hot defects that cause defects in the metal
besides that around 3-4% fuel consumption savings contributed from lubrication. However,
lubricants are an environmental problem that generates high levels of toxic waste (Zhou, 2017
and Yang, H 2019). Conventionally, lubricants that are often used are in the form of semi-solid
(grease) made from mineral oil (petroleum) to form a stable layer which still has weaknesses
including being difficult to degrade, is toxic and carcinogenic, contains iron, varnish and
bitumen compounds which are It can pollute the environment and also doesn't flow easily to
heal scratched areas (Rouhani, 2018).

The self-healing coating is a tribofilm fluid that can heal itself repeatedly in protecting
the metal surface of the engine and has acid neutralizing properties and heat transfer due to
friction evenly so that it can restore engine condition and extend engine life (Song, 2017 and
Kohlhauser, 2020). So that research on modification of self-healing raw materials becomes an
interesting research object theme to be developed as a solution to overcome the tribological
effect in reducing friction, wear and corrosion on metal surfaces which have an impact on
machine lifetime and performance. In a previous study, Alane Tarianna O. Lim (2019)
modified thick oil from reduced graphene oxide (r-GO) microcapsule encapsulated colloidal
polystyrene with a silicone oil matrix to become a barrier layer product that can heal itself by
the aerosol method which results in its characteristics in composition 5 %wt rGO produces a
density of 0.12 g/cm?d, is stable on the surface of aluminum foil and water bath with a viscosity
of 0.02 Pa.s, resistant to local corrosion of concentrated HCI for 2 weeks but its strength
decreases by 50% and produces 18 scratches for 10 minutes in 20 % HCI. However, the process
of making rGO is very long, expensive and produces quite a lot of chemical reagent waste and
is toxic.

In this research, a lubricating material based on tribofilm layers of PMDS silicone oil
type inserted by activated carbon and chitosan nanoparticles (n-Chit) is made as a self-healing
coating that can mobilize metal surfaces using dynamic networks based on nanocolloid
capsules with the advantage of being able to reduce responsive voltage from electricity/acid,
controls the movement of sliding droplets and is non-toxic. The feasibility of silicone oil as a
lubricant is due to its density of 965 kg/m3, viscosity of 4.8 x 10 Pa.s, glass transition
temperature of 127°C, liquid surface tension of 2.08 x 10 N/m and dielectric constant of 2.72
— 2.75 so that it has neutralizing properties. acids and heat transfer due to friction evenly by
utilizing the polarization bonds of the Si-O groups (Huneault, 2018 and Samiee, 2019). Then
activated carbon as a nanocolloid capsule for self-healing fluids has an amorphous structure
with porosity (40-90)% which is able to store and precipitate lubricating materials in the form
of microcapsules, has a density (0.4-2) g/cm® and a specific surface area (500- 2000) m?/g
which can accommodate many molecules to interact with metal materials in order to reach the
lubricated area and has an amorphous sp2 and sp3 hybridized carbon (C=C) bond arrangement
consisting of an arrangement of active carboxylic acid groups and phenol hydroxyl which can
reduce layer interface tension (Berman, 2018 and Salinas, 2021). As well as nanochitosan
which can bind metal Zn, Cd, Pb, Cu and Hg ions by the active group NH2- in a chelating
manner (Sivakami, 2013).

The mixture of silicone oil with activated carbon and nanochitosan using the sol gel
method has the aim of producing a self-healing friction and corrosion protective material that
has good physical, chemical, mechanical and thermal properties that can restore engine
condition, and extend engine life.
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METHOD

In this study, silicone oil was obtained from Inosol with a viscosity of 1000 cps. Activated
carbon was synthesized from the palm shells of the Adolina PTPN IV North Sumatra palm oil
mill physically by using activation of a 7% HsPO4 solution and nbanochitosan from shrimp
shells was synthesized using the ionic gelation method using acetic acid solvent
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Figure 1. Schematic of Formation of Activated Carbon/Nanochitosan/Silicon Oil Tribofilm
Solution

Preparation of Palm Shell Activated Carbon

The process of synthesizing activated carbon from palm shells was adopted based on
Zurairah's research, 2020 in which 300 g of oil palm shells obtained were cleaned, then placed
in a container and put in the oven for 2 hours at 110°C to remove the existing water content.
Then the palm shells are carbonized at a temperature of 400°C for 2 hours in the furnace, where
the time is calculated when the temperature has reached 400°C. After the carbonization process.
After the carbonization process, the charcoal formed is activated by adding 7% H3PO, at a ratio
of 1:10 (w/w). Then stirred for 30 minutes and soaked for 24 hours. The results of the marinade
are filtered, then dried in the oven at 120°C for 24 hours. The dried charcoal is then heated at
600°C for 2 hours in the furnace, where the time is calculated when the temperature reaches
600°C. After the heating process, the activated carbon obtained was then washed with 5N HCI
several times to remove chloride elements, then washed using hot distilled water (temperature
100°C) to pH 6.8-7, and washed using cold distilled water (temperature 4°C) to remove the
phosphorus content. The activated carbon is dried in an oven at 120°C, then crushed and
blended. After the activated carbon is smooth, then it is filtered using a 400 mesh filter.

Synthesis of Nanochitosan

Synthesis of nanochitosan using the ionic gelation method, modifying the research steps
from Isna (2022). Chitosan powder weighing 0.05% was dissolved in 100 mL acetic acid 1%
(w/v). Then stir usingmagnetic stirrer for 1 hour. Chitosan solution was then added NaTPP
0.1% (w/v) and twen 80 0.1% (v/v) with ratio of 5:1:0.05 while stirring. The solution is stirred
constantly withmagnetic stirrer for 2 hours at room temperature.

Fabrication of Lubricants Self-Healing

Lubricant manufacturing processself-healing using the sol gel method by dissolving
activated carbon and nanochitosan with 100 mL of silicone oil on a hotplate stirrer at 25°C
with a stirring speed of 600 rpm until evenly mixed for 24 hours after which tests were carried
out (density, viscosity, surface tension and liquid), chemical properties (corrosion type and
corrosion rate), mechanical properties (surface roughness, wear rate and coefficient of friction)
and performance properties (self-healing process based on optical microscopy visualization)
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Lubricant Performance Testing Self-Healing

Provided metal plate material type Al and Cu size 5 cm x 5 cm then sprayed with
lubricationself-healing on a metal surface and allowed to stand for 24 hours after which
performance testing was carried out such as ability self-healing, corrosion type, corrosion
rate, surface roughness, coefficient of friction, wear loss (wear rate), and thermal
conductivity.

RESULTS AND DISCUSSION

Several tests were carried out to see the performance of the sample as a self-healing
coating application in which these parameters influenced the self-healing process, namely the
tribological properties including the surface roughness of the metal, the coefficient of friction,
the wear rate, and corrosion rate so that the characteristics of the metal being coated would
greatly play a role in the self-healing properties in forming a layer of tribofilm to recover after
an external force such as friction causes a scratch.

Fig.2 showed the optimum surface roughness for Al and Cu metals coated by tribofilm
on an active carbon composition of 40% wt where the surface roughness before coating was
0.348 um for Al and 0.309 um for Cu whereas after coating it became 0.152 um for Cu and
0.162 um for Al. While the roughness results were less than optimum on the composition of
activated carbon 60% wt with surface roughness for Al of 0.248 pum and for Cu 0.216 pm.
There is a decrease in the surface roughness of the metal after being coated with tribofilm
material, this is due to the functional groups contained in the microcapsules present in the
tribofilm coating including carbonyl groups (-C=0), hydroxyl groups (-OH), amine groups (-
NH.) and a sulfonate group (-S(=0)2-O") which has an electron affinity for the metal surface
to form an ionic or covalently coordinated interface bond with positive metal ions in the form
of a protective layer (thin film) in inhibiting direct contact which can cause an increase in the
surface roughness value of the metal.

Aluminium (Al) Copper (Cu)
__ 04
€03
92 0.2
[«5)
£01
o
3 0
o No Pure 40 45 50 55 60
§ Tribofilm  Silicone
= oil
(%]

Variation of Activated Carbon Composition in Tribofilm Materials
(% wt)

Figure 2. Analysis of Metal Surface Roughness Curve Against Activated Carbon
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Figure 3. Analysis of the Coefficient of Friction Curve for Activated Carbon Variations
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Optimum conditions obtained a low coefficient of friction at a composition of 40% wt
activated carbon 0.024. This shows that the composition of activated carbon which has a small
amount of activated carbon has a very low coefficient of friction because the number of heavy
fractions for the silicone oil matrix is very high so that the binding force to bind the activated
carbon and nanochitosan particles is very strong and not easily released when forming a
molecular layer that can stabilize heat. due to frictional forces that cause abrasion and scratches
by utilizing ion transport chemisorption (Wang, L 2019 and Chang, 2020). While the less
optimum conditions on the composition of 60% wt activated carbon with a friction coefficient
of 0.047.

No Pure 40 45 50 55 60
Tribofilm Silicone QOil

Variation of Activated Carbon Composition in Tribofilm Materials (%
wt)

Figure 4. Analysis of the Wear Rate Curve for Activated Carbon Variations

Optimum conditions obtained a low wear rate value on a composition of 40% wt activated
carbon with a wear rate value of 0.19 mm. This shows that the composition of the microcapsule
composed of activated carbon and nanochitosan modified with silicon oil has a small amount
so that the silanol (Si-O) active group is more optimal in binding the active groups that make
up the microcapsule with the nanochitosan binding agent. If the metal surface that has been
coated with tribofilm material is subjected to frictional forces, a process of breaking down the
microcapsules occurs in which the microcapsules release additional lubricants or protective
agents in the formation of a network of new film layers on the metal surface so as to reduce the
wear rate.physisorption (Liu, 2020).
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Figure 5. Corrosion Rate Curve Analysis of Activated Carbon Variations

The composition of 40% wt activated carbon on tribofilm material produces an optimal
corrosion rate of 2.34 mm/yr in 3.5% NaCl media, 4.33 mm/yr in seawater media and 11,476
mm/yr in 3% H media,SO4. This is due to the nature of the constituent material of the tribofilm
material in the form of activated carbon which has a porous surface that can absorb several
compounds from the environment such as CO- and bicarbonate ions (HCO?%) so that a passive
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and stable carbonate layer is formed which functions to protect the metal from corrosion by
reducing metal reactivity and stabilizing the pH around the metal surface. The following is the
reaction for the formation of the carbonate protective layer produced by the tribofilm material:
(Wang Q 2020)

Reaction of carbon dioxide with water:

CO2 + H20= H2COs3 (carbonic acid)
- Reaction of carbonates with ferrous ions in metals:

Fe + 2HCO* = Fe(HCO3), +2¢” (reduction reaction)
- Carbonate layer formation:

Fe(HCOz3), + CaCO3 = FeCO3 + Ca(HCO:s):

In addition to activated carbon, nanochitosan in tribofilm materials also plays an
important role in inhibiting and reducing the corrosion rate of metals because nanochitosan has
a positively charged amine functional group (-NH>) which can be interacted withion exchange
against negative ions (corrosive ions) such as SO4> and Cl- by binding or absorbing them.
While the less optimum composition is 60% wt activated carbon with a corrosion rate of 19,014
mm/yr for 3% H>SO4 media, 12,802 mm/yr for seawater media and 8,662 mm/yr for 3.5%
NaCl media

Self-Healing with an Optical Microscope

The self-healing of the tribofilm material when etched was carried out in 3.5% NaCl
media using 3 variations of active carbon composition between 40% wt, 50% wt and 60% wt.
Following are the results of digital image testing of ferrous metal surfaces before and after
being coated with tribofilm material

Figure 6. Visual Analysis of Carbon Steel Metal Sections Before Coating and Soaking in
3.5% NaCl Media

Figure 7. Visual Analysis of the Condition of Carbon Steel Metal Coated with Tribofilm
Material with 60%wt Activated Carbon Variations Soaked in 3.5% NaCl Ocean Media
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Material with 40% wt Activated Carbon Variation Soaked in 3.5% NaCl Solution Media

Fig.7 shows the shape of the visual image of the surface of the carbon steel metal before
being given electrochemical scratch treatment using a 3.5% NaCl electrolyte solution which
looks smooth and has no scratches due to decomposition caused by galvanic corrosion
reactions. Meanwhile on Fig.8 and Fig.9 the formation of white streaks due to the NaCl solution
oxidizes the Fe content (black area) on the carbon steel plate by releasing positive ions (Fe?*
or Fe3*) causing degradation. However, tribofilm materials as applicationsself-healing contains
microcapsules with healing agents aminopropyl siloxane (NH2-R-NH-Si-O-R) which can
quickly flow into the etched area, followed by particle re-structuring to rebuild new tissue for
3 days.
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Figure 9. Formation of Self-Healing Areas in the Process of Covering Scratches Due to
Corrosion for 3 Days

Fig.9 shows the process of self-healing of carbon steel metal material after experiencing
scratches due to frictional forces in the galvanic corrosion process by NaCl solution utilizing a
combination reaction chemisorption and physisorption which in the process of degradation of
Fe ions due to the corrosion reaction forms a scratch layer, causing a small part of the metal
structure of carbon steel to be exposed. The resulting localized corrosion triggered a solution-
induced surge of electrolyte NaCl which rapidly dissipated within seconds, indicating that the
coating had self-healed to restore its protective barrier properties. The mechanism of action is
that when a scratch from the effects of corrosion arises it will cause the process of breaking
down the metal surface structure so that an immobilization process occurs by forming a
lightweight colloidal capsule-based dynamic network which in the dynamic part of the particle
network nearby both on the right and left sides of the oil layer is thick and creep resistant.
However, the viscoelasticity of the oil is very low so that the breakdown of the activated
carbon/nanochitosan microcapsules with healing agents occurs aminopropyl siloxane and
flows out photochemically and thermochemically in which the silicone oil liquid carrying
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microcapsules of active carbon/chitosan is viscoelastic which begins to flow into the open area
and brings new particles to rebuild tissue damaged by repeated scratches for 3 days (Zou, 2019
and Aumrung, 2023). The following illustrates the self-healing process:

Kbt %3 .,{
£%, - .
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< ¥ o
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Figure 11. lllustration of Silicone Oil Polymer Chain in Carrying Microcapsules to Form
New Networks in the Self-Healing Process of Scratches

CONCLUSION

Obtained visual process propertiesself-healing good CA/nanochitosan/silicone oil
tribofilm material for 3 days based on optical microscopy on a carbon steel metal surface with
scratch corrosion treatment on 3.5% NaCl media, namely almost all scratches/cracks covered
due to frictional forces from galvanic corrosion with active carboxyl groups, amines and
hydroxyl with healing agentsaminopropyl siloxane (NH2-R-NH-Si-O-R) which reacts with
metal ion particles (M-OH) in the formation of polymer chains for new network layers.

RECOMMENDATION

Further research is suggested to carry out further tests on the thickness of the gap formed
and the part of the scratch gap that has not been completely covered by the tribofilm material
in the self-healing process, then to analyze the distribution of the microcapsules and the contact
angles that form the tribofilm layer which functions for self-healing and its effect on heat and
light which help the process of movement of microcapsules.
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