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Abstract

:

Epoxy resins exhibit outstanding curability, durability, and environmental compatibility, rendering them extensively utilized in the realm of engineering curing. Nevertheless, the current curing mechanism of epoxy-based resins in cohesion with sand remains inadequately elucidated, significantly impeding their applicability within the domain of soil curing. This study employed molecular dynamics simulations to investigate the adsorption behavior of three distinct types of epoxy resins on the sand surface: diglycidyl ether of bisphenol-A epoxy resin (DGEBA), diglycidyl ether 4,4′-dihydroxy diphenyl sulfone (DGEDDS), and aliphatic epoxidation of olefin resin (AEOR). The objective was to gain insights into the interactions between the sand surface and the epoxy resin polymers. The results demonstrated that DGEDDS formed a higher number of hydrogen bonds on the sand surface, leading to stronger intermolecular interactions compared to the other two resins. Furthermore, the mechanical properties of the adsorbed models of the three epoxy resins with sand were found to be relatively similar. This similarity can be attributed to their comparable chemical structures. Finally, analysis of the radius of gyration for the adsorbed epoxy resins revealed that AEOR exhibited a rigid structure due to strong molecular interactions, while DGEDDS displayed a flexible structure owing to weaker interactions.
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1. Introduction


Among various types of natural soils, sand stands as the predominant resource, with an annual consumption of approximately five billion tons [1]. Its widespread utilization encompasses crucial sectors such as road engineering [2] and foundation construction [3], among others. Nevertheless, owing to its inherently loose structure, extensive interparticle voids, and limited cohesive properties, sand is regarded as a problematic soil medium that cannot be employed directly in engineering construction projects. In the absence of proper mitigation measures, a high proportion of loose sandy subsoil in the foundation can give rise to insufficient bearing capacity, consequently triggering a cascade of challenges including building inclination, roadbed settlement, and slope instability [4,5]. It is imperative to implement appropriate measures for the treatment of sand to mitigate these issues effectively. The prevalent techniques employed for the stabilization of sand can be broadly classified into mechanical stabilization and chemical curing [6]. Mechanical stabilization entails the employment of machinery, such as road rollers and vibratory compactors, to compact the sand and enhance its density. On the other hand, chemical curing involves the introduction of external agents that trigger physical or chemical reactions, thereby imparting a certain level of strength to the sand. Mechanical stabilization exhibits drawbacks including difficulties in equipment transportation, high noise levels, significant energy consumption, and extended construction periods. Compared with mechanical stabilization, utilizing curing agents for soil stabilization presents several benefits including shorter construction periods, lower consumption, and minimal environmental impact. The primary curing agents employed for sand stabilization encompass lime [7,8,9], bio-enzymes [10,11,12], and polymers [13,14,15]. The application of lime as a curing agent in engineering projects is often hindered by challenges including high consumption rates, elevated transportation costs, and relatively low early-age strength [16]. The utilization of bio-enzymes as curing agents poses challenges, such as the instability of their effects and the significant influence of environmental factors on the solidification efficacy [17,18]. Polymer-based curing agents present notable advantages, such as minimal dosing requirement, convenient transportation, simplified application process, and steadfast efficacy [19,20].



Liu et al. [21] conducted a study on the reinforcement of sand using different types of short fibers and organic polymer, revealing that the incorporation of composite materials exerts a substantial influence on the strength and modulus. Yuan et al. [22] developed a novel sand-fixing curing agent and substantiated its outstanding mechanical properties through rigorous experimental validation. Previous studies have primarily focused on non-epoxy-based polymers, with comparatively limited investigations conducted on polymers incorporating epoxy functional groups. The study conducted by Anastassiou et al. [23] reveals that the introduction of oxygen atoms into polymer molecules exhibits a substantial enhancement in their adsorption energy. Meanwhile, epoxy polymers are characterized by the presence of two or more epoxy groups, and they find extensive application as curing agents for polymeric materials owing to their outstanding cohesive properties, corrosion resistance, and rheological characteristics [24,25]. Notable examples of epoxy polymers encompass the diglycidyl ether of bisphenol-A epoxy resin (DGEBA), the diglycidyl ether of 4,4′-dihydroxy diphenyl sulfone (DGEDDS), and aliphatic epoxidation of olefin resin (AEOR), among others. In light of the foregoing, it is evident that the existing body of research predominantly revolves around non-epoxy-based polymers, with a relative scarcity of investigations specifically targeting the curing aspects of epoxy polymers. Consequently, the current state of knowledge fails to offer comprehensive insights into predicting the curing efficacy of epoxy polymers, primarily attributed to the ongoing ambiguity surrounding the underlying mechanisms governing their curing behavior. The study on the solidification mechanism of epoxy polymers in sand endeavors to unveil the fundamental principles governing the solidification process, to facilitate the widespread adoption of soil solidification techniques utilizing epoxy polymers, and to furnish a robust theoretical foundation and technical guidance for practical implementation.



Molecular dynamics simulation methods have established themselves as valuable research approaches for studying the formation mechanisms of materials at the nanoscale [26,27,28,29]. The macroscopic properties of epoxy copolymer curing agents are intrinsically governed by their nanoscale. Molecular dynamics simulation enables the precise quantification of intermolecular interactions among diverse materials, facilitating a comprehensive molecular-level comprehension of the intricate mechanisms governing their interplay [30,31,32]. Huang et al. [33] conduct a comprehensive molecular dynamics investigation on the adsorption and modification mechanisms of polymer curing agents, and the study crucially demonstrates the paramount importance of the functional groups of the polymers in the adsorption process. Ma et al. [25] employ the molecular dynamics method to investigate the thermomechanical properties of molecular structures influenced by epoxy resin curing agents, and the findings reveal a direct relationship between the length of the molecular chain and the polarity of functional groups, indicating that longer chains and smaller polarity of functional groups diminish the thermomechanical properties of the curing process. Nevertheless, a comprehensive investigation utilizing molecular dynamics methods to delve into the nanoscale mechanisms governing the curing of epoxy polymers in sand remains noticeably absent in existing research. Moreover, the precise mechanisms governing the interaction between epoxy polymer curing agents and sand remain uncertain. Therefore, there is a compelling imperative to employ a molecular dynamics simulation to decipher the intricate mechanisms underlying the curing process of epoxy polymers in sand.



The physical adsorption process stands as a pivotal stage during the material curing process, dictating the specific mode of bonding between the curing agent and the surface of the sand particles [34]. Lyu et al. [35] conduct a study on the adsorption mechanism of a branched quaternary ammonium salt gemini surfactant at the water–quartz–water interface, unveiling the underlying microscopic adsorption mechanism of the surfactant on the quartz surface. Quezada et al. [36] conduct a molecular dynamics study to examine the adsorption behavior of six polymers on quartz surfaces in different salinities. The findings reveal that the favorable or unfavorable adsorption of the polymers is predominantly governed by their electrical charge, highlighting the influential role of salinity in mediating this process. Cheng et al. [37] conduct a study on the adsorption mechanisms of 3-dodecyloxypropylamine, 3-tetradecyloxypropylamine, and dodecylamine on the quartz (1 0 1) surface, employing a combination of micro-flotation experiments and an ab initio molecular dynamics simulation. The aforementioned studies on the adsorption mechanisms of polymers on quartz, based on molecular simulation, have yielded some preliminary results. Nevertheless, it is worth noting that the polymers investigated in these studies do not feature epoxy groups, making their research systems distinct from the epoxy polymer–soil systems employed in the solidification of sand. Consequently, the obtained findings are not directly transferrable to the solidification of epoxy polymers in sand. Therefore, it is imperative to undertake pertinent investigations regarding the adsorption of epoxy polymers on the surface of sand.



The geotechnical properties of soil have a direct impact on its deformation characteristics, while soil deformation is closely correlated with the analysis and design of the foundation bearing capacity. Therefore, investigating the bulk modulus, shear modulus, Young’s modulus, and Poisson’s ratio of stabilized sand represents essential performance parameters for evaluating the efficiency of sand consolidation. Zhang et al. [38] conduct measurements and analyses on the microcosmic pattern, mechanical properties, and specific surface area of fiber-reinforced quartz composites. The findings reveal that the modified composites exhibit outstanding mechanical properties and moisture resistance. Yuan et al. [22] propose a novel sand-fixing curing agent, a nanosilica/polymer composite material, and conduct a microscale investigation on the mechanical properties and hydration mechanism of the resultant material. The findings demonstrate that the nanosilica/polymer composite material effectively agglomerates the sand particles and enhances the overall strength of the system. Zhang et al. [39] implement a geopolymer based on ground granulated blast-furnace slag and fly ash to reinforce sand. The composites are investigated by adjusting the type and ratio of the exciter, water–cement ratio, curing conditions, and slag–fly ash ratio. The results unequivocally demonstrate the remarkable efficacy of the geopolymer, formulated with ground granulated blast-furnace slag and fly ash, in substantially improving the mechanical property of the sand. Despite extensive studies on the reinforcement of sand with polymers at the nanoscale by numerous scholars, there has been limited research on the mechanical behavior of epoxy polymers when they solidify sand using molecular dynamics simulation. Therefore, it is necessary to investigate the mechanical properties of epoxy polymers adsorbed onto sand.



Despite the extensive application of epoxy polymers in the solidification of sand, a thorough investigation of the nanoscale mechanisms involved in the epoxy polymerization process for sand solidification is still lacking. This study utilized molecular dynamics simulation to construct molecular models of three different systems, DGEBA, DGEDDS, and AEOR, adsorbed onto sand. The aim was to investigate their adsorption behavior and mechanical properties, including volume modulus and shear modulus. Firstly, molecular models of epoxy polymers and sand crystals were established. Subsequently, molecular dynamics simulation was employed to study the adsorption process of the three epoxy polymers on sand. Finally, various parameters such as the count of hydrogen bonds, adsorption energies, and mechanical properties were computed for each system. By utilizing molecular dynamics simulation to investigate the molecular behavior of epoxy polymer curing agents on sand, this study offered a comprehensive understanding of the adsorption mechanisms at the atomic scale and conducted an in-depth analysis of the relevant mechanical property parameters of the composite systems.




2. Simulation Methods


2.1. Molecular Model of Epoxy Resins


DGEBA, DGEDDS, and AEOR were utilized as material models to investigate mechanism of sand cured by epoxy resin. DGEBA is a kind of polymer containing bisphenol A and epoxy group functional groups, forming a three-dimensional network structure with high properties through the reaction between them. DGEDDS with bisphenol S and epoxy group functional groups was also selected in the study. In addition, EOR was also selected as the third polymer to validate that the inclusion of oxygen atoms can improve the adsorption capacity. Among the three types of epoxy resin, DGEBA and the DGEDDS belong to glycerol ether epoxy resin; however, AEOR belongs to linear aliphatic epoxy compounds. The epoxy group is the characteristic group of epoxy resin, and its content is an important indicator to evaluate the nature of a substance. There are two main parameters to describe the content of the epoxy group, the namely epoxy equivalent and epoxy value. The epoxy equivalent refers to the quality of 1mol of epoxy resin; the epoxy value refers to the amount of epoxy substance contained in 100g of resin. The latter is often used for the measurement of curing agents and the expression of the amount, and the epoxy value was adopted in this study. To ensure that each resin had a similar molecular weight, the simulation was controlled to have about 50 carbon atoms [33]. In the practical application process, it is also necessary to control the ratio relationship between the soil and curing agent to calculate the dosage, and the specific parameters are shown in Table 1.



Among the epoxy resins, DGEBA is known as the universal epoxy resin, and its yield is the largest, because its raw material is easy to obtain and its cost is the lowest. In this study, the polymerization degree n of DGEBA was set to be 2. The structural formula and the corresponding molecular model are shown in Figure 1a and Figure 1b, respectively.



DGEDDS has excellent heat resistance due to it containing sulfur. In this study, the polymerization degree n of DGEDDS was set to be 2, and its structural formula is shown in Figure 2a. Due to the molecular structural formula containing two hydroxyl groups and one sulfone group, DGEBA is more acidic compared to both DGEBA and AEOR. The structural formula is shown in Figure 2b.



AEOR is prepared by oxidizing the double bonds of aliphatic epoxy olefin [43]. Based on its structural formula, it can be observed that AEOR predominantly comprises carbon chains and possesses multiple epoxy groups within its molecular structure. In this study, the polymerization degree n of AEOR was set to be 7. The structural formula and the corresponding molecular model are shown in Figure 3a and Figure 3b, respectively.



Through Forcite in the software of Materials Studio (version 1.9.4), the molecular model of each compound was optimized to find the lowest energy state of the structure, so as to ensure the stable existence of each compound and cure the soil.




2.2. Molecular Model of Sand


Sand is predominantly composed of minerals such as quartz, mica and feldspar, with quartz constituting the highest proportion. And quartz is mainly composed of silica. Consequently, silica was selected as the sand model for this study, and its chemical formula is SiO2 [44]. In the crystal structure of silica, silicon atoms are situated at the center of a silicon–oxygen tetrahedron, while oxygen atoms occupy the four tetrahedral vertices. Silicon atoms and oxygen atoms are covalently bonded through sigma ( σ ) bonds, thereby establishing the structural framework of the silicon–oxygen tetrahedron. The simulated silica crystal is hydroxylated due to the instability of the exposed oxygen atoms on the surface and the charge imbalance of the system [45]. The layered crystal structure of sand is shown in Figure 4.



The supercell was constructed on the model of a single-unit silica cell, its (0 0 1) crystal surface was cleaved, and the vacuum slab was built so that the lattice length was 35.40 Å. Periodic boundary conditions were used to keep the density constant in the calculation. Finally, a lattice with a total atomic number of 1980 was obtained. And its specific lattice size is shown in Figure 5.



Based on the model constructed above, three combination models between three resins and sand crystal structure could be obtained, as shown in Figure 6. The interface model between sand and DGEBA is designated as DGEBA–Sand, while the interface model between sand and DGEDDS is referred to as DGEDDS–Sand. Similarly, the interface model between sand and AEOR is denoted as AEOR–Sand.




2.3. Molecular Simulation


Molecular dynamics simulation is a computational methodology rooted in classical mechanics, specifically utilizing molecular force fields to numerically integrate the equations of motion for a molecular system. This approach enables the investigation of the structural organization and properties of said molecular system through computer-simulated trajectories and statistical analyses [46]. In this study, molecular models were constructed at the atomic level using Materials Studio [47] (a software platform designed for conducting material simulation, computational analysis, and design). Subsequently, the choice of the COMPASS force field was determined through a comprehensive compositional analysis. The COMPASS (condensed-phase optimized molecular potentials for atomistic simulation studies) force field is a rigorously developed potential energy model that combines ab initio calculation and empirical data parametrization [48]. Primarily utilized in atomistic simulation studies, this force field allows for the precise optimization of molecular potentials in condensed phases. It enables accurate predictions of the structural organization, conformational dynamics, vibrational properties, and thermodynamic behaviors of both isolated and condensed molecules. Empirical evidence from numerous studies conclusively supports the use of this force field in investigations encompassing both organic and inorganic systems [46,47]. The NVT ensemble (canonical ensemble) was used, and the system initial temperature was set at 298K. Temperature was controlled by using the Nose–Hoover method, and the simulation time was 10ns. The attainment of an equilibrium state was observed when the total energy of the system converges. Subsequent to this, computational assessments were performed to determine the adsorption energy of the resin and soil, the interface hydrogen bonds after the adsorption, and the mechanical characteristics. To avoid trapping in a single potential well, a minimum distance of 5Å was maintained between the resin and the silica surface during the initial stages of the simulation. When analyzing the adsorption energy and the hydrogen bonds of all configurations, default values were employed for the maximum hydrogen acceptor distance and minimum donor–hydrogen–acceptor angle, which were set at 2.5 Å and 90°, respectively.




2.4. Epoxy Resin–Sand Surface Interactions


Apart from physical interactions, molecular systems may also involve weak chemical interactions induced by electron transfer [49]. One prominent example of such weak chemical interaction is hydrogen bonding [50]. Hydrogen bonding, being an exceptional type of intermolecular force, exerts a pivotal role in surface adsorption phenomena. In this study, the combination models were examined using Materials Studio to calculate the hydrogen bonds. The hydrogen bonds in the resin and sand models were also analyzed. Subsequently, the number of the interface hydrogen bonds after the adsorption was determined according to Equation (1):


   N  s u r f a c e   =  N  t o t a l   −  N  r e sin   −  N  s a n d    



(1)




where    N  s u r f a c e     denotes the count of the interface hydrogen bonds after the adsorption,    N  t o t a l     signifies the total number of hydrogen bonds encompassing all atoms within the comprehensive system,    N  r e sin     corresponds to the intrinsic count of hydrogen bonds associated with the resin, and    N  s a n d     represents the inherent count of hydrogen bonds pertaining to the sand.



To eliminate the influence of molecular weight differences and better highlight the contribution of hydrogen bonding in adsorption, the number of hydrogen bonds per unit molecular weight (   N  u n i t    ) was introduced to compare the adsorption performance of the three resins on the sand surface. Equation (2) was employed for calculation purposes [33]:


   N  u n i t   =  N  s u r f a c e   /  M  r e sin    



(2)




where    N  s u r f a c e     denotes the count of the interface hydrogen bonds generated at the interfacial region, while    M  r e sin     represents the molecular weight of the epoxy resin.



The adsorption energy represents the capacity of a material to adhere to other substances, and its magnitude plays a crucial role in determining the speed and efficiency of material adsorption. Therefore, understanding the adsorption energy is vital for investigating the curing process of sand with curing agents [34]. Under vacuum conditions, the adsorption energy of a material can be calculated using Equation (3) [51]:


   E  a d s   =  E  t o t a l   −  E  p o l y m e r   −  E  q u a r t z    



(3)




where    E  t o t a l     corresponds to the configurational energy of the overall system comprising all constituent atoms in   kcal ⋅  mol  − 1    ,    E  p o l y m e r     relates to the configurational energy specific to the polymer in   kcal ⋅  mol  − 1    ,    E  q u a r t z     represents the configurational energy associated with the sand, specifically quartz in   kcal ⋅  mol  − 1    , while    E  a d s     signifies the adsorption energy at the interface of adsorption in   kcal ⋅  mol  − 1    .    E  a d s     governs the intermolecular interaction energy necessary for the polymer to disrupt the surface of the sand, concurrently serving as a measure of the adhesive strength at the interface.



The radius of gyration is a critical parameter in molecular dynamics simulations, providing valuable insights into both the structural arrangement and dynamic behavior of epoxy resin–sand systems. This property can be leveraged to predict the mechanical properties of these composites, optimize their design for enhanced performance, and gain a deeper understanding of the interfacial interactions occurring at the epoxy resin–sand surface. The radius of gyration, which quantifies a molecule’s spatial extension, can be calculated as follows:


  R  g 2  = (     ∑ i      r i       2   m i  ) /   ∑ i    m i     



(4)




where    m i    is the mass of atom  i , and    r i    is the distance of the atom  i  in the molecule from their common center of mass.





3. Results and Discussion


3.1. Hydrogen Bond Analysis


The specific outcomes are meticulously documented and presented in Table 2. The differing molecular structures of various epoxy resin types resulted in variations in their hydrogen bonding capabilities. The hydroxyl groups present on the sand surface also influenced hydrogen bond formation. These discrepancies led to distinct migration, diffusion, and degradation behaviors of different epoxy resin types within the sand, ultimately affecting their performance in practical applications. DGEBA did not form hydrogen bonds with sand, indicating that the adsorption between DGEBA and sand was primarily driven by non-polar interactions such as van der Waals forces and electrostatic interactions. This suggests that the adsorption strength between DGEBA and sand was relatively weak, potentially leading to easier detachment from the sand surface. DGEDDS formed eight hydrogen bonds with sand, signifying strong polar interactions between the resin and sand. The formation of hydrogen bonds significantly enhanced the adsorption strength between DGEDDS and sand, resulting in more stable adsorption on the sand surface. AEOR only formed one hydrogen bond with sand, suggesting weaker polar interactions compared to DGEDDS. However, the interaction still existed, making the adsorption strength of AEOR slightly stronger than that of DGEBA, but significantly weaker than that of DGEDDS.



The interface hydrogen bond count per unit molecular weight at the interface was found to be 0 for DGEBA, 9.188 × 10−3 for DGEDDS, and 1.017 × 10−3 for AEOR. By combining an analysis of the number of hydrogen bonds and the number of hydrogen bonds per unit molecular weight, the following conclusions were drawn: The molecular structure of DGEDDS enabled it to form a large number of hydrogen bonds with sand. Moreover, these hydrogen bonds maintained a high density even on a per-unit-molecular-weight basis. This explained the strong adsorption capacity of DGEDDS. While AEOR exhibited a certain degree of hydrogen bonding with sand, its strength and quantity were lower than those of DGEDDS. The adsorption between DGEBA and sand was primarily driven by non-polar forces. These results highlighted the significant contribution of hydrogen bonding to the adsorption of epoxy resins on sand, particularly in the case of DGEDDS.




3.2. Adsorption Energy Analysis


The adsorption energies at the interfaces (   E  a d s    ) of DGEBA, the DGEDDS, and the AEOR were determined to be −56.97, −76.54, and −74.70   kcal ⋅  mol  − 1    , respectively, as shown in Figure 7. A higher adsorption energy indicated stronger adsorption strength. The adsorption energy data aligned with those of the previous analysis based on the number of hydrogen bonds and the number of hydrogen bonds per unit molecular weight. DGEDDS exhibited the strongest adsorption strength. While AEOR formed fewer hydrogen bonds, its adsorption energy remained relatively high, indicating that hydrogen bonding was still the primary force governing its interaction with sand. DGEBA, due to its lack of hydrogen bond formation, exhibited the lowest adsorption energy and weakest adsorption strength.




3.3. Mechanical Property Analysis


This study employed a stress fluctuation method to calculate the mechanical properties of the system. Under a constant temperature, T, the relationship between the elastic stiffness coefficient (   C  i j k l    ) and the stress (   σ  i j    ,   N ⋅  m  − 2    ) and strain (   ε  k l    ) can be obtained using Equation (5) [52]:


   C  i j k l   =        ∂  σ  i j     ∂  σ  k l          T ,  ε  k l     =   1   V 0             ∂ 2  A   ∂  ε  i j   ∂  ε  k l          T ,  ε  i j   ,  ε  k l      



(5)




where    V 0    represents the initial volume of the simulation unit in its undeformed state,    m 3   , and  A  denotes the Helmholtz free energy in  J . By utilizing Equations (6) to (9), the computation of two distinct coefficients, namely the bulk modulus ( K ,   GPa  ) and the shear modulus ( G ,   GPa  ), enables the characterization of the elastic properties of isotropic materials.


   G V  =    C  11   +  C  22   +  C  33   + 2 (  C  44   +  C  55   +  C  66   ) − (  C  12   +  C  13   +  C  23   )   / 15  



(6)






   G R  = 15 /   4 (  S  11   +  S  22   +  S  33   −  S  12   −  S  13   −  S  23   ) + 3 (  S  44   +  S  55   +  S  66   )    



(7)






   K V  =    C  11   +  C  33   + 2 (  C  21   +  C  13   +  C  23   )   / 9  



(8)






   K R  =      S  11   +  S  22   +  S  33   + 2 (  S  12   +  S  13   +  S  23   )     − 1    



(9)




where the subscripts  R  and  V  refer to the Reuss and Voigt average values, respectively.    S  i j     represents the components of the elastic compliance matrix derived from the inverse of the elastic stiffness matrix. Hill represents the actual values of the bulk and shear moduli, which typically fall within the range of the Reuss and Voigt values. This approximation is commonly known as the Voigt–Reuss–Hill (VRH) approximation. The bulk modulus and shear modulus of the system can be determined using Equations (10) and (11) [53]:


   K  V R H   = (  K V  +  K R  ) / 2  



(10)






   G  V R H   = (  G V  +  G R  ) / 2  



(11)







Utilizing the average values from the aforementioned two methods, the calculation of Young’s modulus ( E ,   GPa  ) and Poisson’s ratio ( υ ) can be achieved through Equations (12) and (13):


  E = 9  G  V R H   / ( 3 +  G  V R H   /  K  V R H   )  



(12)






  υ = ( 3 − 2  G  V R H   /  K  V R H   ) / ( 6 + 2  G  V R H   /  K  V R H   )  



(13)







The mechanical properties of the three epoxy resins did not differ significantly, as shown in Table 3. After adsorption with sand, DGEBA exhibited a slightly higher shear modulus and Young’s modulus compared to the other two epoxy resins, indicating a stronger resistance to shear and tensile deformation. Furthermore, its Poisson’s ratio was slightly higher in the XY direction than those of the other epoxy resins, suggesting increased susceptibility to transverse deformation in that direction.



The overall mechanical properties of DGEDDS after adsorption with sand were similar to those of DGEBA. However, the Young’s modulus of DGEDDS displayed greater variation across different directions, and its Poisson’s ratio also showed notable discrepancies among directions. This can be attributed to the presence of more polar groups within the DGEDDS molecule, which likely enhanced intermolecular forces and, consequently, its mechanical properties.



Conversely, the Young’s modulus of AEOR after adsorption with sand varied considerably across different directions compared to the other two epoxy resins. It exhibited relatively lower shear modulus and bulk modulus values, suggesting weaker resistance to shear and volumetric deformation. Nevertheless, its Poisson’s ratio was slightly higher in the ZY direction than those of the other epoxy resins, indicating increased susceptibility to transverse deformation in that direction.



The Poisson’s ratios for the three epoxy–sand composites exhibit slight variations across different directions. The XY direction consistently displays the highest Poisson’s ratio (approximately 0.28), while the YZ and XZ directions exhibit lower values (approximately 0.19–0.20). These discrepancies reflect the anisotropic deformation behavior of the sand under pressure.



Overall, the small differences in bulk modulus (29.5 ± 0.2   GPa  ) and shear modulus (18.1 ± 0.2   GPa  ) among the three epoxy resins implied a comparable resistance to volume deformation, likely due to their similar chemical structures and intermolecular forces.




3.4. Radius of Gyration Analysis


A larger fluctuation in the radius of gyration indicates a greater degree of flexibility in the system, while a smaller fluctuation suggests a more rigid structure. The radius of gyration of DGEBA, DGEDDS, and AEOR in their lowest energy conformations is shown in Figure 8. The Rg of all three polymer molecules increased compared to their initial states.



For DGEBA, the Rg increased rapidly at the beginning and then stabilized, consistent with observations from its simulation trajectories. The DGEBA molecule was more compact and rigid than AEOR due to the presence of the bisphenol-A group. This rigidity was reflected in the smaller Rg value, averaging around 0.8–0.9 nm. The relatively stable Rg value in Figure 8a indicated that the molecule experiences less conformational change over the simulation time.



The DGEDDS molecule had a combination of rigid and flexible segments. The presence of the sulfur atoms within the molecule led to a greater conformational flexibility compared to that of DGEBA. The average Rg was between 0.8 and 1 nm. Figure 8b shows a more dynamic fluctuation of the Rg value for DGEDDS, suggesting a higher degree of conformational change compared to DGEBA.



The AEOR molecule had a relatively linear structure with long alkyl chains. This linearity contributed to a larger Rg value compared to the other two epoxy resins. Figure 8c shows a relatively constant value of around 1.1–1.2 nm. The high Rg of AEOR suggests that its structure was less compact, allowing for more flexibility and movement within the molecule.



The analysis of Rg values revealed distinct structural characteristics and flexibilities among the three epoxy resins (AEOR, DGEBA, and DGEDDS). AEOR, with its largest Rg, exhibited a more extended and flexible molecular conformation. In contrast, DGEBA, with a smaller and stable Rg, demonstrated a more compact and rigid structure. DGEDDS displayed an intermediate Rg value with significant fluctuations, indicating a mixed structure with both flexible and rigid segments. This dynamic nature of DGEDDS was evident in the step-like Rg pattern observed within the first 10 ns of the simulation, where the molecule initially adsorbed to the surface with one end, then progressively stretched out and stabilized with the attachment of the other end. In contrast, the rigid structure of AEOR resulted in a stable Rg. The curve of DGEDDS exhibited a step-like pattern, with the Rg increasing twice within the first 10 ns of the simulation. Trajectory analysis revealed that one end of the oligomer chain initially attached to the sand surface. After a period of fluctuation, the other end also adsorbed to the sand surface, leading to a stretched molecular conformation on the sand surface, which then stabilized. AEOR, due to its rigid structure, exhibited a stable Rg, while DGEBA and DGEDDS, with their more flexible structures, displayed greater Rg fluctuations.





4. Conclusions


This study elucidated the curing mechanism of epoxy resins on sand by employing molecular dynamics simulations, encompassing DGEBA, DGEDDS, AEOR. The following conclusions were derived from the findings:




	1.

	
DGEDDS exhibited a significantly higher number of hydrogen bonds after adsorption, forming eight compared to zero for DGEBA and one for AEOR. This is because the high hydrogen bond density per unit molecular weight of DGEDDS after adsorption was 9.188 × 10−3, which was larger than those obtained from DGEBA and AEOR. The results indicated that DGEDDS established stronger intermolecular interactions with sand compared to DGEBA and AEOR.




	2.

	
The mechanical properties of three epoxy resins (DGEBA, DGEDDS, and AEOR) after sand adsorption showed minimal significant differences. While DGEBA exhibited slightly higher shear and Young’s moduli, approximately 18.1 ± 0.2   GPa   and 29.5 ± 0.2   GPa  , respectively, DGEDDS showed greater directional variability in these properties, potentially due to its increased polarity and enhanced intermolecular forces. AEOR, on the other hand, displayed the lowest shear and bulk moduli, indicating a weaker resistance to deformation.




	3.

	
DGEBA, with its more compact and rigid structure due to the bisphenol-A group, exhibited a smaller average Rg of 0.8–0.9 nm, while DGEDDS, containing sulfur atoms that increase flexibility, had a slightly larger average Rg of 0.8–1 nm. AEOR, characterized by its linear structure with long alkyl chains, displayed the largest Rg value, averaging 1.1–1.2 nm, indicating a more extended and flexible conformation. While DGEBA and DGEDDS displayed flexible conformations, AEOR maintained a notably rigid structure. These structural differences likely contributed to the varying mechanical properties observed for these epoxy resins after adsorption onto sand.
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Figure 1. Structural formula and molecular model of DGEBA. (a) Structural formula; (b) molecular model. 
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Figure 2. Structural formula and molecular model of DGEDDS. (a) Structural formula; (b) molecular model. 
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Figure 3. Structural formula and molecular model of AEOR. (a) Structural formula; (b) molecular model. 
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Figure 4. Layered crystal structure of sand (0 0 1). 
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Figure 5. Molecular model of sand crystal structure. 
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Figure 6. Interface model of epoxy resin and sand: (a) DGEBA–Sand; (b) DGEDDS–Sand; (c) AEOR–Sand. 
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Figure 7. The adsorption energies of the three epoxy resins on the sand surface. 
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Figure 8. The radius of gyration of the three epoxy resins on the sand surface: (a) the radius of gyration of DGEBA–Sand; (b) the radius of gyration of DGEDDS–Sand; (c) the radius of gyration of AEOR–Sand. 
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Table 1. Parameters for three types of epoxy resins.
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	Types of Epoxy Resins
	Chemical Formula
	Molecular Weight (g·mol−1)
	Epoxy Value (mol)
	References





	DGEBA
	C57H64O10
	904
	0.222
	[40]



	DGEDDS
	C48H46O16S3
	870
	0.230
	[41]



	AEOR
	C56H86O14
	983
	1.424
	[42]










 





Table 2. Number of interface hydrogen bonds and number of hydrogen bonds per unit molecular weight for the three models.
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	Adsorption System Types
	     N  t o t a l      
	     N  r e sin      
	     N  s a n d      
	     N  s u r f a c e      
	     N  u n i t      





	DGEBA-Sand
	174
	0
	174
	0
	0



	DGEDDS-Sand
	192
	2
	182
	8
	9.188 × 10−3



	AEOR-Sand
	151
	0
	150
	1
	1.017 × 10−3










 





Table 3. The computed mechanical properties of the three interface models.
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Interface Models

	
    Value   of   Bulk   Modulus   ( GPa )    

	
    Value   of   Shear   Modulus   ( GPa )    

	
    Value   of   Young ’ s   Modulus   ( GPa )    

	
Value of Poisson’s Ratio






	
DGEBA–Sand

	
29.5767 (Reuss)

	
17.7002 (Reuss)

	
45.8205 (X)

	
0.2803 (XY)

	
0.1965 (YZ)




	
29.5878 (Voigt)

	
18.6745 (Voigt)

	
45.6388 (Y)

	
0.1942 (XZ)

	
0.2185 (ZX)




	
29.5823

(Hill)

	
18.1874

(Hill)

	
51.5474 (Z)

	
0.2792 (YX)

	
0.2220 (ZY)




	
DGEDDS–Sand

	
29.5140 (Reuss)

	
17.6058 (Reuss)

	
44.8274 (X)

	
0.2807 (XY)

	
0.1967 (YZ)




	
29.5247 (Voigt)

	
18.6088 (Voigt)

	
45.7942 (Y)

	
0.1971 (XZ)

	
0.2238 (ZX)




	
29.5194

(Hill)

	
18.1073

(Hill)

	
50.9026 (Z)

	
0.2868 (YX)

	
0.2186 (ZY)




	
AEOR–Sand

	
29.4350 (Reuss)

	
17.7204 (Reuss)

	
45.1663 (X)

	
0.2830 (XY)

	
0.1953 (YZ)




	
29.4597 (Voigt)

	
18.7226 (Voigt)

	
44.8343 (Y)

	
0.1920 (XZ)

	
0.2206 (ZX)




	
29.4473

(Hill)

	
18.2215

(Hill)

	
51.8890 (Z)

	
0.2809 (YX)

	
0.2260 (ZY)
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