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Understanding and controlling the mechanical properties of calcium aluminosilicate hydrate (C-A-S-H) gel is essential to the performance improvement of cementing materials. This study characterizes the mechanical properties and failure mechanism of cross-linked C-A-S-H that have Al/Si ratios ranging from 0 to 0.20 by employing the reactive molecular dynamics simulation. In these constructed C-A-S-H models, the Al-induced cross-linking effect on the aluminosilicate chains is well reproduced. With the incorporation of aluminate species, layered C-S-H structure gradually transforms into three-dimensional C-A-S-H. The uniaxial tensile tests show that Al-induced cross-links significantly increase the cohesive force and stiffness of C-A-S-H along both y- and z-directions. In the C-A-S-H model with the Al/Si ratio equal to 0.2, in which all the bridging sites are cross-linked, the toughness along y-direction significantly improves the interlayer mechanical properties compared to those within the layers. The deformation mechanism of the C-A-S-H structure is also studied. Results show that the depolymerization of the calcium aluminosilicate skeleton is the main route to uptake the loading energy. Both the increase of y- and z-directional strength of the structure can be related to the increasing polymerization of aluminosilicate chains along that direction. This demonstrates the important role of aluminosilicate chains in resisting the external tensile loading. Besides, during the failure process in C-A-S-H elongation, the hydrolysis reactions of calcium silicate skeleton are caused by the coupling effect of loading and interlayer water “attack.” While the Al-O-Si bond breakage results from the protonation of bridging oxygen atom, the hydrolytic reaction of Si-O-Si is initiated by five-coordinate silicon formation. Both pathways weaken the bridging bond and thus result in the breakage of T-O-Si, where T is Al or Si.
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INTRODUCTION
Cement manufacture is estimated to produce approximately 6–8% of the yearly man-made global CO2 emissions (Mir and Nehme, 2017). Moreover, due to the increasing demand for concrete materials, this part of carbon emission is still increasing (Scrivener, 2008). In order to lower the environmental impact of the construction industry, people have used industrial wastes or byproducts to develop alternative binders (Mikulčić et al., 2016). The wide usage of some supplementary cementitious materials (SCMs), including fly ash (FA) and blast furnace slag (BFS) (Lothenbach et al., 2011), has not only reduced CO2 emission (Sethy et al., 2016) (Huntzinger and Eatmon, 2009) but also prepared blended cement pastes that exhibit better performance than pure cement paste in some aspects, such as resistance in sulfate attack (Juenger et al., 2011) and alkali-aggregate reaction (ASR) (Shehata and Thomas, 2002; Duchesne and Bérubé, 1994). The Portland cement (PC) production results in about 0.85 tonnes/tonne of CO2 emission (Feiz et al., 2015), while the CO2 emissions by FA and BFS production are only 1/94 and 1/43 of the amount CO2 emitted during cement manufacture, respectively (Chen et al., 2010).
High-volume SCM blended cement is often richer in Si and Al element than the PC (Lothenbach et al., 2011). This changes the stoichiometry of calcium silicate hydrate (C-S-H) gel, the main hydration product of cement-based materials. The Ca/Si ratio of the C-S-H gel is lowered and aluminum is incorporated into its structure (Lothenbach et al., 2011), leading to the formation of calcium aluminosilicate hydrate (C-A-S-H). Since C-A-S-H gel is the phase that gives strength to the hardened cement blend, it is necessary to study its mechanical properties. One of the cases is the mechanical properties of cross-linked C-A-S-H. C-S-H is structurally similar to tobermorite (Hamid, 1981; Merlino et al., 2001), which has principal layers composed of pseudooctahedrally coordinated calcium sheets sandwiched on both sides by silicate chains in the form of “drierkette.” In the interlayer regions, there are water molecules and calcium ions that connect the adjacent main layers. Hence, the C-S-H structure is weak in the interlayer direction (Hou et al., 2014b). When aluminum is included in the C-S-H structure, it resides on the silicate chains and heals the broken silicate chains. In these chains, Al occupancy in the bridging position is preferred over the pairing position (Manzano et al., 2009a; Pegado et al., 2014). The branched (alumino)silicate chains are more easily formed in the C-A-S-H gel than in the C-S-H gel (Myers et al., 2015; Bernal et al., 2013; Myers et al., 2013). It is found that calcium-poor and aluminum-rich cementitious environment and high temperature (up to 80°C) can promote the cross-linked C-A-S-H formation. Structurally, the branch chains bridge the neighboring principal layers with covalent bonds, which improve the interlayer interaction in the C-A-S-H structure. This was experimentally proved by recent studies from (Geng et al., 2017a; Geng et al., 2017b). They have investigated the compressibility of the crystal lattice of both non-cross- and cross-linked C-(A-)S-H under hydrostatic pressure, utilizing the synchrotron radiation-based high-pressure X-ray diffraction (XRD) technique. The results showed that the stiffness of non-cross-linked C-A-S-H is lower in the z-axis than in the xy-plane (the readers can see the stacked main layers along z-direction for C-A-S-H molecular structure in Figure 1A), and the cross-links can stiffen the C-A-S-H gel along the interlayer direction. However, the strengthening mechanism of cross-links remains not fully understood, owing to the experimental limit in accessing smaller length scales.
[image: Figure 1]FIGURE 1 | Atomistic representation of the C-(A-)S-H models with Al/Si ratios of 0, 0.10, and 0.20.
This article aims to study the mechanical properties of cross-linked C-A-S-H gel through molecular dynamics (MD) simulation. MD can give insight into the properties of materials at the molecular scale level and provide a complementary understanding of the experimental findings. Its wide application in the C-S-H studies renders the research length scale down to nanometers. The mechanical properties of mineral analogues of C-S-H, tobermorite and jennite, were calculated and the results match well with experimental data (Shahsavari et al., 2009) (Manzano et al., 2009b; Murray et al., 2010). Pellenq (Pellenq et al., 2009) proposed a “realistic C-S-H model” of the Ca/Si ratio of 1.7, which can accurately predict the experimentally obtained structure and strength properties (Allen et al., 2007; Constantinides and Ulm, 2007; Ulm et al., 2007). After that, the C-S-H model with various Ca/Si ratios was also constructed (Abdolhosseini Qomi et al., 2014) (Hou et al., 2015b) and its mechanical properties were in good agreement with the experimental results. The C-A-S-H (Ca/Si ratio = 1.7) with various Al/Ca ratios was also simulated by (Qomi et al., 2012) and (Hou et al., 2015a). The results show that the aluminum substitution for interlayer calcium improves the polymerization of aluminosilicate chains as well as the mechanical properties of C-A-S-H. Based on the MD simulation, cement/aggregate/fiber interface characterization (Zhou et al., 2019) and aggregate radiation failure (Zhou and Ju, 2020) were also investigated. The above studies provided an excellent basis for the implementation of our work.
In this article, the mechanical response and constitutive relationships of C-A-S-H with different cross-linking degrees are investigated by simulating uniaxial tension. Note that the branch structure in our constructed model is different from those in Qomi’s (Qomi et al., 2012) and Hou’s model (Hou et al., 2015a). In our models, cross-links occurred through the bond formation between the bridging silicate and aluminate sites in aluminosilicate chains of two adjacent primary layers, where the bridging sites can only bind to each other by pairs. This cross-linking mode is more related to the existing C-A-S-H structure models (Manzano et al., 2009a) (Pegado et al., 2014) and can characterize the mechanical responses more accurately. Relying on the ability to couple chemical reaction with the mechanical response provided by ReaxFF (Duin et al., 2001), the morphology transformation and hydrolytic reactions of calcium aluminosilicate skeleton in the C-A-S-H model during its structural deformation are also studied. This study can help elucidate the influence mechanisms of Al substitution on the performance of C-S-H gel and guide the design of sustainable concrete in engineering practice.
COMPUTATIONAL METHOD
Reactive Force Field
The atomic interaction within the models was defined by the reactive force field (ReaxFF). ReaxFF was initially developed to simulate hydrocarbons (Duin et al., 2001). Since then, it has been successfully applied in many fields, including combustion, catalysis, material failure, and surface chemistry. The ReaxFF force field is equipped with the ability to describe the bond formation, bond breakage, and charge polarization (Fogarty et al., 2010), without recourse to a predefined and invariable covalent bond state. Furthermore, the bond order concept in the ReaxFF allows the energy to change smoothly during an energy-conserving simulation. Previous studies have been performed to study the Si/SiO2 interfaces (Leroch and Wendland, 2012), dynamics of gel water in the C-S-H (Manzano et al., 2012a) (Hou et al., 2015b), and the restriction of C-S-H structure on guest ions (Hou et al., 2017). These applications demonstrate that ReaxFF can capture the structure, reactivity, and mechanical features of C-A-S-H/water interfaces with great accuracy. The ReaxFF parameters for the elements in this work were taken from previously published literature (Duin et al., 2003; Manzano, et al., 2012b; Liu et al., 2012).
Model Construction
The molecular structure of C-A-S-H is constructed using the method performed in previous simulations (Pellenq et al., 2009; Yang et al., 2018). Merlino’s cross-linked 11 Å tobermorite [Ca4.5Si6O16(OH)·5H2O] (Merlino et al., 2001) was utilized as the starting configuration. Firstly, a supercell containing 2 × 2 × 1 crystallographic tobermorite unit cells was constructed and the interlayer water within the cells was totally removed. Then, half of the bridging silicate tetrahedra in the supercell were substituted with aluminate tetrahedra. It is worth noting that only one of the two given adjacent bridging silicate tetrahedra is substituted to avoid the negative charge repulsion of aluminate species. Secondly, bridging aluminate tetrahedra were randomly deleted to create five calcium aluminosilicate skeletons of Al/Si ratios of 0, 0.05, 0.10, 0.15, and 0.20. An equivalent amount of hydrogen atoms was added to balance the negative charges induced by Al-Si substitution. Note that the upper limit Al/Si ratio is close to the maximum experimental findings of Al/Si ratio in C-A-S-H from Faucon et al. (Faucon et al., 1999) and Sun et al. (Sun et al., 2006). And this value is also the upper limit for the C-A-S-H model following the Lowenstein rule (Lowenstein, 1954). Thirdly, the structures of anhydrous calcium aluminosilicate were relaxed at 0 K. After the relaxation, water adsorption in the dry C-A-S-H model is performed by the Grand Canonical Monte Carlo (GCMC) method in the GULP package (Gale and Rohl, 2003). Adsorbent molecules were repeatedly inserted into and deleted from the simulation system until the system reaches equilibrium with the surrounding imaginary water reservoir. The adsorption was taken place with chemical potential of water of 0 eV under 300 K. The chemical potential in GCMC method was calculated following the regulation of the CSH-FF force field (Shahsavari et al., 2011). Finally, the LAMMPS software (Plimpton, 1995) (Aktulga et al., 2012) was utilized to carry out the MD. The Verlet algorithm was used to integrate the atomic trajectories in the system, with a time step of 0.25 fs. First, 250 ps of MD run was employed under constant pressure and temperature (NPT ensemble) (T = 298 K and P = 1 atom) to equilibrate the system. After 250 ps of MD run, 1000 ps of MD run was performed to average the system properties.
Uniaxial Tensile Loading
Given the anisotropic mechanical behavior of C-S-H gel (Hou et al., 2014b), uniaxial tensions along three dimensions were separately performed on the C-A-S-H models.
Before the tension test, the supercell of the obtained C-A-S-H models was periodically replicated along three dimensions to create cells of the size of about 4 × 4 × 4 nm3. Note that including a massive number of atoms can ensure the simulation stability of the system and its failure mode in particular. The uniaxial tension test of the structures was set to a strain rate of 0.08 per picosecond. For the purpose of anisotropic relaxation of the system, during the tension along one direction, the target pressure in directions normal to this direction was set to zero. The stress-strain evolution curves obtained in the uniaxial tension processes are plotted to analyze the mechanical properties of C-A-S-H. In addition, configurations were recorded for every 100 steps for the analysis of failure mode.
RESULTS AND DISCUSSION
Structure of C-A-S-H Models
The obtained molecular structures of C-A-S-H models after the MD simulation are presented in Figure 1. For the C-S-H model (see Figure 1A), it can be observed that the Cas (calcium) and the Os (oxygen) atoms are bonded together to form the Cas-Os sheets, with defective “dreierketten” silicate chains flanking on each side. The negative charges of the calcium silicate layers were neutralized via the presence of interlaminar Ca2+ ions. In addition, there are also some water molecules in the interlaminar region. In the cross-linked C-A-S-H models (Figures 1B,C), aluminum in the defective bridging position of the chains not only links the broken silicate chains but also cross-links the silicate chain of the neighboring main layers. With the increase of Al/Si ratio, more aluminum atoms enter the bridging sites and cross-link the neighboring aluminosilicate chains. At the Al/Si ratio of 0.2, all bridging sites in the aluminosilicate chains are cross-linked (Figure 1C). In the cavities among the cross-linked aluminosilicate chains, there is zeolitic content (interlayer water molecules and Ca2+ ions). Figure 2 provides a schematic diagram that describes the bridging effect of aluminum on the adjacent primary layers in C-A-S-H gel. The three 2D pictures correspond to the C-A-S-H molecular structures in Figure 1, respectively.
[image: Figure 2]FIGURE 2 | Schematic diagram of aluminum-induced bridging effect in C-(A-)S-H, where orange and pink triangles denote silicate and aluminate tetrahedra, green circles denote calcium atoms, and red-white circles denote water molecules.
The polymerization degree of silicate tetrahedra is an important parameter that influences the mechanical response of the C-A-S-H structure. Hence, the distribution of Qn(mAl) species in the C-A-S-H model is calculated. Qn(mAl) represents the connectivity factor of silicate tetrahedra. The increase of n from 0 to four denotes the transformation of silicate from monomer to network structures, while m ranging from 0 to n denotes the number of neighboring aluminate species for the given silicate tetrahedron. As shown in Figure 3A, there are 40% of Q1 species and 60% of Q2 species in the Al-free C-S-H model, indicating that the silicate tetrahedra are presented in linear silicate chain structures. As aluminum gradually enters the structure, the percentages of Q1 and Q2 species decrease, while those of Q2(1Al) and Q3(1Al) increase. This suggests that silicate tetrahedra are transformed from linear to branched chain structure. As shown in Figure 3B, the aluminate tetrahedron heals the broken silicate chains, thereby producing two Q2(1Al). Meanwhile, the cross-linking of the aluminate tetrahedron with the neighboring silicate chain results in a Q3(1Al) formation.
[image: Figure 3]FIGURE 3 | (A) Q species distribution of the C-A-S-H models (adapted from Manzano et al., (2012b)); (B) atomistic representation of the Q species in the models. Yellow and red sticks denote silicate chain (Si-O); magenta and red sticks denote aluminate chain (Al-O); the green and gray spheres indicate intra- and interlayer calcium atoms; red and white ball-sticks are water molecules and hydroxyl groups.
Stress-Strain Relationship
The stress-strain relation is a common way to characterize the constitutive relationship of materials. Figure 4 portrays the stress-strain evolution of C-A-S-H models as they are elongated along x-, y-, and z-directions, respectively. Take the C-A-S-H model of Al/Si ratio of 0.10, for example (Figure 4A). With the increase of the strain along x-direction, the stress firstly increases. This indicates the deformation of the C-A-S-H structure to take the tensile loading. At the strain of 0.19 Å/Å, the stress gets its maximum value of 10.66 GPa, which is the tensile strength of the structure. Then, the stress drops fast and it reduces to 4.83 GPa at the strain of 0.27 Å/Å. During this stage, cracks are formed in the C-A-S-H model and grow rapidly. After the strain of 0.27 Å/Å, the stress declines slowly until the end of the elongation process. This is because the C-A-S-H structure is destroyed after that strain level and hence cannot uptake tensile loading. The stress-strain relationship along y-direction shows a ladder-like pattern (Figure 4B). After the initial increase, there is an increase of stress, which reaches its first maximum of 10.43 GPa at the strain of 0.13 Å/Å, followed by a rapid reduction, which is down to 6.75 GPa at the strain of 0.17 Å/Å. After the first minimum, the stress again increases and reaches a second maximum of 9.67 GPa at a strain of 0.36 Å/Å. After this strain level, the stress-strain curve turns to a monotonic decrease. The secondary increase of stress resembles the work hardening effect of the tensioned steel material (Kocks and Mecking, 2003). It is worth mentioning that the ladder-like curve in y-direction presents in all the models, which suggests that the C-A-S-H structure has good plasticity along this direction. It worth noting that the cohesion force of C-A-S-H along x-direction originated from the connection between silicate chains and CaO sheets, whereas the cohesion force along y-direction originated not only from the Ca-O-Si bonds but also from the Si-O-Si bonds within silicate chains. Finally, the structural difference in x- and y-directions for C-A-S-H gel results in distinct different mechanical results. On the other hand, compared with the stress-strain relationships in x- and y-directions, their counterpart in z-direction shows a brittle nature. As shown in Figure 4C, the stress increases to 6.53 GPa when the strain is 0.16 Å/Å. Then, the stress continuously decreases and gets zero at the strain of 0.28 Å/Å.
[image: Figure 4]FIGURE 4 | The stress-strain relationships of the C-(A-)S-H models along (A) x-, (B) y-, and (C) z-directions.
Mechanical Properties
The tensile strength and Young’s modulus can more intuitionally display the evolution of mechanical properties of the structure. As shown in Figure 5, the x- and y-directional tensile strengths of the non-cross-linked C-S-H are 9.58 GPa and 7.88 GPa, respectively. But their z-directional counterpart is 1.54 GPa. A similar trend can be observed in its Young’s modulus. This demonstrates the mechanical feature of C-S-H gel, that is, with strong interaction in xy-plane but very weak cohesion between the layers. As the Al/Si ratio increases from 0 to 0.20, the z-directional tensile strength of the C-(A-)S-H displays a substantial increase from 1.54 GPa to 10.03 GPa. The Young’s modulus along z-direction also increases from 24.32 GPa to 96.32 GPa. This reflects that the cross-linking of aluminosilicate chains greatly improves the interlayer interaction in the C-A-S-H. Furthermore, the Al incorporation also strengthens the C-A-S-H structure along y-direction. As the Al/Si ratio rises from 0 to 0.20, the tensile strength in y-direction increases from 7.88 GPa to 12.27 GPa and Young’s modulus increases from 71.48 GPa to 91.64 GPa. The tensile strength and Young’s modulus along x-direction appear to vary in relatively small ranges. With the aluminum incorporation into the structure, their values first increase and then decrease. The x-directional tensile strength and Young’s modulus approach their maxima at the Al/Si ratio of 0.10 and 0.15, respectively. With the cross-linking of the C-A-S-H model, the difference between interlayer strength and xy planar strength is significantly narrowed. At Al/Si ratio of 0.20, the z-directional strength even compares well with the xy-plane cohesion. The mechanical behavior of the C-A-S-H model transforms gradually from one featured by layered structure to one by glass-like materials. This finding is consistent with previous research (Geng et al., 2017a). They have tested the compressibility of lattice parameters of the unit cell under hydrostatic pressure. The results show that, for the non-cross-linked C-S-H, the compliance is about 3.3% per 10 GPa along the x- and y-directions (a and b unit cell decrease by 3.3% relative to the values at atmospheric pressure at an external hydrostatic pressure of 10 GPa) and 7–11% per 10 GPa along z-direction. For the cross-linked C-A-S-H sample with Al/Si ratio of 0.10, the compressibility of c parameter is largely improved (compliance ≈4% per 10 GPa) and close to that of a and b parameters, while the compressibility of a and b parameters is almost the same as that of non-cross-linked one.
[image: Figure 5]FIGURE 5 | (A) Tensile strength and (B) Young’s modulus along three directions for C-A-S-H structures of various Al/Si ratios.
Molecular Structure Evolution
In order to gain an in-depth knowledge of the underlying mechanisms of the mechanical behavior, the molecular structure evolution of C-A-S-H models under tensile loading is investigated. Since the aluminosilicate chains are essential to the loading resistance of the structure, their morphology evolution under tension process is analyzed. Furthermore, as suggested in a previous study, water molecules’ intrusion will “attack” bridging bonds in the structure and weaken their bond strength (Hou et al., 2014a). This process consumes the interlayer water molecule and forms various hydroxyl groups; thus, the numbers of water molecules and hydroxyls are recorded to investigate the hydrolytic reaction during tensile loading.
Tensile Loading Along x-Direction
The deformed molecular structures for the C-S-H and C-A-S-H model (Al/Si = 0 and 0.20, respectively) from the strain of 0.0 Å/Å to 0.8 Å/Å during tension along x-direction are shown in Figure 6. For the C-S-H gel (Figure 6A), when strain is within 0.4 Å/Å, the ionic bonds between silicate chains and principal layer Ca are prolonged to take the loading. At the strain of 0.4 Å/Å, cracks can be clearly observed in the structure. Meanwhile, the silicate chains are displaced and rotated due to the tensile loading. As a result, the arrangement of calcium silicate layers becomes disordered. As the strain increases from 0.4 Å/Å to 0.8 Å/Å, the defective regions extend rapidly and connect with one another. The C-S-H structure is fractured at the strain of 0.8 Å/Å. With respect to the C-A-S-H model (Al/Si = 0.2), the structure appears to be more rigid. As shown in Figure 6B, the elongation initially leads to the extending distances between silicate chains and intralayer calcium. At the strain of 0.4 Å/Å, there is a hole amid the C-A-S-H structure. However, the aluminosilicate chains around the hole appear not to be twisted and still have their linear chain structures. The calcium aluminosilicate substrate also maintains its ordered structure to some extent. With the increase of strain from 0.4 Å/Å to 0.8 Å/Å, the hole rapidly grows and causes the fracture of the C-A-S-H structure, but the layered structure remains ambiguously visible in the fractured model. This can be attributed to the highly polymerized double aluminosilicate chains that show high stiffness and less deformation under tensile loading. Overall, it can be concluded that the x-directional cohesive property originates from the ionic bonds between main layer calcium atoms and silicate clusters (Hou et al., 2014b). Al incorporation does not change the nature of interacting bonds, which can explain why the x-directional strength exhibits little variation for the different models. The slight changes in tensile strength and Young’s modulus may be related to the change in the rigidity of the structure.
[image: Figure 6]FIGURE 6 | Molecular structure evolution (view along y-direction) of C-A-S-H with Al/Si ratio of (A) 0 and (B) 0.2. From top to bottom, the tensile strains along x-direction are 0.0 Å/Å, 0.2 Å/Å, 0.4 Å/Å, and 0.8 Å/Å, respectively.
It can be noted from Figure 7 that there is almost no Q species variation in any of the five models, demonstrating the stability of the aluminosilicate chains during x-directional elongation. The number evolution of water molecules and hydroxyl groups are shown in Figure 8. It can be noted that the main variation in the models is the water dissociation and Si-OH and Ca-OH formation. This corresponds to the hydrolytic reaction of Si-O-Ca bonds (Hou et al., 2015b), as depicted in Figure 9A. Firstly, the ionic bond between silicate tetrahedron and the main layer Ca atom is extended due to the tensile loading. The water molecule moves to silicate tetrahedron and forms a hydrogen bond with the nonbridging oxygen atom (Onb). The strong Coulomb attraction from Onb atom promotes the dissociation of water molecule to form H+ and OH− ions. While hydrogen ion is bonded to Onb to form Si-OH group, the remaining OH− is coordinated to interlayer Ca2+ ion to form a Ca-OH group. Therefore, the water molecule dissociation screens the interaction of the silicate cluster and the Ca2+ ion. Moreover, in the Al-containing models, there are also some Al-OH and Al-O(H)-Si groups production, in addition to the Ca-OH and Si-OH formation. This is due to the protonation of Ob atom in Al-O-Si bonds. As portrayed in Figure 9B, when the aluminate tetrahedron is distorted owing to the tensile loading, two water molecules diffuse close to the Al atom and adsorb on it. Then, one adsorbed water molecule transfers one of its hydrogen atoms to the Ob atom of the Al-O-Si bond. The water dissociation results in an Al-OH and an Al-O(H)-Si formation. It is worth noting that the Al-O(H)-Si tri-clusters are also observed in previous simulations of silicate-aluminate glasses (Benoit et al., 2001) (Cormier et al., 2000). This shows the reactivity of the Al-O-Si bond, which is different from the chemically inert Si-O-Si bond (Manzano et al., 2012a). In our work, the reactivity of Ob in Al-O-Si bonds is activated by the external loading. As proposed by Zhu et al., (2005), the energy barrier for the dissociation of water molecules can be reduced by the external loading. The loading also activates the distorted aluminate tetrahedron and leads to its transformation to octahedron. It can be noticed that hydrolytic reactions start at the strain level of about 0.2 Å/Å for all five models, which corresponds to the failure strain of C-A-S-H. The number of hydroxyls increases even at the end of the tension test, indicating the continuous hydrolytic reactions during the breakage of the C-A-S-H molecular structure.
[image: Figure 7]FIGURE 7 | Q species variation in C-A-S-H model under x-directional elongation. The Al/Si ratios of the model are (A) 0.00, (B) 0.05, (C) 0.10, (D) 0.15, and (E) 0.20.
[image: Figure 8]FIGURE 8 | Number evolution of Ca-OH, Si-OH, Al-OH, Al-O(H)-Si, and H2O in C-A-S-H model during x-directional elongation. The Al/Si ratios of the model are (A) 0.00, (B) 0.05, (C) 0.10, (D) 0.15, and (E) 0.20.
[image: Figure 9]FIGURE 9 | (A) Hydrolytic reaction pathway of Si-O-Ca bond; (B) two water molecules association on the aluminum atom and one water molecule dissociation to form an Al-OH and Al-O(H)-Si bonds.
When comparing the five models, it can be observed that the number of produced Al-OH groups first increases and then decreases with the increasing number of Al-Si substitutions. The number of Al-OH formation reaches its maximum at the Al/Si ratio of 0.15. It can be noted from Figure 10A that the relatively short silicate chains are easy to translate and rotate by the loading in the C-S-H model. With the increase of Al/Si ratio, aluminosilicate chains became longer and branched. These longer chains are hard to translate or rotate and are more likely to be twisted under tensile loading. Thus, the increasing Al content in the twisted chains results in more Al-OH formation. However, the polymerization of silicate/aluminate species and the formation of branch structures also stiffen the chains. At the Al/Si ratio of 0.2, the long double chains are rigid and show less extent of twist during the elongation, as illustrated in Figure 10C. In that situation, the number of Al-hydrolytic reactions decreases. It is widely believed that bond distortion and breakage are ways for materials to uptake external loading. Tensile test results show that Young’s modulus and tensile strength of C-A-S-H also show decreases at Al/Si ratio of 0.20. Therefore, the variation in x-directional mechanical properties is also correlated with the twist of aluminosilicate chains. As shown in Figure 10, the flexible branch chains in C-A-S-H with Al/Si ratio of 0.1 show a larger extent of twist than those of Al/Si ratio of 0 and 0.2. These chains (Figure 10B) play a more important role in binding together the surrounding principal layer calcium atoms.
[image: Figure 10]FIGURE 10 | The morphology of (alumino)silicate chains (view along z-axis) in C-A-S-H model of Al/Si ratio of (A) 0, (B) 0.10, and (C) 0.20 at x-directional tensile strain of 0.8 Å/Å.
Tensile Loading Along y-Direction
The structure deformation of the C-A-S-H models from strain of 0.0 Å/Å to 0.6 Å/Å during tension along y-direction is presented in Figure 11. In the C-S-H gel (Figure 11A), the silicate chains are defective, limiting their ability to resist the loading. At the strain of 0.2 Å/Å, some cracks are formed in the defective silicate sites. As the strain increase, the cracks grow rapidly and connect together, until the final fracture of the model. It can be concluded that the y-directional cohesion force of the model comes from the ionic bonds between silicate clusters and calcium ions. This is akin to the interaction of C-S-H along the x-axis. Consequently, the Al-free C-S-H model has similar mechanical properties in x- and y-directions (see Figure 5). The mechanical properties in y-direction are higher than those in x-direction for the C-A-S-H model of Al/Si ratio of 0.2. This is because the prolonged aluminosilicate chains can help resist the tension. It can be noted from Figure 11B that the failure process of the C-A-S-H model is greatly delayed owing to the toughness of the highly polymerized aluminosilicate tetrahedra. No large cracks are observed in the C-A-S-H structure, even at the strain of 0.6 Å/Å. It is worth noting that the breakage of one bridging bond in the branch structure would not lead to the rupture of the double aluminosilicate chain. As is shown in the inset of Figure 11B, the neighboring chains can still resist the loading through the cross-linking connection, which can interpret the secondary increase in the stress-strain curves.
[image: Figure 11]FIGURE 11 | Molecular structure evolution (view along x-direction) of C-A-S-H with Al/Si ratio of (A) 0 and (B) 0.20. From top to bottom, the tensile strains along z-direction are 0.0 Å/Å, 0.2 Å/Å, 0.4 Å/Å, and 0.6 Å/Å, respectively.
The Q species variation in the C-A-S-H during their elongation along y-direction is given in Figure 12. As depicted in Figure 12A, the proportions of Q species in the C-S-H structure are constant during the tensile process. This is consistent with the above observation that the C-S-H model is fractured across the defective sites in silicate chains. On the other hand, all the Al-containing models show a reduction of Q2 and Q3 and an increase of Q1, implying the breakage of longer chains and production of chain ends. The C-A-S-H model with Al/Si ratio of 0.1 is taken as an example to demonstrate the Q species evolution. When the strain is lower than 0.18 Å/Å, the Q species percentages remain constant. This corresponds to the extension of the aluminosilicate chains. At the strain of 0.18 Å/Å, the connections between aluminate and silicate species start to break, resulting in the reduction of Q2(1Al) and the increase of Q1(0Al). When the strain approaches 0.34 Å/Å, the siloxane bonds also begin to break, leading to the reduction of Q2(0Al) and formation of Q1(0Al). There is also a small reduction in Q3(1Al) species, suggesting a small proportion of branch structure breakage during y axial tension. After the strain of 0.7 Å/Å, the model is totally fractured and the transformation of aluminosilicate chains morphology stops. It is worth noting that the Al-O-Si bonds are broken at lower strain values than the Si-O-Si bonds, denoting that the Al-O-Si bonds are weaker than the Si-O-Si bonds. This corroborated the simulation results from Qomi et al., (2012), who found that aluminosilicate chains show lower mechanical strength than silicate chains. Overall, as Al/Si ratio increases, the change of Q species content becomes more pronounced. This reflects that the longer aluminosilicate chains play more important roles in resisting the external tension.
[image: Figure 12]FIGURE 12 | Q species variation in C-A-S-H model under y-directional elongation. The Al/Si ratios of the model are (A) 0.00, (B) 0.05, (C) 0.10, (D) 0.15, and (E) 0.20.
Figure 13 shows the number of water dissociation and hydroxyls formation during the elongation process. The fracture of the C-S-H model only observes the hydrolytic reaction of Si-O-Ca ionic bonds. This is because that the presence of a large number of defective sites weakens the ability of the aluminosilicate chains to resist the loading. When the Al-incorporated models are prolonged, there are Al-OH and Al-O(H)-Si groups apart from the Ca-OH and Si-OH formation. Take the case of the C-A-S-H model of Al/Si ratio of 0.1 (see Figure 13C). As the strain increases from 0 Å/Å to 0.18 Å/Å (aluminosilicate chain extension stage), there are water reduction and a small amount of Al-OH and Al-O(H)-Si formation. This corresponds to the coordinate structure change of aluminum and protonation of Ob in Al-O-Si bonds (see Figure 9B). When the strain ranges from 0.18 Å/Å to 0.34 Å/Å, there are Si-OH, Ca-OH, Al-OH, and Al-O(H)-Si formations. This involves the breakage of both Si-O-Ca and Al-O-Si bonds. While the hydrolytic reaction of the Si-O-Ca is direct (Figure 9A), the breakage of Al-O-Si bond is complex, which can be described with Eqs. 1.Eqs. 2
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It should be noted that the hydrolytic reaction of the Al-O-Si bond is a two-stage reaction. The reaction intermediates are Ca-OH, Al-OH, and Al-O(H)-Si, and the final hydrolytic reaction products are Al-OH and Si-OH. The reaction pathways are discussed in the following section. After the strain of 0.34 Å/Å, the number of Al-O(H)-Si groups drops and that of Si-OH groups increases. This is caused by the hydrolytic reaction of Al-O and Si-O bonds. Since the hydrolytic reaction of Si-O-Si only produces Si-OH groups [Eq. 3; Hou et al., 2015b], the number of Si-OH groups increases more rapidly at this stage.
[image: image]
The producing rate of Si-OH and Al-OH groups under tensile loading increases with increasing Al/Si ratio of C-A-S-H, illustrating that more aluminate/silicate bonds are broken in the cross-linked C-A-S-H model with higher Al/Si ratios. This matches well with the Q species percentages evolution, implying that the C-A-S-H is strengthened along y-direction by the polymerization of aluminosilicate chains.
[image: Figure 13]FIGURE 13 | Number evolution of Ca-OH, Si-OH, Al-OH, Al-O(H)-Si, and H2O in C-A-S-H gel during y-directional elongation. The Al/Si ratios of the model are (A) 0.00, (B) 0.05, (C) 0.10, (D) 0.15, and (E) 0.20.
Tensile Loading Along z-Direction
The tension process of C-(A-)S-H along z-direction was illustrated in Yang et al., (2018) in detail. Here, the tension failure of C-(A-)S-H along the z-direction is briefly represented, in order to give a comparison between the tensile loading process along different dimensions. The molecular structure of the C-A-S-H with Al/Si ratio of 0 and 0.2 as a function of tensile strain along z-direction is illustrated in Figure 14. It can be noted from Figure 14A that the calcium silicate sheets in non-cross-linked C-S-H can be easily taken apart. With increasing tensile strain, the crack is created and grown fast. When the structure is stretch-fractured, no evident deformation in calcium silicate sheets is observed. This is due to that the interlayer interacting bonds are too weak to resist the loading. On the contrary, the cross-linked C-A-S-H is stronger along the interlayer direction. As shown in Figure 14B, the fracture of the C-A-S-H model is slighter than that of the C-S-H model at the same strain level. At the strain of 0.3 Å/Å, the model is fractured, with the calcium aluminosilicate substrate deformed and the structure turns disordered. This indicates that the principal layers act as an integral to resist the loads and deformation. Hence, the cross-linked C-A-S-H model shows higher mechanical strength than the non-cross-linked C-S-H model.
[image: Figure 14]FIGURE 14 | Molecular structure evolution (view along y-direction) of C-A-S-H with Al/Si ratio of (A) 0 and (B) 0.20. From top to bottom, the tensile strains along z-direction are 0.0 Å/Å, 0.1 Å/Å, 0.2 Å/Å, and 0.3 Å/Å, respectively (adapted from Yang et al., (2018)).
The Q species percentages evolution during the tensile loading along z-direction is given in Figure 15. Expectedly, the Q species percentages are constant during the tensile process of non-cross-linked C-S-H model (Figure 15A). The Q species evolution is found in the Al-substituted models and becomes more pronounced with the increase of Al/Si ratio. The main change is the decrease of Q3(1Al) and the increase of Q2(0Al) species, indicating the breakage of branch structures. This means that an increasing number of cross-links participated in the elongation process of the structure, thereby leading to a higher mechanical strength along z-direction. The number evolution of water molecules and hydroxyl groups is illustrated in Figure 16. There are no hydrolytic reactions in the non-cross-linked model because the elongation process involves no change in the silicate chain morphology. From another perspective, no hydrolytic reactions to take up the loading energy also denote the lower strength. In the cross-linked models, there are Al-OH and Si-OH increases and water molecules reduction, which indicates the hydrolytic reaction of Al-O-Si bonds, as described in Eqs. 1.Eqs. 2 When comparing the five models, it can be observed that the number of hydrolytic reactions increases as the Al/Si ratio of C-A-S-H increases. This proves that the enhanced interlayer strength is correlated with the cross-links between neighboring layers.
[image: Figure 15]FIGURE 15 | Q species evolution of C-A-S-H model under z-directional elongation. The Al/Si ratios of the model are (A) 0.00, (B) 0.05, (C) 0.10, (D) 0.15, and (E) 0.20 (adapted from Yang et al., (2018)).
[image: Figure 16]FIGURE 16 | Number of Ca-OH, Si-OH, Al-OH, Al-O(H)-Si, and H2O evolution of C-A-S-H model under z-direction elongation. The Al/Si ratios of the model are (A) 0.00, (B) 0.05, (C) 0.10, (D) 0.15, and (E) 0.20 (adapted from Yang et al., (2018)).
Hydrolytic Reaction Pathways of Al-O-Si and Si-O-Si Bonds
It can be concluded that the breakage of Al-O-Si and Si-O-Si bonds in our work is the result of combined tensile loading and water “attack.” This can be compared to the well-documented mechanisms found in the dissolution of aluminosilicate glasses, quartz, and feldspar, which involve the reaction of Al-O-Si and Si-O-Si under sole water “attack.” The hydrolytic reaction pathways of the Al-O-Si bond are illustrated in Figures 17A,B. In the first pathway, the water molecule is first adsorbed on the distorted aluminate tetrahedron. Then, the water molecule dissociates into H+ and OH−. While the OH− remains connected to the aluminum atom, the H+ ion binds to the neighboring bridging oxygen atom to form an oxygen tricluster. With further increase of the strain, the Al-O bond is broken in the Al-O(H)-Si. As a result, one Si-OH group is produced. In the second pathway, the Ob atom is protonated by the hydrogen atom from the neighboring water molecule. Correspondingly, the water molecule turns into a free hydroxyl group. After the breakage of Al-O bond, the hydrogen atom in the adsorbed water molecule is transferred to the free hydroxyl to form a water molecule, as depicted in Figure 17B. The proton transfer resembles the “hydrogen hopping” process described by Manzano et al., (2015). The difference between the first and second hydrolytic reaction pathway is the types of reaction intermediates, which are Al-O(H)-Si and Al-OH for the first pathway but Al-O(H)-Si and Ca-OH for the second pathway. The hydrolytic reaction pathway of the Si-O-Si bond is depicted in Figure 14C, which is also described in Mahadevan and Garofalini (2008) (Hou et al., 2015b). Firstly, the silicate tetrahedra are distorted due to the external loading. One water molecule diffuses to the silicon atom and binds to it. Subsequently, the bridging Si-O bond in the five-coordinated silicon structure is broken, which makes the silicon atom returns to a four-coordinated structure. The adsorbed water molecule immediately gives one of its hydrogen atoms to the nonbridging oxygen atom, leading to the formation of two Si-OH groups.
[image: Figure 17]FIGURE 17 | Hydrolytic reaction pathways of Al-O-Si bonds through (A) Pathway 1 and (B) Pathway 2 (adapted from Yang et al., (2018)); (C) hydrolytic reaction pathway of Si-O-Si bonds.
According to the hydrolytic reaction pathways, the differences between Al-O-Si and Si-O-Si bonds breakage can be concluded as follows:
The hydrolytic reaction of the Al-O-Si bond is a two-stage reaction, where the reaction intermediate five-/six-coordinated aluminum atom and Al-O(H)-Si groups can linger for a relatively long time until the Al-O bond breaks at high strain levels. During the Si-O-Si breakage, however, the water adsorption, Si-O bond breakage, and water dissociation almost happen simultaneously, implying the five-coordinated silicon atom and adsorbed water are thermodynamically unstable. Tsomaia (Tsomaia et al., 2003) studied the dissolution of albite crystal and glass and detected the six-coordinated Al in the surface of the samples. In those dissolution samples, the Al and Si atoms are originally tetracoordinated in aluminosilicate networks. This can corroborate our simulation results that the reaction intermediates during the breakage of the Al-O-Si bond are relatively stable. With respect to the hydrolytic reaction of the Si-O-Si bond, since most of the Si4+ species are four-coordinated at atmospheric pressure (Schindler and Stumm, 1987) (Bensted, 1999), it is reasonable that the five-coordinated Si is unstable. Ab initio calculations (Kubicki et al., 1996) demonstrated that the proton affinity of Si-OH is weak, which has ruled out the existence of Si-OH2 at a neutral or basic solution. The flexible coordination change of the aluminum atom decreases the hydrolysis activation energy of the Al-O-Si linkages (Criscenti et al., 2005), which can help explain the lower strength of the Al-O-Si bond than that of the Si-O-Si bond.
The dissolution of aluminosilicate glass, feldspar, or quartz is influenced by the environmental pH. It found that both the Si-O-Si and Al-O-Si bonds can be broken in either an acidic or alkali environment. In an acidic solution, the hydronium ion attacks the bridging site and protonates the bridging oxygen atom. This significantly weakens the bridging bonds in Si-O-Si and Si-O-Al and leads to the bonds’ breakage (Xiao and Lasaga, 1994). On the other hand, in a basic environment, the hydroxyl first deprotonates the Si-OH group and turns into a water molecule. Then, the water molecule bonds to one of the silicon atoms to produce a pentacoordinated silicate species, which weakens the bridging Si-O bond and finally leads to the breakage of the Si-O-Si bond (Xiao and Lasaga, 1996). In our simulation, the protonation of bridging oxygen atom plays a role in weakening the Al-O connection, which resembles the T-O bond (T = Al or Si) attacked by hydronium ions, while the breakage of Si-O bond is facilitated by the pentacoordinated Si formation, similar to T-O bond attacked by OH− ions. Therefore, the hydrolytic reactions of Al-O-Si and Si-O-Si bonds in our work approximately correspond to acidic dissolution and alkali dissolution, respectively. Furthermore, the low reactivity of Ob atom in Si-O-Si reduces the possibility of Si-O breakage due to proton “attack.” This indicates that a higher acidic environment is needed to dissolve the Si-O-Si bond, as compared with the Al-O-Si bond (Kubicki et al., 1996).
CONCLUSION
In this work, the mechanical properties of cross-linked C-A-S-H of Al/Si ratios ranging from 0 to 0.2 were studied by MD simulating uniaxial test. Based on the ReaxFF coupled with chemical reaction and mechanical response, the failure mechanism of the C-A-S-H structure was also investigated. Several conclusions can be drawn as follows:
The presence of aluminate species can heal the broken silicate clusters and cross-link the silicate chains of neighboring calcium silicate sheet. The branch structure formation significantly increases the polymerization of aluminosilicate chains, leading to the transformation from a two-to a three-dimensional C-A-S-H structure.
The uniaxial tensile testing shows that, by bridging the defective silicate chains and forming branch structures, Al-induced cross-links significantly increase the tensile strength and Young’s modulus of C-A-S-H structure both along y- and z-directions, where the latter undergoes a larger extent of increase. When all the bridging sites are cross-linked at Al/Si ratio of 0.2, the mechanical properties of the C-A-S-H structure along z-direction almost match those in the xy-plane.
During the elongation process, the tensile loading is taken up mainly by the depolymerization of the calcium aluminosilicate skeleton, which demonstrates the backbone role of calcium aluminosilicate sheets in the C-A-S-H structure. The strengthening of the C-A-S-H structure can be achieved by the polymerization of aluminosilicate chains, which can replace weaker ionic or hydrogen bonds with stronger covalent bonds.
During the failure process of the structure, the combined effect of loading and water “attack” is responsible for the bond breakage. As compared with Si-O-Si bond, the reaction intermediates during the hydrolytic reaction of the Al-O-Si bond are relatively stable, making the hydrolytic reaction process of Al-O-Si bond slower. In addition, the bridging bonds breaking in Al-O-Si and Si-O-Si are induced by different ions’ “attack.” While the bond breakage in Al-O-Si results from the protonation of the bridging oxygen atom, the bridging bond breakage in Si-O-Si is a consequence of the pentacoordinated silicon formation. The ions’ attack weakens the bridging bond (Al-O or Si-O) and results in its rupture.
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