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Abstract: Heterogeneous materials are usually found in industrial and chemical centers, such as 

metallic alloy, polymer blending, porous and cracked materials, and especially composites. We 

exhibited expanded detailed studies on the integration of bonding between poly-caprolactone (PCL), 

chitosan and vinyl ester resin (VER), and stainless steel (SS) with h-BN substrates. Using h-BN 

dielectrics leads us towards a suitable improvement in mobility relative and increasing surface activities. 

Furthermore, we exhibited that the integration of h-BN with stainless steel (SS) exhibits unique 

advantages compared to exfoliated graphene. We offered higher resistance and anti-corrosion for 

stainless steel by forming these polymer layers on the surface sheet. Therefore, biopolymer strongly can 

be suggested as a perfect antifouling coating solution owing to its broad-spectrum antibacterial, 

antifungal, and anti-algal properties, along with amazing film-forming properties. Although atomic 

coordinates are adjusted by this work to reduce the molecular energy, conformational changes in the 

polymers might be considered to obtain the macromolecules pair correlation function. Gyration rays 

and end-to-end distance distributions of the chains have been applied to measure polymers' flexibilities 

quantitatively.  
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1. Introduction 

Some metals can be used as implants for biomedical usage because of their suitable 

properties [1, 2]. Most of them are used in vivo due to high stability as well as low degradation 

rate [3, 4]. But sometimes, they lead to some difficulties such as the failure to stimulate the 

tissue growing, release of metal ions into the environment, and inflammation in the body [4, 

5]. Since metal implants are heavy [6–8], technology has been progressed towards using 

lightweight materials to tissue in growth. Stainless steels (such as 316L SS) are usually used 

for biomedical materials—including in joint replacements, stents, and orthopedics—due to 

their offering of unique advantages in wonderful corrosion resistance [9–11]. These metal ions 

are too toxic and have potential health hazards that cause bad allergies and probably cancer 

tumors [12, 13]. One of the problems is that the corrosion resistance of 316L SS can be 

improved via coating with various protective films [14–21]. Huang et al. [16] reported that 

coating 316L SS with superhydrophobic TiO2 nanotube arrays could decrease platelet adhesion 
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and increase corrosion resistance. Wang et al. [18] exhibited that a 316L SS surface modified 

with zirconium compounds makes the blood compatibility and corrosion resistance in high 

quality. Stainless steel within poly-caprolactone/chitosan-coated has recently attracted the 

attention of many scientists due to its high strength-to-weight ratio and degradability. In 

addition, the stress shielding phenomenon does not occur for stainless steel (SS) alloys due to 

having density and Young's modulus close to that of natural bone. Chitosan (Figure 1) is a 

polysaccharide composed of randomly distributed β-(1→4)-linked D- glucosamine and N-

acetyl-D- glucosamine. As an industrial material, it can also be used in a self-healing 

polyurethane paint coating. 

 

 
Figure 1. A monomer of optimized chitosan structure and its NMR orientation. 

In medicine, it is useful to help deliver drugs via the skin. Moreover, chitosan is part of 

a green chemistry project, mainly extracted from marine shellfish wastes (Scheme 1). The 

amine groups are also responsible for the low hydrophobicity of chitosan in an acidic medium 

[22-25]. The cross-linking of chitosan molecules via the reaction of primary amine groups in 

chitosan with aldehyde groups from the cross-linker glutaraldehyde (GA) increases tensile 

strength hydrophobicity and enhanced chemical resistance. Apart from the newly formed imine 

group, a number of amine groups remain in the cross-linked chitosan, allowing interaction with 

the surroundings [24, 25]. Poly-caprolactone (PCL) is a biopolymer with wide capabilities and 

unique character as an important biomaterial compound for bone tissue biomedical 

engineering, cartilage repair, wound dressing, and cardiovascular tissue engineering [26–29]. 

PCL is one of the most commercially available synthetic polymers characterized by huge 

biodegradation, including special mechanical behaviors that could be generally controlled via 
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regulating the local environmental driving interactions. This polymer is usually used as an 

additive in various resins for improving their processing behaviors, such as impact resistance. 

PCL also can be mixed with starch to lower its cost and increase biodegradability, or it can be 

added as a polymeric plasticizer to polyvinyl chloride (PVC) [30]. Poly-caprolactone is also 

used for a splinter, splinting, modeling, and feedstock for prototyping systems such as fused 

filament three-dimensional printers. It can be synthesized using a suitable catalyst with a ring-

opening polymerization phenomenon (Figure 2).  

 
Figure 2. Optimized poly-caprolactone (PCL) as an important biopolymer. 

PCL has mechanical properties of a suitable tough, analogous to nylon and plastic, 

which softens at around 62°C, then becomes similar a putty-like consistency and is quickly 

shaped through immersing in warm water. PCL has low conductivity; therefore, it is easy to 

make a structure by hand at this temperature. This makes it perfect for preparing small-scale 

modeling instruments and repairing plastic objects. Although softened PCL readily sticks to 

several other plastics at a higher temperature, the stickiness can be minimized if the surface is 

cooled while still leaving the mass pliable. By this work, we have shown a system by mixing 

poly-caprolactone/chitosan can be coated with a wide range of metals against any corrosions. 

This mixture layer (one layer after another) affects the strength and durability of metal and 

makes the materials inexpensive. This kind of coating prevents equipment damage and product 

leakage, especially crucial in chemical industries, thereby saving and caring for the 

environment. The performance and lifetime of metals or any other substrate can be increased 

by applying a suitable anti-corrosion coating, especially layer by layer coating (poly layer 

coating or PLC). PLC makes several barrier dams over the metal surface against corrosion 

attack. For accomplishing an excellent PLC it is needed to consider several items of corrosion, 

including (1) providing a galvanic situation for the anti-corrosion by using different 

electrochemical charges, for instance "Inter-granular Corrosion" which is a kind of corrosion 

that occurs when the grain boundaries in a metal form an anode and the interior of the grain act 

as a cathode, (2) "Stress-corrosion Cracking (SCC)", that is a result of stress due to cold work, 

thermal process or welding. (3) "Crevice Corrosion" which is due to the attack of metal surfaces 

in crevices, such as edges of rivet heads and nuts (Scheme 1).  
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Scheme 1. (a, c) Pitting corrosion; (b) stress-corrosion cracking (SCC); (d) Inter-granular corrosion.  

Corrosive substances like dust or sand accumulate on the surface and create an 

environment for water to get collected and corrode the material (4) "Pitting Corrosion", a 

localized form of corrosion leading to small holes or pits on a metal surface. Its mechanism 

works in the same manner as in crevice corrosion. For removing these problems, we used a 

mixture of polymers, including poly-caprolactone/chitosan/vinyl ester resin.  

VER can be replaced as an alternative to polyester materials due to polyester and epoxy 

groups (Figure 3). Vinyl-ester has low viscosity, high resistance in corrosion, physical adhesion 

compared to polyester because of polar hydroxyl and ether groups. Vinyl ester resins are 

obtained by adding epoxy resins with unsaturated carboxylic acid monomers. The unique 

physical and chemical properties of "VER" have attracted much interest for marine industrial 

applications.  

 
Figure 3. Geometry optimization "vinyl ester" via ab-initio calculation. 
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VE resin exhibits suitable mechanical properties, same as epoxy, and offers process 

abilities, same as a polyester resin. VER is a major material for manufacturing several 

thermosets widely applied in industrial goods. By this work, the mechanical properties of SS/h-

BN in the presence of poly-caprolactone/chitosan/vinyl ester resin have been investigated 

through computational modeling and simulation approaches. It is notable that any testing of 

the nanocomposite properties completely depends on the microstructure situation and the 

fabrication process of those materials. Any exfoliation to optimize filler orientation might be 

hard to reach, and the VE chain preferably extends among h-BN particles. 

2. Materials and Methods  

2.1. Description of simulation.  

A simulation of steel alternating with a composite made of poly-

caprolactone/chitosan/vinyl ester resin reinforced with h-BN sheets using Molecular Dynamics 

(MD) has been accomplished. The effect of the polymer's chains length and the adhesion 

energies are modeled by several situations. Designing suitable interphase between the metal 

and those polymer layers is the main target of our simulation to find the best position of 

mechanical properties. We have focused on polymer-to-metal substrate interactions linked to 

interfacial non-bonded interaction (van der Waals and electrostatic potentials) between the 

atoms of the polymer and the atoms in the metal oxide on the surface. Scheme 2 shows a vinyl 

ester to steel bond. It is extremely difficult to perform measurements of stress and strain in the 

interphase through experimental testing due to in- accessibility to any kind of sensor (Figure 

4). Cohesive densities of energies, polymers packaging, or localized situation in the 

macromolecule chains can be determined by molecular modeling techniques. 

 
Scheme 2. Vinyl ester to steel bond. 

2.2. Simulation Methodology and analyzing. 

MD simulations were done in an isothermal-isobaric (NPT) statistical ensemble, using 

the Charm package [31]. Several pressure using Berendsen barostat was kept constant at P = 

1 up to 2 atm. The stochastic velocities were used to maintain the temperature among T =300-

400 K. The integration time steps were selected between 0.2-0.4 fs, and periodic boundary 

conditions have been applied in all three dimensions. Finally, the best simulation occurred in 

P=1atm, time steps=0.5, and T=300 K. To obtain initial PCL/SS/h-BN or VERL/SS/h-BN 

layers were placed at a close distance. In data analysis, we exclude a certain number of 

configurations, such as our results independent of the initial state. Non-bonded interactions 
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among PCL/SS/Chitosan atoms (Figure 1) with carbon, iron, and nitrogen of PCL/SS/h-BN 

complexes, including 𝜎𝑖 − 𝜎𝑗 interaction, C-𝑚𝑒𝑡𝑎𝑙 interaction, 𝐹𝑒-𝜎𝑖 , OH, H-bonds are shown 

in (Figure 4).   

 
Figure 4. A simulation of steel alternating with a composite made of SS /Vinyl ester resin reinforced with h-BN 

sheets.  

Table1. Non-bonded parameters in terms of E (van der waals) + E (Coulomb). 

Non bonded interaction 

𝑉𝐿𝐽(𝑟𝑖𝑗) = 4𝜀𝑖𝑗{[(
𝜎𝑖𝑗

𝑟𝑖𝑗
)12 − (

𝜎𝑖𝑗

𝑟𝑖𝑗
)6]} , 𝑟 < 𝑅𝐶 

Atom type Mass(g/mol) 
𝝈(𝒏𝒎) 𝜺(

𝒌𝒄𝒂𝒍

𝒎𝒐𝒍
) 

CH2 14.50 0.355 0.0.08 

C=O 28.35 0.415 0.115 

O-H 17.18 0.212 0.015 

C-O 28.55 0.425 0.112 

C-C 24.15 0.134 0.060 

Fe(SS) 56.70 0.333 0.090 

CH3 15.55 0.315 0.056 

h-BN 19.03 0.45                  0.88 

Table 2. Parameters of bonded interactions of the atomistic force field.  

Bonded & angle interaction 

{[𝑉𝑏(𝑟𝑖𝑗) = ∑ 𝑘𝑖𝑗
𝑏

𝑏𝑜𝑛𝑑𝑠

(𝑟𝑖𝑗 − 𝑏𝑖𝑗)2]} + {[𝑉𝛽(𝜃𝑖𝑗𝑘) = 0.5 ∑ 𝑘𝑖𝑗𝑘
𝜃 (𝜃𝑖𝑗𝑘 − 𝜃𝑖𝑗𝑘

0 )2]}  

𝑎𝑛𝑔𝑙𝑒

+ {[𝑉(𝜑𝑖𝑗𝑘𝑙) 𝑘𝜑(1 + 𝐶𝑜𝑠(𝑛𝜑 − 𝛿) 

bond b(Å) 𝑘𝑏 

kcal/mol*

Å2 
 

 

angle 𝜃𝑖𝑗𝑘
0  𝑘𝑖𝑗𝑘

𝜃  

(
kcal

𝑚𝑜𝑙
∗ 𝑅𝑎𝑑2) 

Dihedral 

𝜑𝑖𝑗𝑘𝑙 

𝑘𝜑 

kcal/mol  

 

𝑛 𝛿 

CH2 1.10 335 C-O-C 116.5 53.5 C-C-C-O 0.35 1 0.00 

C=O 1.25 345 C-C-C 123.5 60.1 H-C-C-C 0.40  3 180.0 

O-H 1.12 365 O-C-O 120.5 42.5 O-C-C-H 0.20 2 0.00 

C-O 1.30 235 C-C-H 115.5 42.1 C-O-C-H 0.55 2 0.00 

C-C 1.35 445 H-C-H 110.5 61.5 H-C-C-H 0.35 1 180.0 

Fe(SS) 1.25 355 O-C-H 120.5 42.5 O-C-C-O 0.65 3 90.0  

CH3 1.35 235 C-C-C 120.5 55.5 C-C-C-C 0.20 1 0.00 
h-BN 1.15 335 B-N-B 115.5 41.5 B-N-B-N 0.20 1 180.0 

* For Fe (SS) & h-BN sheets the formula of (𝑉𝛽(𝜃𝑖𝑗𝑘) = 0.5 ∑ 𝑘𝑖𝑗𝑘
𝜃 (𝐶𝑜𝑠𝜃𝑖𝑗𝑘 − 𝐶𝑜𝑠𝜃𝑖𝑗𝑘

0 )2]}  𝑎𝑛𝑔𝑙𝑒 has been used 

Using Molecular Dynamics (MD), these interactions are explained via spherically 

truncated Lennard–Jones potentials as follows: 𝑉𝐿𝐽(𝑟𝑖𝑗) = 4𝜀𝑖𝑗{[(
𝜎𝑖𝑗

𝑟𝑖𝑗
)12 − (

𝜎𝑖𝑗

𝑟𝑖𝑗
)6]} , 𝑟 < 𝑅𝐶 

(1), 𝑅𝐶is a cutoff distance around 12 Å for VE. In addition, the Lorentz–Berthelot rules via 
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arithmetic middle have been applied for the interactions among VE and h-BN atoms as 

follows "𝜎𝑖𝑗 = 0.5(𝜎𝑖 + 𝜎𝑗)"𝑎𝑛𝑑 𝜀𝑖𝑗 = √ 𝜀𝑖 ∗ √ 𝜀𝑗. (2). the non-bonded and bonded 

parameters, including van der Waals of related force fields, are listed in Tables 1 and 2 for both 

VER and h-BN [32-34]. The total energy of the model system is a total of several partial 

energies as follows: E(system) = E(bond) + E(angle) + E(torsion) +E(over) +E(vdW) + E(Coulomb) + E(Specific), 

(3), where E(bond) is the energy associated with the bond formation and (E(angle) + E(torsion)) are 

the energies associated with valence angle strain and torsional angle strain, respectively E(over)  

energies associated with valence angle strain and torsional angle strain, respectively, is an 

energy penalty term that prevents the over-coordination of the atoms. EvdW +E(Coulomb) are the 

dispersive, electrostatic energy contribution between all atoms; respectively, and E(Specific)  is a 

system-specific energy term that may include lone-pair, conjugation, hydrogen bonding. 

3. Results and Discussion 

3.1. Modelling of poly-caprolactone/chitosan/vinyl ester resin.  

Nine polymers, including poly-caprolactone/chitosan/vinyl ester resin reinforced with 

h-BN sheets, have been modeled with MD simulation. They differ in the structures and 

different lengths of their chains for each configuration [35]. Their lengths can be estimated via 

the distribution of inter entanglement strands in real polymers. It is possible to define a linkage 

between the atomistic simulation and the mesoscale polymers modeling. The statistical length 

(b) is based on mean squared end-to-end distance accordance with the model𝑏 =
<𝑅2>

𝐿
 (4). The 

molar mass can be calculated via multiplying the Kuhn length by the unit length of the real 

chain, and consequently, it is possible to obtain the packing length and the ratio of the volume. 

So by this model, it is possible to simulate thousands of atoms for a suitable molecular 

dynamics calculation. Figure 5 exhibits a polymer chain with three vinyl ester monomers using 

the CPK-Dreiding model.  

Table 3. Parameters of the four different polymers models by the MD simulation. 

Macromolecules C(Å) Number of chains Number of 

configurations 

Poly-caprolactone 

Polymer 1 14.3 16 3 

Polymer 2 15.5 17 3 

Polymer 3 15.9 18 3 

Vinyl ester resin 

Polymer 1 16.3 12 3 

Polymer 2 16.6 13 3 

Polymer 3 17.2 15 3 

Chitosan 

Polymer 1 12.5 16 3 

Polymer 2 13.3 14 3 

Polymer 3 12.9 17 3 

PBCs or Periodic boundary conditions have to be generated in all directions, consisting 

of pressure, volume, and temperature positions are prepared constantly. A rectangular prism 

with edge lengths a = 27.1 Å and b = 28.9 Å was selected to build the unit cell. Table 3 exhibits 

the structural parameters of the 3 different model polymers of each poly-

caprolactone/chitosan/vinyl ester resin used in the MD simulation.  
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Figure 5. Representation of a polymer chain with three vinyl ester monomers.  

Based on work in reference [36], the polymers optimized based on the following 

procedure of atomic force cutoff of 0.2 (kcal/mol) up to a maximum of 1000 iteration steps, 

using the Fletcher–Reeves algorithm [37]. This method works have been done based on our 

previous works [38-55] and some novel works in two past years [56-84]. 

3.2. Modeling of the metal surface. 

We model a single cell of ferrous oxide and cleave the (111) plane to obtain the interface 

forces among the oxide and several polymers. The metal structure is relaxed and held rigid 

during the simulation (Except the polymer chains that permit to move). The force field used in 

the MD calculation is OPLS & COMPASS. Although the surface is ionic, the OPLS & 

COMPASS force fields require bonds between the iron and oxygen atoms. A supercell is built 

with lattice parameters a = 25.9 Å, b = 29.1 Å and c = 12.9 Å, for suitable fitting. Only the 

polymer atoms close to the interface move to approach the metal substrate due to the non-

bonding interactions at the surface. This procedure has been followed for the four different 

polymers used. Figure 6 shows the box with iron (II) oxide and polymer layers. 

 
Figure 6. Interaction of on the surface of 123RF SS with polymer chain with three vinyl ester monomers. 

Interaction between polymers and SS surface at the interface is modeled via 20 ps of 

NVT at 298-300 K. Time step of 0.5 fs has been applied for 10000 steps. Figure 7 exhibits the 

fluctuations of 10 K close to the equilibrium temperature, and the energies of various 

interactions have been calculated via the following formula. 

Table 3 exhibits interaction energies between poly-caprolactone/chitosan/vinyl ester 

and SS/iron (II) oxide for the three models of each polymer, as calculated using MD, using 

equation (5). In order to quantify the capacity of molecules to adopt a more compact 

conformation, the radius of gyration (S2) in each polymer before and after the application of 

MD has been calculated from the equation as follows, 𝑆2 =
∑ 𝑚𝑖𝑆𝑖

2𝑁
𝑖=1

∑ 𝑚𝑖
𝑁
𝑖=1

 (6), where 𝑚𝑖 is the 
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atomic weight. Figure 8 exhibits the radii of gyration for three polymers of increasing chain 

length. The longer chains have larger changes in their gyration during the macromolecule 

interacts with the SS-Fe2+ sheet. The pair correlation function of each poly-

caprolactone/chitosan/vinyl ester macromolecules has been derived before and after the 

polymers interacted with the SS/iron (II) oxide.  

 
Figure 7. Fluctuations close to the equilibrium temperature and the energies for SS/VER interaction. 

𝐸𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝐸𝑡𝑜𝑡𝑎𝑙 − (𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐸𝑝𝑜𝑙𝑦𝑚𝑒𝑟) (5) Where: 𝐸𝑡𝑜𝑡𝑎𝑙 is the whole energy of the system in the 

equilibrium position, 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the energy of oxide surface before the interaction, and 𝐸𝑝𝑜𝑙𝑦𝑚𝑒𝑟 is the energy of 

the bulk polymer. The 𝐸𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛  of SS-polymers for poly-caprolactone/chitosan/vinyl ester resin reinforced 

with h-BN sheets are listed in Table 4. 

Table 4. Interaction energies between poly-caprolactone/chitosan/vinyl ester 

 and SS/iron (II) oxide. 

Macromolecules Total 

energies 

(kJ/mol 
105) 

Surface energies (kJ/mol 

105) 

Polymers energies 

(kJ/mol) 

Interaction energies 

(kJ/mol) 

Poly-caprolactone  

Polymer 1 -10.93773 -10.97565 4356 -564 

Polymer 2 -10.94476 -10.97565 3542 -453 

Polymer 3 -10.96243 -10.97565 1987 -665 

Vinyl ester resin  

Polymer 1 -10.53815 -10.55463 2323 -675 

Polymer 2 -10.52796 -10.55463 3423 -756 

Polymer 3 -10.53052 -10.55463 3287 -876 

Chitosan  

Polymer 1 -10.60462 -10.65465 5456 -453 

Polymer 2 -10.62694 -10.65465 3425 -654 

Polymer 3 -10.63170 -10.65465 2879 -584 

 
Figure 8. Radii of gyration for macromolecules of increasing chain length. 
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End-to-end length is another variable for estimating the potential of the macromolecules 

to change the configuration of polymers as the interaction with the SS-Fe2+ sheet proceeds 

(Fig.7). After the interaction of the poly-caprolactone/chitosan/vinyl ester with the SS-

Fe2+sheet, the probability of finding more folded chains increases, as predicted by MD 

calculations. At the same time, the accumulated probability of occurrence of unfolded chains 

decreases after the interaction is established. In these systems, more atoms of poly-

caprolactone/chitosan/vinyl ester get closer to the SS-Fe2+ sheet and contribute collectively to 

increasing the interaction (adhesion) energy of the system. 

 
Figure 9. Interaction of the poly-caprolactone/chitosan/vinyl ester with the metallic substrate, as predicted by 

MD calculations (Polymer 3). 

4. Conclusions 

The computational prediction of physical properties in poly-caprolactone/ chitosan/ 

vinyl ester -to- SS-Fe2+ sheet interactions is especially challenging. MD simulation of the 

adhesion phenomena in the poly-caprolactone/chitosan/vinyl ester to SS-Fe2+ sheet bond has 

derived from MD simulation and applied as a means to study changes in the chains flexibilities 

as the length increases: end-to-end distance and consequently radius of gyration. This increases 

the non-bonded interaction between poly-caprolactone/chitosan/vinyl ester and SS-Fe2+sheet 

atoms, as it is reflected in the amounts of the calculated energies of adhesion. Our results exhibit 

that End-to-end distances of the chains vary as the polymers interact with the metal surface 

with the sequence poly-caprolactone>chitosan>vinyl ester: the polymer chains fold out to adapt 

themselves to the SS-Fe2+ sheet. The radius of gyration in the poly-caprolactone > chitosan> 

vinyl ester chains increase as the number of monomers increases. SS-Fe2+ sheet with these 

coated polymers effectively will increase the amount biocompatible of materials. The potential 

coted of SS-Fe2+ sheet is useful for the surface modification of implants used in human bodies.  
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