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This study developed a discrete element simulation model based on the 2D particle flow code (PFC2D), of which the mesoscopic parameters were calibrated by the indoor experiments, to investigate the rainfall erosion damage of residual soil slope in the intermittently frozen area. It is to be noted that the runoff scouring action was simulated according to the equivalent rainfall method, the soil particles on the slope were given initial velocity, and the water absorption was considered by increasing the unit weight. The results indicated that the scouring action only caused superficial erosion with the main damage region at the foot, regardless of the FT effect. A splitting phenomenon was observed in the lower part of the steeper slope under the FT effect. Moreover, regardless of the FT effect, the gentler slope tended to incur spalling rather than a splitting phenomenon, where the soil particles slid along the structural plane with strong anti-scouring ability. Besides, the gentler slope maintained higher stability and shorter scouring time. Finally, the scouring velocity increased the erosion damage to a large extent.
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INTRODUCTION
The intermittently frozen area was defined as an area where the near-surface soil is frozen annually from one to fifteen days per year (Willmott and Matsuura, 2001; Zhang et al., 2003; Chen, et al., 2020). Intermittently frozen areas are widely distributed in the world, accounting for 6.6% of the exposed lands in the coldest month of the year in the Northern Hemisphere (Baranov, 1964; Zhang et al., 2003; Lu et al., 2017). Taking China, for example, it is mostly distributed in the south of the Yangtze River and the north of the Pearl River Basin, covering an area of about 1.9 million square kilometers and accounting for about 20% of the total national area (Que et al., 2017; Que et al., 2021).
Compared with the permafrost and seasonal frozen soils, the intermittently frozen soil experiences high-frequency freeze–thaw cycles, resulting from the frequently fluctuated ambient temperature around the freezing point (Woo and Winter, 1993; Chen and Li, 2008; Thomas et al., 2009). It should be noted that Que et al. (2017) observed 16 freeze–thaw times a day in December 2013 to mid-February 2014 in Wuyi Mountain, Fujian Province, China. Usually, it will experience superficial spalling occurring on the soil slope, especially under the influence of continuous rainfall or rainstorm. That might develop the instability of soil further, causing potential safety problems and economic loss to the vehicles and pedestrians along with the projects (Que et al., 2017; Li, 2013). Therefore, there is a great need to study further the strength reduction of soil slopes under the short-term freeze–thaw cycle and the mechanism of superficial spalling induced by rainfall erosion.
Recently, the discrete element technique, like particle flow code (PFC) (Zhang et al., 2013; Liang et al., 2017; Wang et al., 2020; Wang et al., 2021), has been found to be suitable for not only dealing with large deformation discontinuity problems but also illustrating the force and motion pattern from the mesoscopic scale (Li et al., 2013; Saman et al., 2014; Shi and Xu, 2015; Xu, 2017; Zhang, 2017; Wang et al., 2021). Hence, it has been currently used in geotechnical engineering, including the superficial freeze–thaw spalling of slope (Evans et al., 2009; Park and Song, 2009; Zhu et al., 2021).
Several studies have been carried out on the erosion of the slope surface caused by rainfall through PFC. Tsuji et al. (1993) introduced computational fluid dynamics to the discrete element method and verified the reliability of the fluid–solid coupling analysis method in simulating two-phase flows using discrete elements. Zeghal and Shamy (2005) implemented the fluid–solid coupling analysis method to analyze saturated sand, which simplified the N-S equation and by which the seepage problem of the soil slope was investigated. Based on this, Bai et al. (2012) determined the permeability coefficient for the PFC method. Xiong et al. (2013) performed a three-dimensional simulation of the rainfall slope collapse by fluid–solid coupling analysis, where the rainfall was simulated by applying pressure on the boundary. The results manifested that it was feasible to study the collapse formation mechanism via PFC using the fluid–solid coupling methods. Song (2013) and Wu et al. (2014) analyzed the evolution process of slope erosion and the distribution of slope erodibility by using the aforementioned method. Hu (2014) performed the rainfall equivalent via increasing the gravity and reducing shear strength, but the strength-reduced parameters were not calibrated. Ma (2012) and Wu et al. (2013) carried out an erosion failure simulation of steep slopes via a two-dimensional PFC (PFC2D) model, where the effect of runoff scouring was simulated by the particles’ movement on the slope surface.
Overall, it can be found that rainfall erosion can be simulated through the fluid–solid coupling analysis method via PFC. However, most studies were limited to the saturated soil. There is no research related to the rainfall equivalent method. Besides, the parameter effects are still unclear either, such as slope gradient, freeze–thaw, and scouring velocity.
To fulfill this gap, this paper carries out an in-depth study about the effects of rainfall erosion damage of residual soil slope in the intermittently frozen area. Specifically, this paper addresses three questions: How to build a slope scouring model? What are the basic effects of scouring on the slope? How the slope gradient, freeze–thaw action, and scouring velocity affect the erosion damage? The objective of the present study is threefold: 1) to build a PFC2D scouring model, where the mesoscopic parameters are calibrated by indoor experiments, 2) to investigate the basic characteristics of slope under the runoff erosion, and 3) to perform parameter effects on the rainfall erosion, including slope gradient, freeze–thaw action, and scouring velocity.
METHODOLOGY
Experimental Design
As shown in Figure 1, in order to investigate the effects of freeze–thaw on erosion damage of the residual soil slope induced by rainfall, the indoor test and PFC2D simulation are performed in depth. First, the freeze–thaw experiments are conducted to verify the feasibility of the PFC simulating models by comparing the stress–strain curves. At the same time, the details of the two aforementioned experiments will be fully presented, especially the numeric scouring model. Then, based on the PFC2D models of which the mesoscopic parameters were calibrated, both the basic behaviors and the parameter effects of scouring action on the slope are going to be thoroughly analyzed, including the slope morphology, contact, and denudation amount. Finally, a discussion will be made on the mechanism of freeze–thaw on erosion damage of the residual soil slope induced by rainfall.
[image: Figure 1]FIGURE 1 | Experimental design.
Indoor Experiments
Soil Sample
The soil samples were taken from the site where the spalling disease occurred. The basic physical properties of the soil samples are natural moisture content (w), density (ρ), dry density (ρd), specific gravity (Gs), void ratio (e), porosity (n), liquid limit (wL), plastic limit (wp), liquidity index (IL), and plasticity index (Ip), whose values are 19.6%, 1.78 g/cm3, 1.49 g/cm3, 2.655, 0.76, 43.22%, 33.4%, 19.6%, 0.01, and 13.79, respectively. The mass percentage of each soil grain size (gradation) >5 mm, 2–5 mm, 1–2 mm, 0.5–1 mm, 0.25–0.5 mm, 0.075–0.25 mm, 0.03–0.075 mm, 0.01–0.03 mm, and <0.01 mm is 3.94, 7.98, 3.92, 12.71, 11.14, 13.35, 20.51, 19.42, and 7.03, respectively.
Experimental Scheme
The water content of samples is set at 21.5%, and the dry density is 1.49 g/cm3. The testing temperature range is −7–15°C. The FT cycles were set under 0, 2, 4, 6, and 8 times. The water supplement was conducted at the sealed condition. It is to be noted that the triaxial shear test was performed under the consolidated drainage condition. The temperature range was determined according to the field detection and the historical record.
Specimen Preparation and Freeze–Thaw Triaxial Shear Test
Specimen Preparation
The specimens were prepared according to JTG E40-2007 (Research Institute of Highway Science, 2010). It is noted that the soil was screened by a 2 mm sieve in order to maintain the homogeneity and the similarity of the initial soil structure. The mass percentage of each soil grain size (gradation) 1–2 mm, 0.5–1 mm, 0.25–0.5 mm, 0.075–0.25 mm, 0.03–0.075 mm, 0.075–0.03 mm, and <0.075 mm is 4.45, 14.43, 12.66, 15.17, and 53.29, respectively.
Freeze–Thaw Triaxial Shear Test
The equipment utilized in this research is TCK-1, which was produced by Nanjing Soil Instrument Co., Ltd. To avoid misoperation, five specimens were prepared for each group. Three of them were used for shear tests under different confining pressures (100, 150, 200 kPa), and the other two were set as a standby.
Mesoscopic Parameter Calibration
Model Generation and Initial Setting of Calibration Modes
Porosity Conversion
In PFC2D simulation, the porosity can be converted from the practical soil model by an empirical equation (He et al., 2014). Wang believed that the parabolic modes seemed to be more appropriate after performing the comparison between several methods (Wang et al., 2014). By using the same approach in this research, shown in the following equation, the converted porosity is 18.65%:
[image: image]
where p2D and p3D are the porosity in 2D and 3D, respectively.
Geometry
The dimension of the specimen is 32 mm × 15.64 mm, the soil particle radius is set between 0.65 and 1.3 mm, and the density is 2,655 kg/m3. The model consists of two pairs of rigid walls: the vertical panel that is applying the load in the vertical direction and the servo panel that is controlling pressure on the lateral side of the specimen.
Contact Models and Boundary Conditions
Contact models. Two models were utilized to consider the bonding and debonding conditions of the contacts between particles. For contacts that have not yet broken, it is widely accepted that the contact model is much more appropriate in simulating the clay material in this case. However, the opinions about which model is more appropriate are diverse, although the accuracy of the stress and strain curves from the default model is extensively acknowledged in the debonding case.
In most studies, the linear contact model is selected as the default model. However, it was found that increasing the inter-particle friction cannot change the peak strength of the specimen, which was similar to that in the studies performed by Skinner (1969) and Oda et al. (1982). However, Suiker and Fleck (2004) and Thornton (2000) believed that it could be explained by particle rolling, which is also supported in this paper. It has been acknowledged that the rotational velocity will be enormous while the material reaches its yield point. This shows a rolling effect on the surface, which undoubtedly reduces the friction coefficient. Thus, the established rotation resistance linear model (rrlinear) was selected as the default model (Iwashita and Oda, 1998; Iwashita and Oda, 2000; Jiang et al., 2005; Jiang et al., 2009; Liu et al., 2013).
Boundary. The flexible boundary condition was achieved by setting the lateral wall stiffness 1/10 of the particle stiffness, while the vertical wall stiffness was the same as that of the particles.
Calibration of the Stress and Strain Curves
The stress–strain curves of the simulated and experimental results are shown in Figures 2A,B. It can be found that the correlation between these two curves is very high before the peak shear strength. Although both curves tend to decrease first and then remain unchanged after the peak value, the simulated curves seem to decrease rapidly at the initial stage after the peak strength (generally around 4% axial strain). And then, they remain basically unchanged, and the final residual strength is also lower than that in the testing curves. This is mainly due to the complicated nature of the size, shape, distribution, and stress characteristics of the practical soil particles, and the residual strength is provided by friction and structural occlusion force. Additionally, the particles are two-dimensional discs in the 2D simulation, where the point-type inter-particle contacts tended to slip under high force, which resulted in the attenuation of the residual strength.
[image: Figure 2]FIGURE 2 | Stress–strain curves of the simulated and experimental results. (A) Before FT. (B) After FT. Note: “After FT” means the soil experienced eight times of freeze–thaw action, of which the damage was the most serious (Fu, 2017).
Numerical Model
Sample Generation
As shown in Figure 3, two slope models with a gradient of 45° and 60° were established. According to the study performed by Ni et al. (2000), changing the particle size appropriately has little effect on the simulation results. Besides, by integrating the operation ability of the computer and the running timing of the model, the radius of the soil particles was determined in a range from 0.1625 to 0.325 mm. Finally, 9,124 and 8,057 particle elements were generated in the 60° and 45° slopes, respectively.
[image: Figure 3]FIGURE 3 | Slope model (i = 45°).
Scouring Simulation
Generally, the simulation of equivalent rainfall is realized by changing the macroscopic and mesoscopic parameters of soil. For example, Hu et al. increased gravity and reduced the shear strength of soil to consider the effect of rainfall. Wu et al. carried out simulations by altering the mesoscopic soil parameters to simulate the moisture content change during the process of rainfall. Moreover, Ma et al. performed the slope erosion failure induced by rainfall by giving velocity to the particles on the slope surface via PFC2D.
Therefore, in order to simulate the equivalent rainfall scouring process more precisely, this study improves the method proposed by Ma (2012) in two aspects. On the one hand, the soil particles on the slope are given an initial velocity; on the other hand, the water absorption was considered by increasing the unit weight of soil particles. Specifically, the scouring process can be generally divided into the following four steps. Firstly, the generation and gravity balance of the soil particles are performed. Then, the allocation of the contact models is carried out based on the freeze–thaw zoning. Here, it was assumed that the width of the freeze–thaw zone (Zone B) accounts for 1/10 of the total width of the top of the slope. After that, the identification of the surface particles is made by the programmed codes. Finally, the walls are going to be removed, and the velocity and the extra gravity will be imposed on the surface particles.
Scouring Velocity and Terminal Condition
Scouring velocity. When setting the scouring velocity, the particles will impact each other and bump away from the slope under high velocity; on the contrary, it does not work due to the cohesion between the particles. After repeated trials, a scouring velocity of 0.1 m/s was determined. In this study, the velocity is also variable to discuss the influence of flow velocity on the slope stability. Due to the change in direction of particle motion after collision, it is impossible to apply a constant flow velocity to the slope particles at present. Hence, only the influence of single scouring action on the slope stability will be discussed here.
Terminal condition. The original balance of superficial soil particles is broken under scouring, and the particles begin to move down the slope with water flow until a new balance is reached, where the movement of the particle is nearly stationary. After several trials, it is found that when the operation reaches 2.5 million cycles, the particles are stationary, and the maximum velocity is less than 1e-3 m/s. Therefore, the terminal condition was set when the total cycles reached 2.5 million times.
Simulation Scenarios and Parameters
The simulation scheme and main parameters are set, as shown in Table 1.
TABLE 1 | Simulation scheme and main parameters.
[image: Table 1]RESULTS AND DISCUSSION
Basic Behaviors of Scouring Action
Morphology
As shown in Figure 4, in order to distinguish easily, the slope is evenly divided into six layers by colors from top to bottom according to height. It can be found that only the shallow layer of the slope was destroyed after being scoured, while the other parts of the slope were not deformed. It is to be noted that the gray background represents the initial slope area, which does not participate in the calculation.
[image: Figure 4]FIGURE 4 | Superficial erosion process of the 60° slope (before FT). (A) 0.1, (B) 0.8, (C) 1.5, and (D) 2.5 (×million steps).
From Figures 4A–D, it can be found that the runoff only caused damage to the slope surface, leaving a little slide of soil particles, candle holes, and cavity prototypes at the top and foot of the slope. Besides, the particles at the slope foot are first washed and denuded and then accumulated on the slope feet, thereby making the soil in the upper layer in an unbalanced state to move downward. And then, under the continuous action of runoff shearing force, the shallow soil particles on the upper slope are gradually eroded, resulting in the particles in the deeper layer being disturbed and slid down along the structural surface with higher erosion resistance and accumulation at the foot of the slope, which finally can be called the spalling phenomenon.
Contacts
The contacts between particles can be illustrated in Figures 5A–D. As noted, the contacts in blue and red represent the initial and the default anti-rotation contact model, respectively. It can be found that most of the particles slide and pile up at the foot of the slope, which is in good agreement with the aforementioned slope morphology. Besides, the rotation resistance model is the major contact model of spalling fragments, which indicates that the spalling objects are non-sticky and loose soil granules. This is in line with the practical field investigation. However, part of them still obey the contact-bonding model, which is mainly due to the scouring effect that destroyed the soil structure at the weakest point of anti-scouring ability, avoiding the contact model there, which can be classified as fragmentary spalling.
[image: Figure 5]FIGURE 5 | Contact distribution of soil particles under scouring. (A) 0.1, (B) 0.8, (C) 1.5, and (D) 2.5 (×million steps).
Denudation Amount
The rotation angle of the particles is near zero when the soil structure is stable, while it increases when being spalled. Here, it is assumed that the contacts of soil particles have been denuded when the finial absolute rotation angle is greater than 0.5°. Therefore, by monitoring the particle rotation angle, the damage degree of the superficial slope can be quantified. It can be seen from Table 2 that, under runoff scouring, the amount of each layer is sorted as the foot (fifth layer) > top layer (first layer) > fourth layer > third layer > second layer, indicating that the most of the spalling occurred at the lower part of the slope.
TABLE 2 | Denudation amount.
[image: Table 2]Parameter Effects
Slope Gradient
Morphology
The erosion failure process of the 45° slope before the FT effect is shown in Figures 6A–D. As noted, the scouring time of the 45° slope is shorter than that of the steeper one (60° slope). For example, the shape of the 45° slope changes slightly after 0.8 M steps, while the shape change of the 60° slope can still be observed at 2.5 M steps. This is mainly because the scouring force was counteracted by adhesion and friction between the particles, leaving the particles of the 45° slope to maintain a stable state more easily. This indicates that the slope gradient has a significant influence on stability under the action of runoff scouring, and the smaller slope has a stronger anti-scouring ability.
[image: Figure 6]FIGURE 6 | Surperfical erosion process of the 45° slope (before FT). (A) 0.1, (B) 0.8, (C) 1.5, and (D) 2.5 (×million steps).
Denudation Amount
The denudation amount of 45° and 60° slopes is shown in Table 2. As noted, it is evident that the amount of spalling particles was decreased significantly under the lower gradient slope, while the amount of each layer was the same as that of the steeper slope.
Freeze–Thaw Action
Morphology
The erosion failure process of 45° and 60° slopes after the FT effect is shown in Figures 7A–H from a to d and e to h, respectively. Compared with Figures 4, 6, it can be found that, at the initial stage of erosion (within 0.8 M steps), the runoff only caused damage to the slope surface both with and without the FT effect. Moreover, in the middle and late stages (after 0.80 M steps), considering the FT effects, the particles cut into the lower layer of soil rather than rolling down under scouring action, resulting in a splitting effect on the shallow particles in the lower slope. The split blocks are dispersed into smaller blocks and particles under the scouring effect and then piling up at the foot of the slope. The underlying reason for splitting was the poor cohesion among soil particles in the freeze–thaw zone. When the runoff was wrapping up the soil particles and moving downward, the soil in that zone was likely to be punched, and the phenomenon tended to occur.
[image: Figure 7]FIGURE 7 | Spalling process of slopes (after FT). (A–D) are for 60° slope and (E–H) are 45° slope. (A–D) and (E–H) refer to numerical steps under 0.1, 0.8, 1.5, and 2.5, respectively (× million).
Besides, in the final stage (above 2.5 M steps), the slope foot was damaged more significantly with the action of FT, which can be ascribed to the stress concentration at the foot of the slope. So, the particles deformed more largely under frequent FT disturbances. Finally, compared to the 60° slope, the impacts of runoff scouring on the 45° slope are quite limited on the top, regardless of the FT effect. During this process, the splitting from the upper layer soil to the lower does not occur.
Denudation Amount
The denudation of 45° and 60° slopes is shown in Table 2. As noted, it is evident that the number of spalling particles was increased significantly after considering the FT effect, which can be seen from the increased total number of 45° and 60° slopes by 147 and 156, rising 83.75 and 43.1%, respectively. Besides, the FT effect has a larger impact on the lower parts of the slope. For example, the denudation amount in the fourth and fifth layers of the slope considering the FT effect is much larger than that without.
Particle Movement
In order to detect the FT effect on the particle movement at different locations during the scouring process, three measurement spheres were selected on the 60° slope to record the position changes under different conditions, as shown in Figure 8, and the corresponding trajectories are presented in Figures 9A–C. It can be found that the soil particles on the lower layer of the slope surface reach the steady state first than those on the upper layer. This is mainly due to the shorter movement distance of the former particles, resulting in smaller potential energy, which is faster dissipated by the bonding and friction between the particles. Besides, when considering the FT effect, the spheres (5,247 and 649) located on the upper and middle layers reach a steady state faster than those without. The reason is that the adhesion between the particles of the shallow soil after the FT effect is reduced, leaving less kinetic energy needed to be consumed to destroy the contacts between the particles. Finally, the time of the sphere (5,529) located on a lower layer to reach the steady state is the same in both scenarios. However, when considering the FT effect, the particles move first downward and then upward, which indicates particles at the foot move more actively.
[image: Figure 8]FIGURE 8 | Monitoring spheres on the slope surface.
[image: Figure 9]FIGURE 9 | Trajectories of different monitoring points. (A), (B), and (C) are for 5,247, 649, and 5,529 measuring spheres, respectively.
Scouring Velocity
Morphology and Contacts
The effects, including morphology and contact distribution, under different scouring velocities (0.1, 0.15, and 0.2 m/s) on a 60° slope, are shown in Figures 10A–C, 11A–C. As noted, the contact model distribution is clearer in demonstrating the spalling process of the slope. It can be found that although the velocity does not affect the type of slope failure, it impacts diversely on the foot of the slope, showing an increasing pit size at the foot under greater velocity.
[image: Figure 10]FIGURE 10 | Morphology under different scouring velocities of the 60° slope. (A) 0.1, (B) 0.15, and (C) 0.2 m/s.
[image: Figure 11]FIGURE 11 | Contact distribution under different scouring velocities of the 60° slope. (A) 0.1, (B) 0.15, and (C) 0.2 m/s.
Denudation Amount
The denudation amount of each layer under the FT effect is shown in Table 3. It can be found that the denudation amount increases significantly as the velocity is increased. With the increase in velocity, the denudation amount of particles in the top layer (the first layer) of the slope is unchanged, while that in the lower layer increases gradually. The reason for that is the flow was only loaded once rather than continuously, leaving short disturbance time to the top layers and producing shallow superficial spalling in the lower layer. Increasing the velocity resulted in a larger erosion load on the lower surface. So, the erosion amount increases gradually.
TABLE 3 | Denudation amount of the 60° slope under the FT effect.
[image: Table 3]CONCLUSIONS
A PFC2D scouring model, of which the mesoscopic parameters were calibrated by the indoor experiments, was developed to investigate the rainfall erosion damage of residual soil slope in the intermittently frozen area. The main conclusions are addressed in the following three aspects:
• At the beginning of erosion, only the slope surface was damaged under both with and without the FT effect. And then, the splitting phenomenon was observed rather than rolling down in the middle and late stages. The most damaged part was at the foot, as was more evident under the action of FT in the final stage. Moreover, the FT effect caused less damage to the gentler slope.
• The denudation amount of spalling particles was increased significantly after considering the FT effect. Finally, regardless of the FT effect, the particles in the lower layer reached the stable state first, and the time was the same under these two conditions.
• The pit size at the foot and the denudation amount were both increased under higher scouring velocity.
The future study will focus on the development of more realistic contact models and computing effective methods, which facilitate revealing the freeze–thaw effect on the slope surface. Besides, the coupling effects of water flow and soil particle movement on slope stability will also be explored.
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Two-dimensional (2D)-material-based photodetectors have recently received great attention due to their potentials in developing ultrathin and highly compact devices. Avalanche photodiodes (APDs) are widely used in a variety of fields such as optical communications and bioimaging due to their fast responses and high sensitivities. However, conventional APDs based on bulk materials are limited by their relatively high dark current. One solution to tackle this issue is by employing nanomaterials and nanostructures as the active layers for APDs. In this study, we proposed and fabricated an atomically-thick APD based on heterojunctions formed by 2D transition metal dichalcogenides (TMDs). A typical device structure was formed by stacking a semiconducting monolayer WS2 onto two metallic few-layer MoTe2 flakes. Due to the Schottky barrier formed between the TMD layers and their atomic thicknesses, the dark current of the APD is greatly reduced down to 93 pA. In addition, the APD can operate through a broad spectral range from visible to near-infrared region, with a responsivity of 6.02 A/W, an external quantum eﬃciency of 1,406%, and an avalanche gain of 587. We believe that the 2D APD demonstrated here provides a feasible approach for developing all-2D optoelectronic devices with simultaneous high-sensitivity and low noise.
Keywords: MoTe2, WS2, avalanche photodiodes, transition metal dichalcogenides, heterojunctions
2D atomic crystals have attracted extensive interests during the past decade due to their excellent electrical, optical, and optoelectronic properties. Echo with their ultrathin structure, a broad range of potential applications can be envisioned, including high-performance 2D transistors (Yoon et al., 2013; Liu et al., 2015; Choi et al., 2016; Chuang et al., 2016; Liu et al., 2019; Zheng et al., 2020), photodetectors (Mittendorff et al., 2013; Cheng et al., 2014; Mudd et al., 2015; Tao et al., 2015; Wang et al., 2015; Shim et al., 2016; Vu et al., 2017; Yu et al., 2017; Zeng et al., 2019; Wang et al., 2020), ultra-compact and flexible light-emitting diodes (Withers et al., 2015; Wang et al., 2017; Shang et al., 2018), sensors (Burman et al., 2016; Shokri and Salami, 2016; Guo et al., 2017), to name but a few. In particular, 2D transition metal dichalcogneides (TMDs) are usually semiconductors with exotic characteristics which can open up new avenues for both of fundamental research and practical applications. For example, monolayer WS2 is shown to be a direct bandgap semiconductor with strong room-temperature exciton binding energy. It has been widely employed as quantum emitters for studying of strong light−matter interactions in different types of micro- and nanocavities (Wen et al., 2017). In addition, monolayer WS2 exhibits strong absorption across the visible spectral range, as well as excellent chemical stability (Bernardi et al., 2013; Zhang et al., 2013). These allow it to act as active layers for photodetectors. The few-layer MoTe2 is reported to be a type-II Weyl semimetal, which can be employed as electrodes in the 2D devices for its high carrier mobility and good electric conduvtivity (Zhang et al., 2014; Beams et al., 2016; Chen et al., 2016). Furthermore, one can also explore new physical phenomena associated with the semimetal phase in the few-layer MoTe2 (Keum et al., 2015).
Avalanche photodiodes (APDs), which consist of p−n junctions or Schottky junctions, are able to convert the incoming photons into charge carriers undergoing cascade amplifications upon reverse bias (Johnson, 1965; Anderson and McMurtry, 1966; Aull et al., 2002). When operating in the avalanche regime, APDs can exhibit high internal gain for photodetection of ultrahigh sensitivity, making them widely used in optical communications (Liu et al., 1992; Ferraro et al., 2015), single-photon detection (Huntington et al., 2007; Faramarzpour et al., 2008; Ren et al., 2011), and bioimaging (Vo-Dinh et al., 2010; Wohnhaas et al., 2013). However, conventional APDs based on bulk materials are usually limited by their relatively high dark current. This issue can be alleviated by reducing the volume of the devices, which is typically accompanied by sacrifice of device responsivity and quantum efficiency. During the past decade, due to their atomic thicknesses, strong optical absorption, and high photocurrent conversion efficiencies, 2D crystals have been demonstrated to provide a new avenue for developing high-performance photodetectors with low dark current and high responsivity (Table 1).
TABLE 1 | Comparison of device performances.
[image: Table 1]Generally, in 2D photodetectors bulk metals such as titanium and gold are utilized as electrodes. A limitation of these electrodes is that acquiring defect-free interface between metal and 2D crystals without Fermi level pinning or carrier scattering is still a challenge, because defects and dangling bonds in these metal electrodes will introduce plentiful interfacial states (Gong et al., 2014; Kim et al., 2017). In contrast, the passivated and dangling-bond-free surfaces of 2D crystals can make them integrate layer-by-layer to form heterojunctions bonded through van der Waals (vdW) force. Accordingly, devices free of interface defects can be formed through stacking different types of 2D crystals. Specifically, all-2D photodetectors have been developed by respectively adopting the 2D crystals as electrodes and active layers (Britnell et al., 2013; Luo et al., 2015; Massicotte et al., 2016; Tan et al., 2016; Padilha et al., 2017; Tan et al., 2017; Wei et al., 2017; Zhang et al., 2017; Yao and Yang, 2018; Wei et al., 2019; Yang et al., 2019; Wu et al., 2020). Although these all-2D devices exhibit excellent photodetection performances, their room-temperature dark currents are still relatively high (in the range of ∼0.1 nA–1 μA, Table 1). Such high dark currents will deteriorate the signal-to-noise (S/N) ratio of the photodetectors and consequently limit the device applications in sensing of low photon flows.
In this study, we present an all-2D APD composed of a monolayer WS2 and two few-layer MoTe2 flakes (MoTe2–WS2–MoTe2 heterostructure). The metallic MoTe2 flakes act as electrodes. A Schottky barrier can thereafter be formed at the interface between the semiconducting WS2 and metallic MoTe2. Upon reverse bias, the APD is demonstrated with a responsivity (R) of 6.02 A/W, an external quantum eﬃciency (EQE) of 1,406%, and an avalanche gain (AG) of 587. In particular, due to the Schottky barrier, a dark current as low as 93 pA can be obtained. The R and EQE is at the forefront of the all-2D photodetectors, while the dark current is even better than many state-of-the-art commercial APDs. In addition, wavelength scanned measurements further indicated that the APD operated in a broad spectral range from 400 to 700 nm. Our results therefore demonstrate a facile approach for design and fabrication of room-temperature all-2D photodetectors with simultaneous high-sensitivity and low noise.
EXPERIMENTAL
Materials
Monolayer WS2 was purchased from 6Carbon Technology company in China. Few-layer MoTe2 was grown on the silicon substrate covered with 300-nm-thick SiO2 layer according to the process reported previously (Chen et al., 2017).
Device Fabrications
The MoTe2–WS2–MoTe2 heterostructure was fabricated using a wet-transfer method (Wen et al., 2017). Specifically, Polystyrene (PS) was first coated on the surface of the substrate covered with monolayer WS2 flakes. Then, the substrate covered with PS film was put into water so that the PS film pasted with WS2 was stripped off from the substrate. Subsequently, the WS2 adhered onto the PS film was transferred onto two few-layer MoTe2 flakes separated with a micrometer-scale gap. After incubation at 110°C for 60 s, the sample was immersed into toluene solution for 2 hours to dissolve the PS film, whereby heterojunctions were formed between the WS2 and two MoTe2 flakes.
To fabricate the MoTe2–WS2–MoTe2 heterojunction device structure, maskless lithography (uPG501, Wavetest) was employed to pattern the two electrodes. Afterwards, titanium (Ti, 10-nm thick) and gold (Au, 100-nm thick) were deposited using an electron-beam evaporation system (DE400, Wavetest). The heterojunction device structure was obtained after the lift-off process.
Characterizations
Raman and photoluminescence (PL) spectra were measured using a micro-Raman spectrometer (inVia Reflex, Renishaw). The excitation laser with a wavelength of 532 nm was focused onto the samples through a ×50 objective (numerical aperture 0.80). The diameter of the focusing spot is ∼1 μm. The thicknesses of the WS2 and MoTe2 flakes were measured using an atomic force microscope (AFM, NTEGRA Spectra, NT-MDT). The photocurrents were measured by a sourcemeter (Keithley 2636B, Tektronix), with incidence wavelengths of 405, 532, 633, 785, and 1,064 nm. In addition, a supercontinuum laser source with an output wavelength range of 400–2400 nm (Fianium, SC400-4-PP) was employed to measure the photocurrent spectrum. The noise power spectra of the device under different bias voltages were collected using a semiconductor characterization system (FS-Pro™, Hongkong Base For Information Technology).
RESULTS AND DISCUSSION
The configuration of the all-2D APD device is schematically shown in Figure 1A, which consists of a monolayer WS2 overlaid onto two few-layer MoTe2 flakes. The metallic MoTe2 flakes act as electrodes in the APD. In this way two heterojunctions were formed at the overlapped regions between the WS2 and MoTe2. Afterwards, titanium and gold layers were consecutively deposited on the MoTe2 flakes as electrodes for electrical readout. Optical microscope image of the APD is displayed in Figure 1B. The channel length (i.e., separation between the two MoTe2 flakes) of the device is measured as 2 μm. The thickness of the WS2 flake is 1.0 nm, and those of the two MoTe2 flakes are 4.3 and 4.5 nm, respectively (Supplementary Figure S1, Supporting Information). The monolayer nature of the WS2 can be further confirmed by Raman spectroscopy characterizations (Figure 1C). Two strong peaks are observed at 352 cm−1 and 418 cm−1, corresponding to the 2LA(M) and A1g(Γ) modes of WS2, respectively. The peak intensity ratio of 2LA(M)/A1g(Γ) can be determined as 6.6, which is a typical feature of monolayer WS2 (Cong et al., 2014; Xu et al., 2015). For Raman spectrum collected from the MoTe2 region, a small peak at 188.91 cm−1 can be observed, which is the Bg mode of MoTe2 in 1T′ phase (Kan et al., 2015; Naylor et al., 2016; Chen et al., 2017). 1T′-MoTe2 is a semimetal and a good candidate of 2D electrode material because of its low resistance and high carrier mobility (Zhang et al., 2014; Beams et al., 2016; Chen et al., 2016). Due to its strong exciton transition at room temperature, the pristine monolayer WS2 exhibits a strong PL peak at 614 nm (Figure 1D). In contrast, because of its semimetal nature, negligible PL signal can be observed in the 1T′-MoTe2 region. It is noted that in the heterostructure regions both the Raman and PL signals from WS2 are reduced (Figures 1C,D). Such a phenomenon suggests intimate contact between the monolayer WS2 and few-layer MoTe2. Once the intimate contact is formed, the WS2 excitons or lattice vibrations will transfer their energies to the MoTe2 underneath through electromagnetic coupling. Subsequently, the lattice vibration energy or exciton energy will be dissipated by the impurities, defects, and free electrons in the semimetal layer. As a result, the Raman and PL signals of the WS2 will be quenched.
[image: Figure 1]FIGURE 1 | Material characterizations of the MoTe2–WS2–MoTe2 heterojunction device. (A) Schematic showing the APD composed of a monolayer WS2 flake overlaid onto two few-layer MoTe2 flakes. The green cylinder delegates the incidence light. (B) Optical microscope image of the fabricated MoTe2–WS2–MoTe2 heterostructure. The WS2 region is marked with white dashed lines. The MoTe2 regions are marked with yellow dashed lines. (C, D) Raman (C) and PL (D) spectra of the MoTe2–WS2–MoTe2 heterostructure. The spectra are collected from the monolayer WS2 (red), few-layer MoTe2 (green), and WS2–MoTe2 heterojunction (blue) regions. The excitation laser is of 532-nm wavelength.
Schottky junctions can be formed at the two heterojunctions between the semiconducting WS2 and semimetal MoTe2 layer. Figure 2A shows the dependence of current on bias voltage in a representative device. Specifically, the current increases along with the increase of bias voltage and saturates at 10.4 V. Afterwards, the current increases notably when the bias is further increased. Such bias voltage dependence is typical of Schottky diodes. Due to the Schottky barrier, the device exhibits a dark current as low as 93 pA under a bias voltage of 59 V. Such a dark current is much lower than many photodetectors based on 2D materials and even lower than typical commercial APDs (Table 1). The Schottky barriers at the heterojunctions can trigger electron avalanche effect upon applying a large electrical field across the device. The current at 10.4 V (26 pA) is defined as the saturation current Isat59. Bias voltages above 10.4 V will accelerate the charge carriers passing through the heterojunction, giving rise to ionization collisions of the lattice and generation of additional charge carriers, i.e., occurrence of electron avalanche effect. To further demonstrate the avalanche effect, a charge carrier multiplication factor, M, is defined as M = I/Isat, with I the current above 10.4 V. When the avalanche effect occurs, parameter M will follow the behavior (Miller, 1957),
[image: image]
where n represents ionization rate, Vb is a fitting parameter. Equation (1) can be rewritten as,
[image: image]
suggesting a linear dependence of [image: image] on ln(V). As shown in Figure 2B, for bias voltage above 10.4 V, [image: image] varies linearly against ln(V), which is a direct indicator of avalanche carrier multiplication. By fitting the experimental data using Eq. (2), the n and Vb are determined as 7.7 and 17.6 V. It is noted that the n in our MoTe2–WS2–MoTe2 is about 6 times that of a previous report (Lei et al., 2015a), where Schottky junction was formed between a layered InSe and metal electrode (n = 1.3). The larger n and smaller Vb means that the avalanche effect is easier to be initiated in the MoTe2–WS2–MoTe2 heterostructure. Moreover, once the avalanche effect is triggered, more electrons will be generated due to the larger M under a certain bias voltage. We ascribe these merits to the atomic thickness of our device, where a much larger electric field can be induced across the Schottky junction under a moderate bias.
[image: Figure 2]FIGURE 2 | Electrical and photocurrent characterizations of the MoTe2–WS2–MoTe2 heterojunction device. (A) Dependence of dark current on bias voltage of the heterojunction device. (B) Relationship between ln(1−1/M) and ln(V). M is the multiplication factor. V is the bias voltage. Red dashed line is the linear fit. (C) Schematic showing the operation principle of the heterojunction device. (D) Photocurrent response of the MoTe2–WS2–MoTe2 heterojunction device under different light illumination intensities. Red opened circles show the corresponding AGs upon an excitation intensity of 0.64 W/cm2. The illumination wavelength is 532 nm. (E) Intensity-dependent photocurrent of the MoTe2–WS2–MoTe2 heterojunction device. The applied bias voltages are 30 V (black) and 40 V (red). (F) Photocurrent mapping of MoTe2–WS2–MoTe2 heterojunction device. White dashed lines mark out the WS2 region. Yellow solid lines mark out the MoTe2 region. Symbols “+” and “−” indicate the direction of the bias voltage.
The avalanche effect and small dark currents of the MoTe2–WS2–MoTe2 heterostructure can greatly benefit photodetection. Figure 2C illustrates the operation principle of the heterostructure APD. Electron−hole pairs will be generated in both of the 2D layers and Schottky junctions upon light illumination. When a bias voltage is applied to initiate the avalanche effect, carrier multiplications will occur, giving rise to a rapid increase of the photocurrent with the applied bias. Additionally, a larger S/N ratio will be obtained as well. Figure 2D shows the current responses of the device measured in the dark and under 532-nm laser excitations of different intensities (green: 0.13 W/cm2; cyan: 0.38 W/cm2; blue: 0.64 W/cm2). The dark current remains below 100 pA even when the bias voltage is above 60 V. In contrast, the photocurrent increases slowly with applied bias smaller than 10.4 V, then dramatically grows when the bias voltage become larger due to the avalanche effect. Moreover, the photocurrent increases against illumination intensity. By plotting the photocurrent as a function of the laser intensity, linear dependences can be observed at two typical bias voltages (30 and 40 V, Figure 2E) for laser intensity upto 0.64/cm2.
R, EQE, and AG are three important parameters evaluating the performance of an APD. Specifically, R, EQE, and AG can be calculated according to the following formulae (Yu et al., 2013; Long et al., 2019),
[image: image]
where Iph, Idark, and Pin represent photocurrent, dark current, and incidence light intensity, respectively. Parameter h is the Planck constant (h = 6.62607015 × 10−34 J s), c is the speed of light (c = 2.99792458 × 108 m/s), e is quantity of a unit electric charge (e = 1.602176634 × 10−19 C), λ is wavelength of incidence light. Parameters Iph0 and Idark0 are the photocurrent and dark current before the occurrence of avalanche effect, respectively. In our analyses, Iph0 and Idark0 were taken at the bias of 10.4 V.
We evaluate the R, EQE, and AG of the heterojunction device with an illumination intensity of 0.64 W/cm2. As shown in Figure 2D, the AG increases distinctly as a function of the bias voltage. At a bias of 59 V, the R and EQE are calculated to be 6.02 A/W and 1,406%, respectively, corresponding to an AG of 587. Table 1 summarizes the performances of various 2D photodetectors, including APD and non-APD types, as well as typical APDs that are commercially available. It is seen that although the R of the MoTe2–WS2–MoTe2 heterojunction device is moderate, its EQE and AG are among the best ones. In particular, the AG of the heterojunction device is much better than the listed commercial APDs can exhibit. Moreover, the dark current of our device is merely 93 pA at a bias of 59 V, which is at the lowest level among both of the 2D and commercial photodetectors. The normalized photocurrent-to-dark current ratio (NPDR) can be further calculated as NPDR = R/Idark = 6.47 × 1010 W−1, which is better than most of the 2D photodetectors can provide (Table 1). These results suggest that our 2D APD can provide an excellent S/N ratio and favor the detection of low-level signals.
Figure 2F shows a typical 2D photocurrent map of the MoTe2–WS2–MoTe2 heterojunction APD. To avoid electrical breakdown of the device, a relatively small voltage of 25 V is applied to reversely bias the left Schottky junction. According to Figure 2A, such a bias can already trigger the avalanche effect. In addition, to induce strong enough photocurrent for the 2D mapping, a relatively large incidence intensity of 305.73 W/cm2 was used. As shown in Figure 2F, photocurrent was visible near the left Schottky junction (reversely bias) and the channel region. However, negligible photocurrent can be found at the right Schottky junction which is forward biased. These observations can be understood by considering that in the avalanche regime, the photocurrent is proportional the magnitude of collision ionization. The photo-generated electrons in the reversely-biased Schottky junction and regions nearby will experience a longer acceleration path, which will therefore undergo more collision events. These additional collisions will generate more electrons, giving rise to stronger photocurrents.
Figure 3A illustrates the switching characteristic of the broadband photoresponse of MoTe2–WS2–MoTe2 heterojunction APD under a bias voltage of 50 V at 532-nm excitation. The three ON/OFF cycles are similar with each other, suggesting that photodetection performance of our APD is repeatable. Response time (RT), which is another important parameter characterizing a photodetector, can be deduced from one typical cycle. As shown in Figure 3B, the RTs are revealed as 1,260 and 475 ms for the laser-on and–off processes, respectively. As an APD, the RTs of our heterojunction photodetector is ordinary among the 2D photodetectors (Table 1). The origin of such long RTs can be possibly due to introduction of carrier trapping centers during the device manufacturing processes. It is known that impurities and defects will be generated at the interface of the heterojunction by stacking different 2D materials via wet-transfer method (Rooney et al., 2017). These impurities and defects will act as trapping states for electrons and holes, which will increase the photocurrent gain but largely compromise the RT of the photodetectors (Hu et al., 2012; Lopez-Sanchez et al., 2013; Lei et al., 2015a; Lei et al., 2015b). To fasten the device responses, improvement of the device manufacturing processes is required.
[image: Figure 3]FIGURE 3 | Time- and spectrum-resolved photoresponses of the MoTe2–WS2–MoTe2 heterojunction device. (A) Photocurrents of the device in response to three ON/OFF illumination cycles. The red dashed line suggests that the photocurrent maxima of the three cycles are the same. (B) Photocurrent of the device during one typical ON/OFF illumination cycle. Blue and red curves are fitting results by assuming that the rise and decay processes of the photocurrent are exponential dependences. (C) Representative switching behaviors of the heterojunction device under illuminations at 480, 516, 532, 580, 610, and 633 nm. (D) Photocurrent spectrum of the heterojunction device.
We further study the broadband photocurrent performance of the MoTe2–WS2–MoTe2 APD by illuminating the device at different wavelengths. To that end, the bias voltage was fixed at 30 V, the laser spot was focused onto the center of the left Schottky junction shown in Figure 2F. The incidence wavelength was selected by placing a specific narrowband optical filter in front of the exit of the supercontinuum laser. Representative switching behaviors of the APD illuminated at 480, 516, 532, 580, 610, and 633 nm are shown in Figure 3C. The device exhibits similar ON/OFF behaviors and same dark currents at different excitation wavelengths. Moreover, two clear photocurrent maxima were observed at 516 and 610 nm, respectively. This can be seen more clearly by plotting the R against illumination wavelength, i.e., the photocurrent spectrum (Figure 3D). The peak at 610 nm should correspond to the exciton-A transition in the monolayer WS2, as corroborated with the PL spectrum shown in Figure 1D. The peak at 516 nm with a larger R can be ascribed to exciton-B in monolayer WS2. The separation between the two photocurrent maxima is 0.37 eV, which is consistent with the splitting energy of the valence band minimum in WS2 arising from the spin-orbit coupling at K (K′) valley (Zeng et al., 2013; Zhao et al., 2013; Zhu et al., 2015). Previous studies have demonstrated that the recombination rate of exciton-B is much smaller than that of exciton-A, giving rise to a much lower PL quantum yield of exciton-B (Zeng et al., 2013; Zhao et al., 2013; Zhu et al., 2015). Accordingly, more photo-generated carriers will undergo avalanche multiplications under optical excitation associated with exciton-B, leading to a stronger photocurrent response. Another important observation is that the photocurrent response can extend to wavelengths larger than 614 nm, i.e., the exciton transition energy of WS2. Such an effect can be ascribed to photo-generated electron transmitting over the Schottky barrier from the Fermi energy of the metallic MoTe259. On the basis of the photocurrent spectrum shown in Figure 3D, the Schottky barrier height can be extracted as 1.93 eV (Supplementary Figure S2, Supporting Information), corresponding to a wavelength of 642 nm. This low Schottky barrier height guarantees photocurrent response of the APD under optical excitation with energy smaller than the exciton transition energy of the monolayer WS2.
With the knowledge of dark current, AG, RT, and M, the S/N ratio can be readily calculated according to (Lei et al., 2015a),
[image: image]
where BW is the bandwidth. In a specific calculation, BW is set as inverse of the RT (Lei et al., 2015a). Under an illumination intensity of 0.64 W/cm2 and a bias voltage of 59 V, the S/N ratio is calculated as 71 dB, which is 10 times larger than that of a 2D APD (60 dB) consisted of layered InSe and bulk metal electrode (Lei et al., 2015a). The enhanced S/N ratio in our device is attributed to its ultralow dark current even in the avalanche regime.
Finally, we characterized the current noise density of the MoTe2–WS2–MoTe2 APD, whereby the noise equivalent power (NEP) and normalized detectivity (D*) can be calculated. Figure 4 shows the low-frequency noise power spectra of the device under different applied bias voltages. The noise increases against the bias voltage. In addition, all of the four noise power spectra can be well fitted using the equation[image: image] (Chang et al., 2011), where Sn(f) is the spectral density of the noise power, K is a constant, and α and β are two fitting parameters. The fitting results suggest that the 1/f noise prevails at low frequencies (1–100 Hz) for our APD. The 1/f noise usually exists in 2D photodetectors (Balandin, 2013; Na et al., 2014), which is induced by the disorder or defects (Clément et al., 2010). By optimizing the fabrication processes, especially the stacking of the 2D crystals, it is expected that the 1/f noise can be further reduced.
[image: Figure 4]FIGURE 4 | Noise power spectra of the MoTe2–WS2–MoTe2 heterojunction APD under different applied bias voltages. The black straight lines are linear fittings of the noise power spectra under different bias voltages.
By integrating Sn(f) within a given bandwidth B (usually B is set as 1 Hz), the total noise current power can be expressed as (Chang et al., 2011),
[image: image]
The NEP and D* can thereafter be obtained as (Chang et al., 2011),
[image: image]
where A is the effective APD area used to normalized the noise, which is 294 μm2 according to the triangular WS2 region shown in Figure 1B. Parameter B is the test bandwidth which is set as 100 kHz. Therefore, for a bias voltage of 40 V, the corresponding NEP and D* are calculated as 7.49 × 10–11 W/Hz0.5 and 7.24 × 109 Jones, respectively.
CONCLUSION
In summary, we successfully demonstrate an all-2D APD structure with ultralow dark current. By stacking a monolayer semiconducting WS2 onto two few-layer semimetal MoTe2 flakes, two back-to-back Schottky barriers were formed at the two heterojunctions between the WS2 and MoTe2. Due to the double Schottky barriers and good crystallinity of the 2D crystals, the fabricated device structure can exhibit excellent electrical avalanche effect. When operating in the avalanche regime, the heterojunction structure can act as an APD with improved photodetection performances and a remarkably low dark current. The EQE of our APD is 1,406%, with an AG of 587 and dark current as low as 93 pA. Moreover, due to the small Schottky barrier height, the 2D APD can operate in a broadband spectrum range from 400 to 700 nm. Further optimization of the APD performances is possible. For example, by selecting 2D crystals with favorable energy band structures and alignments, it is possible to establish proper Schottky barriers to further minimize the dark currents and expand the operation wavelength ranges. Additionally, by improving the processing techniques of the 2D stacked heterostructures, one can reduce the RT and current noise. We therefore believe that the results obtain in the current study can pave the way for design and fabrication of miniaturized all-2D optoelectronic devices with supreme performances.
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Functionally graded material (FGM) arches may be subjected to a locally radial load and have different material distributions leading to different nonlinear in-plane buckling behavior. Little studies is presented about effects of the type of material distributions on the nonlinear in-plane buckling of FGM arches under a locally radial load in the literature insofar. This paper focuses on investigating the nonlinear in-plane buckling behavior of fixed FGM arches under a locally uniformly distributed radial load and incorporating effects of the type of material distributions. New theoretical solutions for the limit point buckling load and bifurcation buckling loads and nonlinear equilibrium path of the fixed FGM arches under a locally uniformly distributed radial load that are subjected to three different types of material distributions are derived. The comparisons between theoretical and ANSYS results indicate that the theoretical solutions are accurate. In addition, the critical modified geometric slendernesses of FGM arches related to the switches of buckling modes are also derived. It is found that the type of material distributions of the fixed FGM arches affects the limit point buckling loads and bifurcation buckling loads as well as the nonlinear equilibrium path significantly. It is also found that the limit point buckling load and bifurcation buckling load increase with an increase of the modified geometric slenderness, the localized parameter and the proportional coefficient of homogeneous ceramic layer as well as a decrease of the power-law index p of material distributions of the FGM arches.
Keywords: functionally graded material, fixed arch, limit point buckling, bifurcation buckling, critical modified geometric slenderness
INTRODUCTION
Arch structure has been widely used in the practice, because of the unique characteristics about aesthetics and safety. Arch structure is often subjected to different forms of load and different boundary constraints in practical engineering, which may lead to structural damage of arches. (Timoshenko et al., 1962), (Schreyer, 1972) and (Plaut and Raymond, 1990) started the research of arches early. Then, (Bradford et al., 2002) researched the in-plane buckling behavior of symmetrical cross-section arches under a central point load. (Pi et al., 2002) used an energy method to build the nonlinear equilibrium equation and the buckling equilibrium equation of arches, and the analytical result of nonlinear buckling was obtained. (Pi et al., 2008) also presented a theoretical research on the nonlinear in-plane buckling of pin-ended circular arches subjected to a central point load with rotational restraints elastic end. (Pi and Bradford, 2009) developed the virtual work approach was used to establish post-buckling equilibrium differential equation and the nonlinear buckling, and the exact solution of the nonlinear bifurcations. (Cai and Feng, 2010) carried out the in-plane buckling of parabolic arches whose rotational stiffness of supports increases according to loaded. (Cai et al., 2012) carried out the buckling equations and nonlinear equilibrium by virtual work principal method. (Cai et al., 2013) also analyzed the buckling equilibrium path according to the bistable strut by using fixed arches subjected to a central point load. According to the principle of virtual work, (Han et al., 2016) studied the in-plane nonlinear buckling behavior of circular arches with elastic horizontal supports under a uniform radial load. (Yan et al., 2017) made an analytical study about the non-uniform shallow arch subjected to a central point load. (Pi et al., 2017) revealed in-plane buckling of fixed shallow circular arches with the arbitrary radial point load. (Lu et al., 2018) explored the nonlinear in-plane buckling and post-buckling behavior of the fixed arches subjected to a localized uniform radial load. (Lu et al., 2020) also explored effects of movement and rotation of supports on nonlinear instability of fixed shallow arches under a localized uniform radial load. (Hu et al., 2021) presented an analytical investigates for nonlinear buckling of pin-ended arch-beam structures. In addition to the optimization of the cross section can make the stability of the structure better (Chen and Young, 2021; Chen et al., 2021), the improvement of material engineering technology also can make the stability of the structure better.
Most of the arches studied in the above literatures are homogeneous solid materials, however, functionally graded material (FGM) has been widely used because their mechanical properties are better than those of homogeneous materials in recent years. FGM arches are usually composed of two or more materials, which can contribute to the superior performance of each material, but the stress and buckling of FGM arches become complicated. (Bateni and Eslami, 2015) conducted nonlinear buckling behavior of FG circular arches under the uniformly radial load using an analytical method. (Simsek, 2016) assumed the material properties of the beam vary as the power-law form in both axial and thickness directions. (Al-shujairi and Mollamahmutoğlu, 2018) concerned with the sandwich FG micro-beams is made of the ceramic-metal FG skin and homogenous ceramic core, based on the classical rule and the Mori-Tanaka homogenization scheme of composite material properties of the part of the FG sandwich size according to beam changes continuously by the thickness of the beam. For different boundary condition analysis, (Bateni and Eslami, 2014) explored the nonlinear in-plane buckling behavior of FGMs arches. Simply supported–simply supported and clamped–clamped boundary conditions are considered as two types of well-known symmetric boundary conditions for this analysis. (Simsek, 2016) investigated first two-dimensional FGM to research the buckling of beams with different boundary conditions, using adding auxiliary functions the boundary conditions are met. For different load form analysis, (Rastgo et al., 2005) explored the spatial buckling of pinned FGM arches being subjected to a thermal loading for using the Galerkin method. (Song and Li, 2008) using Kirchhoff” s assumption conducted nonlinear governing equations of FG arches under thermal and mechanical loads. (Asgari et al., 2014) focused the nonlinear thermo-elastic behavior of pin-ended FGM arches. The stability equation of the nonlinear primary equilibrium path was developed using adjacent equilibrium criterion. (Moita et al., 2018) studied the discrete model of the structural by the theory of high order shear deformation, and the finite element formulation is carried out to meet general FGM plate-shell type structures. (Yang et al., 2020a; Yang et al., 2020b; Yang et al., 2020c; Yang et al., 2021a; Yang et al., 2021b) have published a series of papers on in-plane buckling and free vibrations of functionally graded composite arches with graphene reinforcements. However, FGM arches may be subjected to a locally radial load and have different material distributions leading to different nonlinear in-plane buckling behavior. Little studies is presented about effects of the type of material distributions on the nonlinear in-plane buckling of FGM arches under a locally radial load in the literature.
This paper, therefore, aims at studying the in-plane buckling of a fixed functionally graded material arch under a locally uniformly distributed radial load incorporating effects of the type of material distributions. To illustrate the nonlinear in-plane buckling behavior of FGM arches, three types of material distributions containing functionally graded material layer and homogeneous material layer are considered. Theoretical solutions for the limit point buckling load and bifurcation buckling loads and nonlinear equilibrium path of the fixed FGM arches under a locally uniformly distributed radial load that are subjected to three different types of material distributions are derived. Comparisons with the ANSYS results present the theoretical solutions are enough accurate. The critical modified geometric slendernesses of FGM arches that are switches of buckling modes are also derived. In addition, the effects of the proportional coefficient of homogeneous ceramic layer, the type and power-law index p of material distributions on the buckling load and critical modified geometric slendernesses are discussed and examined.
MATERIAL DISTRIBUTION OF FUNCTIONALLY GRADED MATERIAL ARCHES
The FGM shallow arches under a locally uniformly distributed radial load q with a central angle [image: image], and radius R and length S are made from ceramic Al2O3 and metal Al, as shown in Figure 1. In addition, 2c represents the subtended angle of the arch segment where the locally uniformly distributed radial load acts, also as shown in Figure 1. The total cross-sectional thickness and width are h and b, respectively.
[image: Figure 1]FIGURE 1 | FGM arch under a locally uniformly distributed radial load.
In this research, the metal-ceramic material Al-Al2O3 is adopted. According to power-law function, the FGM arch through the thickness are graded continuously as
[image: image]
where [image: image] and [image: image] are the properties of ceramic and metal, respectively. [image: image] and [image: image] is the volume fraction of ceramic and metal, and they meet the following conditions as
[image: image]
In order to illustrate the nonlinear in-plane buckling behavior of FGM arches, three types of material distributions containing functionally graded material layer and homogeneous material layer are considered, including Type A, Type B, and Type C as shown in Figure 2. The cross-section of Type A represents that the top layer is the metal layer with the thickness [image: image] and the material distributions of bottom layer is that the weight fraction of metal increase from the top surface to the bottom and the weight fraction of ceramic decrease from the top surface to the bottom surface. The cross-section of Type B have three layers, the middle layer of Type B is the metal layer with the thickness [image: image], the top and bottom layers of Type B is symmetric about the midline of the cross-section, and the material distributions of bottom layer of Type B is same to the bottom layer of Type A. The cross-section of Type C have four layers, the top and the bottom layers of Type C is the metal layer with the thickness [image: image], the second and third layers of Type B is symmetric about the midline of the cross-section, and the material distributions of the second layer of Type C is same to the bottom layer of Type A.
[image: Figure 2]FIGURE 2 | Type A, Type B and Type C of material distributions of FGM arch.
The volume fractions [image: image] for three distribution modes that are shown in Figure 2 are expressed as
[image: image]
[image: image]
and
[image: image]
where p is the power-law index of material distributions and [image: image] is the proportional coefficient of homogeneous ceramic layer. According to Eq. 1, the elastic modulus of FGM arch can be expressed as (Bateni and Eslami, 2015).
[image: image]
where [image: image] and [image: image] are the elastic modulus of ceramic and metal, respectively.
NONLINEAR EQUILIBRIUM
The nonlinear in-plane buckling behavior of a fixed FGM arch subjected to a locally uniformly distributed radial load is investigated, which is shown in Figure 1. The potential energy Π of the FGM arch can then be given by
[image: image]
with the function [image: image] being given by
[image: image]
where [image: image] represents Heaviside function. The longitudinal strain of an arbitrary point at the cross-section can be expressed as
[image: image]
where [image: image] and [image: image] are the membrane and bending strains of the FGM arch, respectively, which are given by
[image: image]
[image: image]
with [image: image] and [image: image], where [image: image], z is the coordinate of the point P0 at the cross-sectional axis oz, w and v are the axial and radial displacements respectively.
For nonlinear equilibrium of FGM arch using the principle of minimum total potential energy, the variation of the total potential energy obtained from Eq. 7 should vanish as
[image: image]
By substituting Eqs 10, 11 into Eq. 12, the Eq. 12 can then be rewritten as
[image: image]
where N and M are the axial and bending actions of the FGM arch, respectively, which can be given by
[image: image]
[image: image]
with [image: image], [image: image], and [image: image] being the stiffness components of the FGM arch, respectively, which are defined as
[image: image]
When material distributions of the FGM arch is subjected to Type A, the stiffness components of the FGM arch [image: image], [image: image], and [image: image] can be given by
[image: image]
[image: image]
[image: image]
When material distributions of the FGM arch is subjected to Type B, the stiffness components of the FGM arch [image: image], [image: image], and [image: image] can be given by
[image: image]
[image: image]
[image: image]
When material distributions of the FGM arch is subjected to Type C, the stiffness components of the FGM arch [image: image], [image: image], and [image: image] can be given by
[image: image]
[image: image]
[image: image]
Integrating Eq. 13 by parts, the differential equilibrium equations of a FGM arch under a locally uniformly distributed radial load can be derived as
[image: image]
[image: image]
By Substituting Eq. 14 into Eq. 15, the bending action of the FGM arch can be given by
[image: image]
By Substituting Eqs. 26, 28 into Eq. 27, Eq. 27 can then be rewritten as
[image: image]
where [image: image] is non-dimensional axial force parameter, which is given by
[image: image]
with [image: image] being the equivalent stiffness of the FGM arch, which is defined as
[image: image]
Meanwhile, the essential boundary conditions at the both ends of FGM arch
[image: image]
also need to be satisfied. The non-dimensional radial displacement [image: image] of a FGM arch can be determined by solving Eq. 29 under the boundary conditions obtained from Eq. 32.
[image: image]
where [image: image] and [image: image] with [image: image], the non-dimensional locally uniformly distributed radial load P is expressed as
[image: image]
and the [image: image] is expressed as
[image: image]
Equation 33 indicates that the non-dimensional radial displacement [image: image] is dependent on P and [image: image], and so it is necessary to calculate the relationship of the axial force with the locally uniformly distributed radial load.
Therefore, substituting Eq. 33 into Eq. 14, and integrating it along the arch length results in
[image: image]
Considering the essential boundary conditions obtained from Eq. 32, the Eq. 36 can be rewritten as
[image: image]
Subsequently, Calculating Eq. 37 leads to a quadratic equilibrium equation, as
[image: image]
where the coefficients [image: image], [image: image] and [image: image] are expressed as
[image: image]
[image: image]
[image: image]
with λs being the modified geometric slenderness of the FGM arch, respectively, which can be express as
[image: image]
By solving Eq. 38, the relationship of the axial force with the locally uniformly distributed radial load can be obtained. Then, by substituting those relationship into Eq. 33, the non-dimensional radial displacement [image: image] can be obtained. Finally, the relationship of the locally uniformly distributed radial load with the non-dimensional radial displacement can be established, and the nonlinear instability behavior of FGM arches can be analyzed.
BUCKLING ANALYSIS
Limit Point Buckling and Bifurcation Buckling
The FGM arches under the locally uniformly distributed radial load may buckle in a limit point mode. According to the theory of (Lu et al., 2018) for an arches under the locally uniformly distributed radial load, the upper and lower limit point buckling loads can be derived using routine calculus, and the equation of equilibrium between [image: image] and P at the upper and lower limit points can be expressed as
[image: image]
where
[image: image]
Therefore, the upper and lower limit point buckling loads can be obtained by solving Eqs 38, 43 simultaneously.
It can be found that the Eq. 43 for equilibrium of limit point buckling mode of the FGM arches are the same as those for the homogeneous arches (Lu et al., 2018). Similarly, refer to limit point buckling theory of the homogeneous arches under the locally uniformly distributed radial load, the axial force parameter [image: image] and the axial force N in the FGM arch during lowest possible limit point buckling are respectively given by
[image: image]
In addition, also refer to the above theory of homogeneous arch, the central displacement [image: image] corresponding to the lowest buckling load of the FGM arch as
[image: image]
with
[image: image]
The Eq. 46 has a real solution only when
[image: image]
from which the modified geometric slenderness [image: image] of the lowest buckling load of the FGM arch can be obtained once the type of the cross section and the locally uniformly distributed radial load are given.
The FGM arches under the locally uniformly distributed radial load may buckle in a bifurcation mode. The equation of equilibrium of the FGM arch in the primary equilibrium path is obtained from Eq. 29. Similarly, the differential equation of equilibrium of the FGM arch in the case of infinitely close to the bifurcation equilibrium path can be given by
[image: image]
Therefore, the equation for equilibrium of bifurcation mode of the FGM arches can be built by substituting Eq. 29 into Eq. 49 as
[image: image]
It’s can be found that the equation for equilibrium of bifurcation mode of the FGM arches are the same as those for the homogeneous arches (Lu et al., 2018). Similarly, refer to bifurcation buckling theory of the homogeneous arches, the axial force parameter [image: image] and the axial force N in the arch during bifurcation are respectively given by
[image: image]
In addition, the parameter [image: image] for bifurcation mode can then be expressed as
[image: image]
By substituting Eqs 51, 52 into Eq. 39, the equation of equilibrium between [image: image] and P at the upper and lower bifurcation points can be expressed as
[image: image]
where
[image: image]
[image: image]
[image: image]
with
[image: image]
The bifurcation buckling load of a FGM arch under a locally uniformly distributed radial load can be obtained once the localized parameter η is given.
Comparisons of Theoretical Solutions with ANSYS Results
According to Donnell’s shallow shell theory, in the ANSYS models of FGM arch, the geometry of the rectangular section was, the width b = 0.14 m, the total thickness h = 0.07 m, the power-law index p = 1 and the proportional coefficient of homogeneous ceramic layer [image: image]= 0.2. In addition, the geometric slenderness of the FGM arch S/h = 100. The Young’s modulus of the metal-ceramic material Al-Al2O3 are 70GPa and 380GPa, respectively.
When a multilayer for metal-ceramic material Al-Al2O3 is used to simulate a continuous gradient properties, the accuracy of the FGM arch model increases with an increase of the number of layers of metal-ceramic material Al-Al2O3. As demonstrated in Figure 3, when material distributions of the FGM arch is subjected to Type A (Figure 3A), the cross-section of the FGM arch have 101 layers, the first layer is a homogeneous ceramic layer, and the second to the 101st layers are gradient layers from ceramic to metal. When material distributions of the FGM arch is subjected to Type B (Figure 3B), the cross-section of the FGM arch have 201 layers, the first to the 100st layers are gradient layers from metal to ceramic, the 101st is a homogeneous ceramic layer, and the 102st to the 201st layers are gradient layers from ceramic to metal. When material distributions of the FGM arch is subjected to Type C (Figure 3C), the cross-section of the FGM arch have 202 layers, the first layer is a homogeneous ceramic layer, the second to the 101st layers are gradient layers from ceramic to metal, the 102st to the 201st layers are gradient layers from metal to ceramic, the 101st is a homogeneous ceramic layer, and the last layer is a homogeneous ceramic layer.
[image: Figure 3]FIGURE 3 | ANSYS model of material distributions of FGM arch (A) Type A (B) Type B (C) Type C (D) ANSYS model with boundary conditions.
In addition, the proposed theoretical solution of the buckling equilibrium path, the limit point and bifurcation buckling load for the FGM arches under the locally uniformly distributed radial load are validated by ANSYS finite element results. Convergence researches for using the shell element shell181 of ANSYS show that 80 elements can produce convergent results. Therefore, 80 shell181 elements are chosen to simulate the FGM arches (Figure 3D).
Comparisons of the theoretical solutions of Eqs. 33, 38 for the limit point buckling equilibrium path and the limit point buckling load of the FGM arches with the corresponding ANSYS results are plotted in Figure 4. The variation curves of the dimensionless locally uniformly distributed radial load Q/(2NEc2Θ) with the dimensionless central displacement vc/f are plotted in Figure 4A for material distributions of the FGM arch being subjected to Type A, in Figure 4B for material distributions of the FGM arch being subjected to Type B, and in Figure 4C for material distributions of the FGM arch being subjected to Type C, where the locally uniformly distributed radial load with [image: image], the modified geometric slenderness [image: image] and [image: image]. It can be seen from Figures 4A–C that the theoretical solutions for the limit point buckling equilibrium path and the limit point buckling load of the FGM arches are highly consistent with the corresponding ANSYS results.
[image: Figure 4]FIGURE 4 | Comparisons of the theoretical solutions for the limit point buckling with the corresponding ANSYS results (A) Type A (B) Type B (C) Type C.
Comparisons of the theoretical solutions of Eqs 33, 53 for bifurcation buckling equilibrium path and the bifurcation buckling load of the FGM arches with the corresponding ANSYS results are plotted in Figure 5. The variation curves of the dimensionless locally uniformly distributed radial load Q/(2NEc2Θ) with the dimensionless central displacement vc/f are plotted in Figure 5A for material distributions of the FGM arch being subjected to Type A, in Figure 5B for material distributions of the FGM arch being subjected to Type B, and in Figure 5C for material distributions of the FGM arch being subjected to Type C, where the locally uniformly distributed radial load with [image: image], the modified geometric slenderness [image: image]. It can be seen from Figures 5A–C that the theoretical solutions for bifurcation buckling equilibrium path and the bifurcation buckling load of the FGM arches are highly consistent with the corresponding ANSYS results.
[image: Figure 5]FIGURE 5 | Comparisons of the theoretical solutions for the bifurcation buckling with the corresponding ANSYS results (A) Type A (B) Type B (C) Type C.
Hence, the theoretical solutions of Eqs 33, 38, 53 can be used to predict the buckling equilibrium path, the limit point and bifurcation buckling load for the FGM arches under the locally uniformly distributed radial load.
Limit Point Buckling Analysis
This section investigates the effects of the localized parameter η of locally uniformly distributed radial load, the type and the power-law index p of material distributions of the FGM arch on the limit point buckling equilibrium path and the limit point buckling load for FGM arches under a locally uniformly distributed radial load.
Under the locally uniformly distributed radial load, the limit point buckling equilibrium path obtained from Eqs 33, 38 for FGM arches having different localized parameter η are plotted in Figure 6A with the variation curves of vc/f vs Q/(2NEc2Θ), and in Figure 6B with the variation curves of N/NEc2vs Q/(2NEc2Θ), where the modified geometric slenderness [image: image], the power-law index p = 1, the proportional coefficient of homogeneous ceramic layer [image: image]= 0.2, the geometric slenderness S/h = 100 and the material distributions of FGM arches are subjected to Type A. Also plotted in Figure 6 are the limit points given by Eqs 38, 43. In Figure 6, when the upper limit point is reached, the load system and limit point buckling equilibrium path of FGM arches snaps through to the remote equilibrium branch, and the displacement become very large. Therefore, the upper limit point is the limit point buckling load. It can also be seen from Figure 6 that the localized parameter η has a significant effect on the limit point buckling equilibrium path and the limit point buckling load, the limit point buckling load increases with an increase of localized parameter η, which indicates that FGM arches having a larger length of the locally uniformly distributed radial loading segment are more prone to limit point buckling.
[image: Figure 6]FIGURE 6 | Limit point buckling equilibrium path for FGM arches having different localized parameter (A)vc/f vs Q/(2NEc2Θ) (B)N/NEc2vs Q/(2NEc2Θ).
In addition, the limit point buckling equilibrium path obtained from Eqs 33, 38 for FGM arches having different type of material distributions are plotted in Figure 7A with the variation curves of vc/f vs Q/(2NEc2Θ), and in Figure 7B with the variation curves of N/NEc2vs Q/(2NEc2Θ), where [image: image], η = 0.5, [image: image]= 0.2, S/h = 100, p = 1. It can be seen from Figure 7 that the type of material distributions has a significant effect on the limit point buckling equilibrium path and the limit point buckling load, Type C has a largest limit point buckling load among Type A, Type B and Type C, which indicates that under the same proportion of metal and ceramic materials, the distribution of ceramics on the upper and lower surfaces of the cross-section can greatly improve the stability of the FGM arch.
[image: Figure 7]FIGURE 7 | Limit point buckling equilibrium path for FGM arches having different type of material distributions (A)vc/f vs Q/(2NEc2Θ) (B)N/NEc2vs Q/(2NEc2Θ).
Similarly, Figure 8A plots the variation curves of vc/f vs Q/(2NEc2Θ) and Figure 8B plots the variation curves of N/NEc2vs Q/(2NEc2Θ) for FGM arches having different power-law index p, where [image: image], η = 0.5, [image: image]= 0.2, S/h = 100 and the material distributions of FGM arches are subjected to Type A. It can also be seen from Figure 8 that the power-law index p has a significant effect on the limit point buckling equilibrium path and the limit point buckling load, the limit point buckling load increases with a decrease of the power-law index p, which indicates that FGM arches having a smaller power-law index p of material distributions are more prone to limit point buckling.
[image: Figure 8]FIGURE 8 | Limit point buckling equilibrium path for FGM arches having different power-law index of material distributions (A)vc/f vs Q/(2NEc2Θ) (B)N/NEc2vs Q/(2NEc2Θ).
Furthermore, the influences of the modified geometric slenderness [image: image], the type and the power-law index p of material distributions of the FGM arch, the proportional coefficient of homogeneous ceramic layer [image: image] and the localized parameter η of the locally uniformly distributed radial load on the limit point buckling load of the FGM arch are studied in detail as well. The variation curves of η vs Q/(2NEc2Θ) are plotted in Figure 9A for a FGM arch having different modified geometric slenderness [image: image], in Figure 9B for a FGM arch having different type of material distributions, in Figure 9C for a FGM arch having different power-law index p of material distributions and in Figure 9D for a FGM arch having different proportional coefficient of homogeneous ceramic layer [image: image]. It can be seen again from Figure 9 that the limit point buckling load increases with an increase of localized parameter η. It can be seen from Figure 9A that the limit point buckling load increases with an increase of modified geometric slenderness [image: image]. It can be seen again from Figure 9B that Type C has a largest limit point buckling load among Type A, Type B and Type C. In addition, because the composition proportion of ceramics increases with an increase of the proportional coefficient of homogeneous ceramic layer [image: image] and a decrease of the power-law index p of material distributions of the FGM arch. Therefore, Figures 9C,D show the limit point buckling load increases with an increase of the proportional coefficient of homogeneous ceramic layer [image: image] and a decrease of the power-law index p of material distributions of the FGM arch, and the power-law index p has a more obvious effect on the limit point buckling load.
[image: Figure 9]FIGURE 9 | η vs Q/(2NEc2Θ) (A) different modified geometric slenderness (B) different type of material distributions (C) different power-law index p of material distributions (D) different proportional coefficient of homogeneous ceramic layer.
Bifurcation Buckling Analysis
This section investigates the effects of the localized parameter η of locally uniformly distributed radial load, the type of material distributions of the FGM arch on the bifurcation buckling equilibrium path and the bifurcation buckling load for FGM arches under a locally uniformly distributed radial load.
Under the locally uniformly distributed radial load, the bifurcation buckling equilibrium path obtained from Eqs 33, 53 for FGM arches having different localized parameter η are plotted in Figure 10A with the variation curves of vc/f vs Q/(2NEc2Θ), and in Figure 6B with the variation curves of N/NEc2vs Q/(2NEc2Θ), where the modified geometric slenderness [image: image], the power-law index p = 1, the proportional coefficient of homogeneous ceramic layer [image: image]= 0.2, the geometric slenderness S/h = 100 and the material distributions of FGM arches are subjected to Type A. Also plotted in Figure 10 are the bifurcation buckling points given by Eq. 53. In Figure 10, the upper bifurcation buckling point is on the primary equilibrium path and bifurcation buckling equilibrium path, when this point is reached, the load decreases with an increase of the central displacement, and the dimensionless axial force parameter axial force N/NEc2 still unchanged during this moment. When lower bifurcation buckling point is reached, the equilibrium path of the FGM arch returns from the bifurcation buckling equilibrium path back to the primary equilibrium path.
[image: Figure 10]FIGURE 10 | Bifurcation equilibrium path for FGM arches having different localized parameter (A)vc/f vs Q/(2NEc2Θ) (B)N/NEc2vs Q/(2NEc2Θ).
It can also be seen from Figure 10 that the localized parameter η has a significant effect on the bifurcation buckling equilibrium path and the bifurcation buckling load, the bifurcation buckling load increases with an increase of localized parameter η, which indicates that FGM arches having a larger length of the locally uniformly distributed radial loading segment are more prone to bifurcation buckling.
In addition, the bifurcation buckling equilibrium path obtained from Eqs 33, 53 for FGM arches having different type of material distributions are plotted in Figure 11A with the variation curves of vc/f vs Q/(2NEc2Θ), and in Figure 11B with the variation curves of N/NEc2vs Q/(2NEc2Θ), where [image: image], η = 0.5, [image: image]= 0.2, S/h = 100, p = 1. It can be seen from Figure 11 that the type of material distributions has a significant effect on the bifurcation buckling equilibrium path and the limit point buckling load, Type C has a largest bifurcation buckling load among Type A, Type B and Type C, which indicates again that under the same proportion of metal and ceramic materials, the distribution of ceramics on the upper and lower surfaces of the cross-section can greatly improve the stability of the FGM arch.
[image: Figure 11]FIGURE 11 | Bifurcation equilibrium path for FGM arches having different type of material distributions (A)vc/f vs Q/(2NEc2Θ) (B)N/NEc2vs Q/(2NEc2Θ).
Furthermore, the influences of the localized parameter η of locally uniformly distributed radial load, the type of material distributions and the modified geometric slenderness [image: image] of the FGM arch on the limit point buckling load and bifurcation buckling load of the FGM arch are studied in detail as well. The variation curves of [image: image]vs Q/(2NEc2Φ) are plotted in Figure 12A for a Type A FGM arch having different localized parameter η, in Figure 12B for a Type B FGM arch having different localized parameter η and in Figure 12C for a Type C FGM arch having different localized parameter η. It can be seen from Figure 12 that the limit point buckling load and bifurcation buckling load increase with an increase of the modified geometric slenderness [image: image] and the localized parameter η. It can also be seen from Figure 12 that Type C has a largest limit point buckling load and bifurcation buckling load among Type A, Type B and Type C. In addition, Figure 12 shows that the limit point buckling loads are initially larger than the bifurcation buckling loads, and then smaller than the bifurcation buckling loads while the modified geometric slenderness [image: image] reaches a certain value. However, when η = 0.25, the limit point buckling loads are larger than the bifurcation buckling loads with any modified geometric slenderness [image: image]. Therefore, the modified geometric slenderness [image: image] that is a switches of bifurcation buckling domination and limit point buckling domination may not exist within a certain range of the localized parameter η.
[image: Figure 12]FIGURE 12 | Limit point buckling load and bifurcation buckling load of the FGM arch (A) Type A (B) Type B (C) Type C.
CRITERIA FOR SWITCHES OF BUCKLING MODE OF FUNCTIONALLY GRADED MATERIAL ARCH
It can be seen from the above research that fixed FGM arches under a locally uniformly distributed radial load may buckle in a limit point buckling mode or in a bifurcation buckling mode. The buckling equilibrium path for FGM arches having different modified geometric slenderness are plotted in Figure 13 with the variation curves of vc/f vs Q/(2NEc2Θ), where η = 0.75, [image: image]= 0.2, S/h = 100, p = 1 and the material distributions of FGM arches are subjected to Type A. Figure 13A shows that when [image: image], the buckling equilibrium path is in the lowest limit point buckling mode, which only has a inflection point, this mode is a switches of limit point buckling and no limit point buckling. Figure 13B shows when [image: image], the buckling equilibrium path is in the limit point buckling mode, which has two limit point. Figure 13C shows when [image: image], the buckling equilibrium path is in the lowest bifurcation buckling mode, which only has a bifurcation buckling point, this mode is a switches of bifurcation buckling and limit point buckling. Figure 13D shows when [image: image], the buckling equilibrium path is in the bifurcation buckling mode, which has two bifurcation buckling point. Figure 13E shows when [image: image], the buckling equilibrium path is in the lowest bifurcation buckling dominant mode, which has the same upper limit point and upper bifurcation buckling point, this mode is a switches of bifurcation buckling domination and limit point buckling domination. Figure 13F shows when [image: image], the buckling equilibrium path is in the bifurcation buckling dominant mode. Therefore, the modified geometric slenderness [image: image] of a fixed FGM arch play an important role in determining its buckling mode.
[image: Figure 13]FIGURE 13 | Buckling equilibrium path for FGM arches having different modified geometric slenderness (A)[image: image](B)[image: image](C)[image: image](D)[image: image](E)[image: image](F)[image: image].
The modified geometric slenderness λs obtained from Eq. 48 can make fixed FGM arches lose its stability in the lowest limit buckling mode. This modified geometric slenderness λsl can be expressed as
[image: image]
The modified geometric slenderness λs obtained from Eq. 53 can make fixed FGM arches lose its stability in the lowest bifurcation buckling mode. This modified geometric slenderness λsb1 can be expressed as
[image: image]
When the fixed FGM arches lose its stability in the lowest bifurcation buckling dominant mode, the modified geometric slenderness λsb2 corresponding to this mode can be obtained by equaling the upper bifurcation instability load to the upper limit point buckling load.
Typical variation curves of the localized parameter η vs the modified geometric slenderness λs are shown in Figure 14A for FGM arches having different type of material distributions, in Figure 14B for FGM arches having different power-law index p of material distributions and in Figure 14C for FGM arches having different proportional coefficient of homogeneous ceramic layer [image: image], where S/h = 100. It can be seen from Figure 14 that the localized parameter η has a significant effect on the modified geometric slenderness λsb1, λsb2, and a slightly effect on the modified geometric slenderness λsl, the modified geometric slenderness λsl, λsb1, and λsb2 increase with a decrease of the localized parameter η of the locally uniformly distributed radial load. Figure 14 defines four regions, region I corresponding to FGM arches with λs < λsl is subjected to the no buckling mode, region II corresponding to FGM arches with λsl < λs < λsb1 is subjected to the limit point buckling mode, region III corresponding to FGM arches with λsb1 < λs < λsb2 is subjected to the bifurcation buckling mode, region IV corresponding to FGM arches with λs > λsb2 is subjected to the bifurcation buckling dominant mode. In addition, it can be seen from Figure 14A that the type of material distributions has a significant effect on the modified geometric slenderness λsl, λsb1 and λsb2, Type C has largest modified geometric slenderness λsl, λsb1 and λsb2 among Type A, Type B and Type C, Figures 14B,C shows the modified geometric slenderness λsl, λsb1 and λsb2 increase with an decrease of the power-law index p of material distributions and the proportional coefficient of homogeneous ceramic layer [image: image].
[image: Figure 14]FIGURE 14 | Localized parameter η vs Modified geometric slenderness λsl, λsb1, and λsb2(A) different type of material distributions (B) different power-law index p of material distributions (C) different proportional coefficient of homogeneous ceramic layer.
CONCLUSION
Theoretical studies of the nonlinear in-plane buckling of a fixed circular functionally graded material (FGM) arches under a locally uniformly distributed radial load have been explored in this paper. It was found that fixed FGM arches under a locally uniformly distributed radial load may buckle in a limit point buckling mode or in a bifurcation buckling mode. Theoretical solutions for the limit point buckling load and bifurcation buckling loads and nonlinear equilibrium path of the fixed FGM arches that are subjected to three different types of material distributions were obtained. It was found that the type of material distributions of the fixed FGM arches slight the limit point buckling loads and bifurcation buckling loads as well as the nonlinear equilibrium path significantly. Type C had a largest limit point buckling load and a largest bifurcation buckling load among Type A, Type B and Type C, it indicated that under the same proportion of metal and ceramic materials, the distribution of ceramics on the upper and lower surfaces of the cross-section can greatly improve the stability of the FGM arch. In addition, the limit point buckling load and bifurcation buckling load also increase with an increase of the modified geometric slenderness [image: image] and the localized parameter η and the proportional coefficient of homogeneous ceramic layer [image: image] as well as a decrease of the power-law index p of material distributions of the FGM arch.
The critical modified geometric slendernesses λsl, λsb1, and λsb2 that are switches of buckling modes were also derived. The localized parameter η has a significant effect on the modified geometric slenderness λsb1, λsb2, and limited effect on the modified geometric slenderness λsl, the modified geometric slenderness λsl, λsb1, and λsb2 increase with a decrease of the localized parameter η of the locally uniformly distributed radial load. It was found that Region I corresponding to FGM arches with λs < λsl is subjected to the no buckling mode, region II corresponding to FGM arches with λsl < λs < λsb1 is subjected to the limit point buckling mode, region III corresponding to FGM arches with λsb1 < λs < λsb2 is subjected to the bifurcation buckling mode, region IV corresponding to FGM arches with λs > λsb2 is subjected to the bifurcation buckling dominant mode. In addition, it was also found that the type of material distributions has a significant effect on the modified geometric slenderness λsl, λsb1 and λsb2, Type C has the largest modified geometric slenderness λsl, λsb1 and λsb2 among Type A, Type B and Type C, and the modified geometric slenderness λsl, λsb1 and λsb2 increase with an decrease of the power-law index p of material distributions and the proportional coefficient of homogeneous ceramic layer [image: image]. Theoretical solutions for FGM arches under a locally uniformly distributed radial load derived in this paper would be useful as a reference for the design of buckling of the FGM arches in the future.
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Anterior cervical discectomy and fusion (ACDF) is a commonly used surgical method for the treatment of cervical spondylosis. As ACDF surgery is widely used in clinics, identifying suitable materials to design and prepare cervical interbody fusion cages is a hot research topic. Here, we describe a new three-dimensional (3D) printing approach to create stretchable and tough silk fibroin/nano-hydroxyapatite (SF/nHAp) composites with tunable mechanical properties. The compressive strength of the novel composites with biomimetic structure could reach more than 128 MPa. More importantly, the composites were prepared using 30% silk fibroin and 70% hydroxyapatite, a composition similar to the human bone tissue. Finite element analysis results indicate that the stress distribution of SF/nHAp composite cervical interbody fusion cages in vivo is more uniform than that of commercial Ti alloy cages. This study evaluates the effectiveness of SF/nHAp composites for application in cervical interbody fusion cages and in the field of bone tissue engineering.
Keywords: 3D printing, cervical interbody fusion cages, biomechanical properties, silk fibroin, nano-hydroxyapatite, composites
INTRODUCTION
In cervical fusion surgery, it is always difficult to choose the appropriate bone implant (Park and Roh, 2013; Ming et al., 2015; Mazas et al., 2019). A bone tissue engineering scaffold not only plays the role of structural support in a human body but is also beneficial for cell adhesion, growth, and reproduction, providing a place for tissue regeneration and plasticity (Dias et al., 2021; Su et al., 2021). Therefore, bone tissue engineering scaffold materials should have good biocompatibility, degradability, osteoinduction, certain compressive strength, and toughness to meet the requirements of cell proliferation and differentiation on the surface of materials (Ming et al., 2015; Wei et al., 2019).
Currently, inorganic composite materials occupy a very important place in the research of bone tissue engineering scaffold materials. Among these inorganic materials, hydroxyapatite, the main component of human bones and teeth, has good biocompatibility and is a commonly used hard tissue material that can perfectly combine with human bones and induce the formation of new bones (Cho et al., 2017; Pitjamit et al., 2020; Thunsiri et al., 2020). However, a single hydroxyapatite particle has inherent defects such as high brittleness and low bending strength, which limit its further application in bone tissue engineering. Currently, the most commonly used method to improve the comprehensive properties of hydroxyapatite is by compounding it with metals and ceramics (Jin et al., 2014; Farokhi et al., 2018). However, hydroxyapatite/metal composites have some problems, such as metal corrosion, dense fibrous tissue, and stress shielding at the bone–graft interface (Larobina et al., 2012; Ming et al., 2015; Campo et al., 2017; Deng et al., 2017). However, hydroxyapatite/polymer composites have gradually become a research hotspot because of their advantages of no tissue reaction, no inhibition of bone growth, and no need of secondary surgery (Jin et al., 2014; Cho et al., 2017; Farokhi et al., 2018).
With the rapid development of nanotechnology, the application of nano-hydroxyapatite is becoming more extensive. The nanostructure of nano-hydroxyapatite can provide an amazing interface effect, significantly improving its biomechanical strength and increasing its surface bioactivity (Ruan et al., 2018). In addition, some polymers, including synthetic and natural polymers, with good flexibility and degradability have gradually gained attention as promising candidate materials for compounding with hydroxyapatite (Hassanajili et al., 2019; Pei et al., 2019; Cakmak et al., 2020). Compared with synthetic polymers, natural polymers have attracted more attention in bone tissue engineering due to their unique biocompatibility and biodegradability. Chen et al. made a kind of bone implant material with nano-hydroxyapatite/collagen composite material which has high biocompatibility and strong biomechanical properties, and is an ideal bone tissue engineering scaffold choice (Chen et al., 2016). However, collagen materials are mainly extracted from animals or synthesized artificially, which makes it difficult to be widely used in experimental research and clinical practice (Sun et al., 2016; Kambe et al., 2017). Among natural polymers, silk fibroin derived from silk is a natural high-purity protein composed of a variety of amino acids and has a clear sequence of amino acids, and this natural polymer has high safety, which can eliminate the potential immune sensitization (Jin et al., 2014; Gholipourmalekabadi et al., 2015). The most striking feature is that silk fibroin also has excellent biological activity, which can support the adsorption, adhesion, diffusion, and differentiation of various cells on its surface (Ruan et al., 2018). In addition, silk fibroin has excellent vascular induction ability, which further promotes the repair of surrounding tissues. These excellent properties make silk fibroin an ideal choice to replace collagen (Kambe et al., 2017).
In this work, we constructed a composite material for bone tissue engineering by combining silk fibroin (SF) with nano-hydroxyapatite (nHAp) and prepared a cervical interbody fusion cage by 3D printing. The mechanical properties of the SF/nHAp composite cage were tested, and finite element analysis was conducted to compare the biomechanical properties of the SF/nHAp cage and commercial Ti alloy cages.
MATERIALS AND METHODS
Materials
Silk fibroin was purchased from the Institute of Chemistry, Chinese Academy of Sciences; nano-hydroxyapatite was obtained from Beijing Deco Island Gold Technology Co., Ltd. Sodium carbonate, calcium chloride, ethanol, deionized water, diammonium hydrogen phosphate, and ammonia water were all purchased from Sinopharm Chemical Reagent Co., Ltd. (China) and used as received without further purification.
Fabrication of Silk Fibroin
First, 0.5% sodium carbonate solution in a beaker was heated to a slight boiling point, 15 g silk was added and the mixture stirred for 0.5 h, the mixture was rinsed with deionized water, the above process was repeated for secondary degumming, and then the mixture was allowed to dry naturally. The degummed silk fibroin was weighed. Then, 13.8 g degummed silk fibroin was added into a ternary system of calcium chloride, ethanol, and water at a molar ratio of 1:2:8 and dissolved at 60°C for 2 h. After dissolution, 1.5 times deionized water (heated to 60°C in advance) was added, the mixture cooled to room temperature, filtered with a filter membrane, and transferred into a dialysis bag for dialysis for 3–5 days to obtain silk fibroin (SF) material (Huang et al., 2019).
Preparation of SF/nHAp Composites
15 g silk was soaked in 0.5% sodium carbonate solution (90°C) for 0.5 h, and then the aforementioned process was repeated for secondary degumming. Then, the mixture was air-dried naturally to obtain degummed silk fibroin. 3.25 g of degummed silk fibroin was dissolved in 36.5 ml of calcium chloride, ethanol, and water at a molar ratio of 1:2:8 at 60°C; temperature was adjusted to 75°C; and diammonium hydrogen phosphate solution was added dropwise. After 24 h, the product was washed with deionized water and freeze-dried to obtain SF/nHAp composites.
Cervical Interbody Fusion Cage Fabricated With 3D Printing Technique
A 3D bioprinter (EFD company, 2400) was used to prepare the 3D printing cage. The 3D model (Figure 1A) of the cage that was supposed to be implanted between C5 and C6 was obtained by Mimics. The original 3D CT image of the cervical spine (Figure 1B) was scanned from a healthy woman, who is 55 years old, 165 cm tall, and 70 kg in weight.
[image: Figure 1]FIGURE 1 | (A) 3D model of the cervical interbody fusion cage obtained by Mimics. (B) Original 3D CT image of the cervical spine scanned from a healthy woman.
The prepared SF/nHAp composites were loaded into a syringe and centrifuged to exhaust air. Under the condition of pressure of 15Psi and linearity of 8 mm/s, 3D direct writing printing and layer-by-layer printing were carried out to make the cervical interbody fusion cage. The 3D printing cervical interbody fusion cage was soaked in 5% calcium chloride–water–ethanol solution for one night and dried naturally to obtain the cervical interbody fusion cage, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Photos of the 3D-printed cervical interbody fusion cage.
Characterization of SF/nHAp Composites
The crystalline structures and chemical compositions of the SF/nHAp composites were examined by X-ray diffraction (XRD; Empyrean, Panaco) and Fourier transform infrared spectroscopy (FTIR; iS10, Thermo Fisher Scientific). The morphologies of the SF/nHAp composites were determined by scanning electron microscopy (SEM; JSM7500F, JEOL).
Mechanical Property Testing of SF/nHAp Composites
An electronic universal material testing machine (Instron 3365, Instron) was used to test the compressive properties of the SF/nHAp composites. The unconstrained sample, with size 12.7 × 12.7 × 25.4 mm, was compressed between flat steel plates at a constant strain rate of 1 mm/min.
RESULTS AND DISCUSSION
The SEM images (Figure 3 show the formation of nano-hydroxyapatite needles on the silk fibroin substrate. The length and width of the nano-hydroxyapatite needles are ∼400 and ∼24 nm, respectively.
[image: Figure 3]FIGURE 3 | (A) SEM images showing nano-hydroxyapatite needles formed on the silk fibroin substrate. (B) High magnification of SEM images of nano-hydroxyapatite needles.
Figure 4 presents the XRD patterns of the pure HAp and SF/nHAp composites. The XRD pattern shows that the peak position of SF/nHAp is the same as that of pure HAP, and there is no other phosphate diffraction peak, indicating that hydroxyapatite crystals are formed. It could be proved that although the silk fibroin material is present in the SF/nHAp composite material, it does not affect the formation of hydroxyapatite crystals in the composite material. In addition, the bottom of the SF/nHAp diffraction peak is broad and not sharp.
[image: Figure 4]FIGURE 4 | XRD patterns of the pure HAp and SF/nHAp composites.
The FT-IR results show that SF/nHAp composites are formed, as shown in Figure 5. Among them, 1,053, 602,, and 563 cm−1 correspond to the characteristic peak of phosphate, indicating that the compositional and structural properties of hydroxyapatite are present in the composites, and 1,641, 1,520, and 1,234 cm−1 correspond to the characteristic peaks of amide I, II, and III, respectively, in the silk fibroin structure. Based on the above analysis, it can be seen that the structure and properties of SF/nHAp composites are clear.
[image: Figure 5]FIGURE 5 | FT-IR spectra of HAP, SF, and SF/nHAp composites.
With the development of nanotechnology, nano-hydroxyapatite with ultra-fine and nanostructures is being widely studied. Nano-hydroxyapatite materials can reduce the sintering temperature, improve the surface and interface effects of the nanomaterials, and degrade and absorb in the biological environment in the human body. Because of the excellent properties of silk fibroin and nano-hydroxyapatite materials, more and more research studies have used silk fibroin as a scaffold material combined with hydroxyapatite to make spinal intervertebral fusion cages. In this study, we successfully prepared SF/nHAp composites containing 30% silk fibroin and 70% hydroxyapatite. The composition (Ca/P ratio 1.67) is similar to that in the human bone tissue (Ca/P ratio 1.67).
The compression curve of the SF/nHAp composites is shown in Figure 6. The compressive stress linearly increases with increasing strain. The compressive stress at 9.77% strain is 1.28 GPa. The composite did not yield at ∼10%, which indicates that its compressive strength is higher than 1.28 GPa. The stress vs. strain curve is fitted by a linear equation. Young’s modulus of the composites is 12.9 GPa, which can be obtained as the slope of the fitting curve.
[image: Figure 6]FIGURE 6 | Compression curve of SF/nHAp composites.
FINITE ELEMENT ANALYSIS
To compare the mechanical behavior of the SF/nHAp composite cage and commercial titanium alloy cages, a finite element model was established by using COMSOL Multiphysics. The mechanical properties of the model components are listed in Table 1.
TABLE 1 | Mechanical properties of model components.
[image: Table 1]Generally, the mass of a human head is 7% of the person’s total body mass. Therefore, the weight of a woman’s head is ∼52N. It can be deduced that the moment applied on the C5 cervical vertebra is 1.8N•m. The stress distribution after implanting the cage is analyzed under various conditions, including standing, anteflexion, retro-extension, and side bend. As shown in Figure 7, under standing condition, the stress distributes uniformly in the SF/nHAp composite cage, while the stress concentration can be observed on the edge of the end plate when the Ti alloy cage is implanted.
[image: Figure 7]FIGURE 7 | Stress distribution under standing condition. (A) SF/nHAp composite cage. (B) Ti alloy cage.
Figure 8 shows the stress distribution under anteflexion, retro-extension, and side bend. By comparison, the stress concentration in the SF/nHAp composite cage is less significant than that in the Ti alloy cage. The results indicate that by using SF/nHAp composites with similar mechanical properties as the natural bone, stress concentration could be reduced compared to that using traditional Ti alloys.
[image: Figure 8]FIGURE 8 | Stress distribution under (A) anteflexion, (C) retro-extension, and (E) side bend with a SF/nHAp composite cage. Stress distribution under (B) anteflexion, (D) retro-extension, and (F) side bend with a Ti alloy cage.
CONCLUSION
In this study, a novel 3D-printed SF/nHAp composite scaffold was fabricated by using the direct writing–based 3D printing technology. This scaffold with biomimetic structure and appropriate mechanical properties showed good biocompatibility and provided suitable templates for cervical interbody fusion cages. Importantly, composites containing 30% silk fibroin and 70% hydroxyapatite were prepared by a safe and effective mineral co-deposition method. This biomimetic preparation method could be used to successfully prepare a composition and structure similar to the human bone tissue, so it is expected that this new composite material could become the ideal object of bone implant materials that are suitable for spinal bone graft fusion in follow-up research studies. This will provide access to functional multi-materials that have applications in cervical interbody fusion cages.
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As a kind of metamaterial, the negative Poisson’s ratio foams, which expand (shrink) in the transverse direction when stretched (compressed) in the longitudinal direction, have many potential applications in fields such as aerospace and mechanical and biomedical engineering. In this paper, the out-of-plane crushing behaviors of four types of the orthogonal isotropic NPR convex-concave foams (CCF) were extensively studied using an electronic universal testing machine and Instron machine at different strain rates where each test was conducted at a constant compressive velocity under uniaxial compression. Strain rate effect on mechanical properties of these foams is experimentally studied. When the strain rate increases, the compressive force enhancement of the foams is obvious and varies with different specimens. The difference in energy absorption and deformation patterns for these foams between quasi-static and dynamic loading conditions is also analyzed. We find that the deformation patterns for the specimens are not only related to the compressive velocities but also the topologies of the specimens. The research in this paper is expected to be meaningful for the optimization design of the foam structures/materials widely used in the fields of aerospace and mechanical and biomedical engineering.
Keywords: convex-concave foams, mechanical properties, strain rate effect, negative Poisson’s ratio, optimization design
INTRODUCTION
Negative Poisson’s ratio (NPR) foams, which expand (shrink) in the transverse direction when stretched (compressed) in the longitudinal direction, are a typical kind of mechanical metamaterial (Yang et al., 2004). Compared with the conventional foams with positive Poisson’s ratio, NPR foams have some enhanced mechanical properties, such as a higher fracture toughness, increased indentation resistance, superior damping and acoustic properties and enhanced sound absorption, and superior tensile fatigue performance (Lakes and Elms, 1993; Chen and Lakes, 1996; Choi and Lakes, 1996; Scarpa et al., 2003; Bezazi and Scarpa, 2007; Zhang et al., 2020b; Zhang et al., 2020c; Zhao et al., 2021).
Mechanical properties play a very important role in engineering applications of the NPR foams. To explore the mechanical properties of the NPR foams and thus promote their practical applications in the fields of vehicle, aerospace, and mechanical engineering, many kinds of NPR foams have been proposed by researchers in recent years. Lakes (1987) first developed novel re-entrant foams with negative Poisson’s ratio. Theocaris et al. (1997) used the numerical homogenization theory for the investigation of composite structures with star-shaped inclusions, which are able to exhibit a negative Poisson’s ratio. Evans et al. (1994) proposed a re-entrant three-dimensional, open-celled NPR foam. Based on the commercial soft polyurethane foam material as matrix and shape memory epoxy resin as functional phase, Yao et al. (2018) proposed such NPR foams with different re-entrant structures. Adopting an assembly method, Wang et al. (2018b) fabricated 3D double-arrow-head NPR foam structure and studied their mechanical properties. By using an initiator-integrated 3D printing technology, Zhang et al. (2018) introduced metal/polymer re-entrant foams with tunable NPR. Based on a classical re-entrant structure, Chen et al. (2018) proposed three kinds of novel lattice foams with NPR, which showed enhanced energy absorption capacity, stiffness, and strength. Fan et al. (2018) proposed a novel method based on steam penetration and condensation (SPC) process and fabricated foams with negative Poisson’s ratio. Using an interlocking assembly method, Wang et al. (2018a) fabricated the three-dimensional re-entrant auxetic foams made from carbon fiber reinforced polymer. Through pressure infiltration technology, Xue et al. (2019) fabricated the Al-based auxetic foams with polymer fillers and investigated their compressive mechanical properties with experimental and finite element analyses methods, which showed higher elastic modulus, compressive strength, and better energy absorption capacity. Through the experimental and finite element methods, Cui et al. (2018) have systematically studied effects of geometrical morphology on elastic moduli, energy absorption, and damage properties of the convex-concave foams (NPR). The CCF are constructed by replacing cell edges of the conventional open cell foams (COF), whose straight cell edges of square cross sections are arranged in planes at forty-five degrees relative to each other (Dolla, 2014), with sin-shaped cell edges of equal mass but different cross sections.
In the practical engineering applications, strain rate effect plays also a vital role in the reliable design of the NPR foams. With respect to strain rate effect of the structural materials, much research work has been done by the researchers all over the world. Baker et al. (1998) investigated the strain rate effect on energy absorption capacity of metal honeycombs through static and dynamic tests. The group of Tao Yong studied the strain rate effect on mechanical behaviour of metallic honeycombs under out-of-plane dynamic compression through theoretical and experimental analyses (Tao et al., 2015a), numerical simulation, and theoretical analysis (Tao et al., 2015b), respectively. Through an experimental analysis, Nia and Sadeghi (2013) investigated the effects of strain rate on the mechanical behaviour of bare and foam-filled honeycomb structures under compression. Adopting a modified Johnson rate dependent model, Tabiei and Wu (2000) investigated the strain rate effect on the dynamic response of wood material. Vural and Ravichandran (2003) studied the influence of strain rate on dynamic and energy dissipation properties of balsa wood through experimental and theoretical analysis. Widehammar (2004) systematically investigated the mechanical properties of spruce wood under different strain rates, moisture content, and loading direction; the strain rate effect on their stress-strain relationships was obtained. Comley and Fleck (2009) conducted experiments on adipose tissue under shear and compression, the strain rate effect on the mechanical properties of porcine adipose tissue was investigated. Guo et al. (2015) proposed a three-dimensional constitutive model to investigate the influence of strain rate on the mechanical properties of the shape memory polymer (epoxy). By conducting experiments on the luffa sponge material under different strain rates, Shen et al. (2013) studied the influence of strain rate on the mechanical properties of luffa sponge. Using an Instron machine and a split Hopkinson pressure bar apparatus, Miao et al. (2016) investigated nanosilica filled epoxies under different strain rates and the effects of strain rate on the mechanical properties of nanosilica/epoxy was analyzed. Pastorino et al. (2007) studied the NPR open cell foams, which showed that the strain rate has a great influence on the stress-strain curves and magnitudes of the Poisson’s ratio. Through finite element analysis, Yang et al. (2015) designed a metal foam model and investigated the strain rate effect on the foam structures. Dou et al. (2016) investigated the influence of strain rate on the aluminum foam sandwich panels based on the finite element models.
Taking into account their special properties originating from the effect of NPR, a variety of NPR foams have also been proposed for applications in the medical fields. By using custom-made digital micro-mirror device stereolithography technology, Soman et al. (2012) proposed and fabricated a multi-layer scaffold which exhibited simultaneous negative and positive Poisson’s ratio behavior. Choi et al. (2016) fabricated the organic/inorganic composite scaffolds by mixing hydroxyapatite (HA) to poly (lactide-coglycolide) (PLGA) which possess negative Poisson’s ratio (NPR) and investigated the mechanical properties and cyto-compatibility of the composite scaffold. Kim et al. (2017) investigated the influence of dynamic compressive stimulation on MG-63 cell proliferation on an auxetic PLGA scaffold which exhibits negative Poisson’s ratio. Using the organic-inorganic photopolymer SZ 2080, Flamourakis et al. (2020) fabricated a re-entrant hexagonal geometry scaffold which possess a negative Poisson’s ratio with the multiphoton lithography technique. Zhang et al. (2020) designed the unit cells of titanium alloy to mimic trabecular structure and investigated the difference between the design and fabrication of the trabecular structures, as well as mechanical properties and the progressive collapse behavior and failure mechanism of the scaffold. Park et al. (2005) fabricated the polyurethane foam with a negative Poisson’s ratio for the insoles of the shoes of diabetic patients. Park et al. (Park and Kim, 2013) designed a structural polyurethane scaffold which exhibits negative Poisson’s ratio for cartilage regeneration and the chondrocyte proliferation effectiveness within the auxetic scaffold under mechanical (compression) stimulation was studied.
Dedicated to promoting their applications in the fields of vehicle, mechanical, aerospace, and medical engineering, in this paper, strain rate effects on mechanical behaviors of the NPR CCF are further systematically studied. In the open literature, mechanical behaviors of the NPR CCF under different compressive loading strain rates are still not clear. In fact, systematic and deep understanding of mechanical behaviors of the NPR CCF under different compressive loading speeds or strain rates is critical for their practical engineering applications. Choosing one conventional foam (COF) and three NPR convex-concave foams (CCF) of equal mass as examples for illustration, strain rate effects on force-displacement curves and energy absorption, the damage patterns of the NPR CCF, and the influence of geometrical morphology on the mechanical properties of NPR foams are experimentally investigated. The study of this paper plays a vital role in the optimization design of the foam structures/materials and facilitates their practical application in engineering fields.
SAMPLES AND EXPERIMENTS
3D-Print of the Negative Poisson’s Ratio Convex-Concave Foams
In this paper, one kind of conventional foam and three kinds of NPR convex-concave foams (Cui et al., 2018) are investigated. Cubic unit cell models of the COF and CCF are shown in Figures 1A,B, respectively. t0 and l0 are the edge thickness and length of the COF, the CCF are constructed by replacing cell edges of the open-cell foam, whose square cross section cell walls are connected in the 45° diagonal direction, and the CCF have sin-shaped cell edges with chord span l0, chord height h, and side thickness t. By using 3D-printed technology, one type of COF and three kinds of CCF structures with equal quality are printed. As depicted in Figure 2A, the four kinds of samples are named COF0, CCF1, CCF2, and CCF3, respectively. They are constructed by 5 × 5 × 7 arrays (Figure 2B) of their cubic unit cell (Figures 1A,B). The materials of these samples are a type of nylon material (PA2200), whose young’s modulus and density (sintered) are 1500 MPa and 930 kg/m3.
[image: Figure 1]FIGURE 1 | (A) Cubic unit cell model of the conventional open-cell foams, in which the edge thickness is t0 and the edge length is l0; (B) Cubic unit cell model of the negative Poisson’s ratio convex-concave foams; (C) Schematic diagram of the sine-shaped cell edges of the convex-concave foams (CCF) with chord span l0, chord height h, and thickness t.
[image: Figure 2]FIGURE 2 | (A) Front views of the COF sample and the corresponding three kinds of CCF samples of equal mass: COF0 (t0 = 1 mm, l0 = 5 mm); CCF1 (h = 0.5 mm); CCF2 (h = 1 mm); CCF3 (h = 1.5 mm); (B) Schematic diagram of the CCF samples constructed by 5 × 5 × 7 arrays of the cubic unit cell shown in Panel 1B.
The curve of the sine-shaped cell edges (Figure 1C) of the CCF samples can be mathematically described as [image: image]([image: image]). To avoid the intersection of the sine-shaped cell edges, here [image: image]is assumed. Define the curve length of the sine-shaped cell edges as s, then s is expressed as:
[image: image]
According to the equal-mass principle, we have [image: image], which gives the side thickness t of the sine-shaped cell edges of the CCF samples
[image: image]
Here, the edge length and edge thickness of the COF0 are t0 = 1 mm and l0 = 5 mm. The chord height h of CCF1, CCF2, and CCF3 are 0.5, 1, and 1.5 mm, respectively. Apparently, when h = 0, the CCF becomes the COF. The chord height to span ratio of the COF0, CCF1, CCF2, and CCF3 are 0, 0.1, 0.2, and 0.3, respectively.
Quasi-Static Experiments
The quasi-static compression tests were performed in an electronic universal testing machine which has a load capacity of 50 kN, as shown in Figure 3A. An iron cylinder with polished upper surface was put on the lower platen and then the foam specimen was placed on the polished surface in order to minimize friction. During the experiment, the lower surface of these specimens was enforced and given normal displacement to move upward to compress the specimen at a constant loading speed of 2 mm/min (3.33 × 10−5 m/s). In the experiment, a computer and digital camera were used to record the displacement and load signals from the testing machine during the entire loading process.
[image: Figure 3]FIGURE 3 | Compressive testing machines for the experiments: (A) Universal testing machine for quasi-static tests, (B) Instron high rate testing system for dynamic tests.
Dynamic Compression Experiments
The dynamic tests were performed using an Instron VHS High Rate Testing System, as shown in Figure 3B. The system is equipped with VHS software, which helps to maintain a constant velocity during the compression of the specimens. The Instron machine can achieve a maximum velocity of 20 m/s in compression and has a load capacity of 100 kN. The specimens were placed on the bottom compression platen which was positioned at a considerably long distance from the top platen at the beginning of each test. During the compression, the upper platen moved downwards to impact with the lower fixed platen. Very thin and weak glue was used to stick the specimen to the lower platen in order to avoid any possible slippage of the specimens during the compression. The Instron machine was used on tests under 5 and 15 m/s, for which the corresponding nominal strain rates are 71.4 and 2.14×102 s−1, respectively, for specimens 70 mm high.
In this paper, each experiment was repeated three times at the same condition under quasi-static and dynamic loading for all specimens. Figure 4 shows the force-displacement curves of three types of NPR foams for three repeated tests under strain rates 71.4, 2.14 × 102 and 4.76 × 10−4 s−1. Although the data of compressive force has a slight gap, the overall trend is basically the same and there is good repeatability.
[image: Figure 4]FIGURE 4 | Results of repeated experiments on NPR foams: (A) CCF2 ([image: image]71.4s−1), (B) CCF3 ([image: image]2.14 × 102 s−1) and (C) CCF1 ([image: image]4.76 × 10−4 s−1).
RESULTS AND DISCUSSION
Force-Displacement Curves
In the experiments, four groups of foam specimens, namely COF0, CCF1, CCF2, CCF3, with different h/l0 ratios were tested at 5 m/s, 15 m/s, and 2 mm/min, for which the corresponding strain rates are 71.4, 2.14 × 102, and 4.76 × 10−2s−1. Three experiments were conducted for each type of the specimen. Table 1 gives the characteristics of different foam specimens with different h/l0 ratios tested. The force-displacement curves for these foams are shown in Figure 5. Similar to some metal foams, the force-displacement curves can be divided into three stages, namely, the initial elastic, plastic collapse region, and densification regime. The force of these curves linearly increases with strain up to the elastic limit, then the curve reaches a peak point and becomes non-linear after the elastic limit, after which the force fluctuates during the plastic collapse plateau regime. In these curves, strong fluctuations can be seen in all the dynamic loading tests, but the fluctuation degree of these different specimens is different from each other at the same strain rate. The specimen, COF0, has the most volatile curve and it fluctuates around the X-axis. For the other three groups of specimens, CCF1, CCF2, CCF3, their curves are almost all over the X-axis and with the increase of the h/l0 ratio, the degree of the fluctuation in the plateau region decreases. The specimens do not have an evident plateau region compared with metal foams and they have a wavy plateau stress which fluctuates significantly. For the specimen COF0 and CCF1 under dynamic loading, there is a negative value of the force in the curves after the initial peak, which indicates that, after the crushing of the first row of the specimen, there is a spring-back effect of the impactor mass; the reason for this phenomenon may be because of the property of the nylon or the failure modes of these specimens.
TABLE 1 | Summary of the tests on the foams and the results.
[image: Table 1][image: Figure 5]FIGURE 5 | Force-displacement curves for foam specimens under different strain rates: (A) COF0, (B) CCF1, (C) CCF2, (D) CCF3.
We can see from the force-displacement curves, compared with the quasi-static compression tests, the increase of the initial peak force under dynamic impact is obvious. The specimen COF0 has the biggest peak force and the plateau region of its force-displacement curve exhibits a marked serration in the plateau region compared with the other three types of specimens, the other three foams have a relatively flat platform stage in their force-displacement curves.
Figure 6 depicts the experimental results of the initial peak force of these foams. We find that the strain rate has a great influence on the force and such enhancement during the experiments is different between the four types of specimens. It is obvious that the initial peak force of the specimen COF0 under whether quasi-static or dynamic compression is bigger than the ones of these NPR foams. With the strain rate increasing, the peak stress will increase significantly. The peak force enhancement ratio under strain rate 2.14 × 102 and 71.4°s−1 is 248.8, 157.9, 128.6, 88.0, and 128.9, 107.8, 74.8, 58.4% for the specimen COF0, CCF1, CCF2 and CCF3 compared with the quasi-static compression under strain rate 4.76 × 10−4 s−1, respectively. The force enhancement ratio at strain rate 2.14×102 s−1 is 54.0, 24.5, 30.8 and 18.7% for the specimen COF0, CCF1, CCF2, and CCF3 compared with the dynamic crushing at strain rate 71.4 s−1, respectively. The conventional specimen COF0 has the largest increase in the force enhancement, which indicates that the conventional foam has a better enhancement capacity compared with the NPR foams. For the three types of NPR foams, the specimen CCF1 has the biggest dynamic enhancement and the specimen CCF3 has the least enhancement ratio compared with quasi-static compression.
[image: Figure 6]FIGURE 6 | The initial peak force-strain rate curve for the four types of foams: COF0,CCF1, CCF2, and CCF3.
Effect of Strain Rate on the Energy Absorption Properties of NPR CCF
Energy absorption (EA) is usually used as an indicator to evaluate the crashworthiness of a structure. By integrating the force-displacement curves of the specimens, the energy absorption is expressed as Eq. 3
[image: image]
where d is the effect total crushing length and F(x) is the crushing force in the force-displacement curves.
Choosing the specimen CCF1 as an example, the plot of compressive force and energy absorption is defined, as shown in Figure 7. By calculating the energy absorption of the four types of foams, the energy absorption-displacement curves for specimen COF0, CCF1, CCF2, and CCF3 under different strain rates are plotted in Figure 8. Analyzing the plots, the curves under dynamic loading condition for these specimens are above ones in static, which shows a good energy absorption enhancement, it is obvious that the strain rate has a great influence on the capacity of energy absorption of the NPR CCF.
[image: Figure 7]FIGURE 7 | Force and energy absorption-displacement curves for specimen CCF1 at 71.4 s−1.
[image: Figure 8]FIGURE 8 | Energy absorption-displacement curves for specimens; (A) COF0, (B) CCF1, (C) CCF2, (D) CCF3 under different strain rate.
For the specimen COF0, CCF1, and CCF2, the energy absorption curves under 71.4 and 2.14 × 102 s−1 are very close in the dynamic impact process. For specimen CCF3, when the strain rate increases from 71.4 to 2.14 × 102 s−1, the energy absorption enhancement is obvious, which shows that CCF3 has a significant negative Poisson’s ratio effect and it is more sensitive to strain rate than the other specimens.
In order to investigate the effect of strain rate on the total energy absorption of these specimens, we defined d = 40 mm as the effective total crushing length and obtained the average total energy absorption values of every specimen which is listed in Table 2. As shown in Figure 9, the values of energy absorption of these foams under dynamic loading (71.4 and 2.14 × 102 s−1) are obviously bigger than the ones under the quasi-static condition (4.6 × 10−4 s−1). For the specimen COF0 and CCF1, there is a big enhancement of the energy absorption when strain rate increases from 4.6 × 10−4 to 71.4 s−1: 39.05% for COF0 and 42.63% for CCF1. The increase of energy absorption for the CCF2 and CCF3 is 9.23 and 24.67%, which is lower than the specimen COF0 and CCF1. When the strain rate increases from 71.4 to 2.14 × 102 s−1, only the specimen CCF3 has an obvious increase in energy absorption, the values of the specimen COF0 and CCF1 do not change much; the main reason for this could be the specimen CCF3 is relatively sensitive to the strain rate compared to other foams in the experiment.
TABLE 2 | The results of total energy absorption under different strain rates for specimens COF0, CCF1, CCF2, CCF3.
[image: Table 2][image: Figure 9]FIGURE 9 | Comparison of energy absorption for the specimens COF0, CCF1, CCF2, and CCF3 under different strain rates.
Damage Patterns Under Quasi-Static and Dynamic Loadings
In the experiments, a high-speed camera was used to record the failure modes of the four types of foams in quasi-static and dynamic loading tests. Damage patterns have a direct relation to the material properties and the geometry topology of the structures. We will display diverse damage patterns under different strain rates later.
For the quasi-static compression, the damage pattern of the specimen COF0 was different from the other three kinds of NPR CCF. During the compression, they first began to buckle from the layer close to the interface near the upper platen and then the middle region of the specimen formed a fold, finally the specimen collapsed layer by layer and its deformation pattern is shown in Figure 10A. For the specimens NPR CCF, their deformation patterns were roughly the same. When the experiments began, the specimens CCF1, CCF2, and CCF3 first shrunk continuously and then buckled at the region near the upper platen, finally they displayed global bending. Little rebound was observed in the specimens after unloading and their deformation patterns are shown in Figures 10B–D.
[image: Figure 10]FIGURE 10 | The deformation patterns for the four types of specimens under quasi-static: (A) COF0, (B) CCF1, (C) CCF2, (D) CCF3.
For dynamic compression, we found that the damage pattern of the specimen COF0 was similar to one in the quasi-static. When the experiment began, a random layer was destroyed and then collapsed layer by layer until it compacted. For the three types of NPR foams, that may be because of the property of negative Poisson’s ratio material, the specimens have a long elastic stage compared with the conventional specimen COF0. When the compression initial peak force is achieved, the specimens are destroyed and their deformation patterns are different from the ones of the specimen COF0. We list the damage patterns of the specimen CCF1, CCF2, and CCF3 under different strain rates respectively, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | The typical damage patterns for the NPR foams: specimen CCF1 (A)[image: image]71.4 s−1 and (B)[image: image]2.14 × 102 s−1; specimen CCF2 (C)[image: image] 71.4 s−1 and (D)[image: image] 2.14 × 102 s−1; specimen CCF3 (E)[image: image] 71.4 s−1 and (F)[image: image]2.14 × 102 s−1.
For the specimen CCF1, when the experiment began, they were first damaged at the layer near the upper or lower platen and then collapsed gradually, as shown in Figures 11A,B. Different from the specimen CCF1, the specimen CCF2 was first damaged at a layer near the interfaces between the specimen and platens, then they were crushed layer by layer. The typical deformation patterns of these specimens are shown in Figures 11C,D. For the specimen CCF3, they have a bigger h/l0 ratio than the specimen CCF1 and CCF2; when they were compressed, they first produced a large deformation in the longitudinal direction and became thinner and thinner and then collapsed near the lower platen with the plastic buckling, as shown in Figure 11F. There is an interesting phenomenon that the deformation behavior of the specimen CCF3 under strain rate 71.4 s−1 as shown in Figure 11E is similar to the one in the quasi-static compression as shown in Figure 10D.
One interesting deformation pattern should be mentioned, for the specimen CCF1-2-1 and CCF1-1-1, when the experiment began, they first shrunk continuously and then started to break at the layer near the platen and then there was a destruction in the longitudinal direction, finally they collapsed gradually, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Typical damage pattern for the specimen: (A) CCF1-1-1, [image: image] = 71.4 s−1(B) CCF1-2-1, [image: image] = 2.14 × 102 s−1.
Effect of Geometrical Morphology on the Mechanical Properties of the NPR CCF
In this part, the effects of the geometrical parameters on the mechanical properties (the initial peak force and energy absorption) of NPR CCF are studied. As shown in Figure 13A, with the fixed strain rates, initial peak force decreases with the h/l0 increasing from 0 to 0.2. When the strain rate is 4.76 × 10−4 and 71.4 s−1, the initial peak force almost keeps a constant value when h/l0 increases from 0.2 to 0.3. Figure 13B depicts the change trend of energy absorption with h/l0, for fixed strain rates, the energy absorption increases when h/l0 increases from 0 to 0.1. Under strain rate 4.76 × 10−4 s−1, when the h/l0 increases from 0.1 to 0.3, the energy absorption decreases. However, for the strain rates 71.4 and 2.14 × 102 s−1, the energy absorption first decreases with h/l0 increasing from 0.1 to 0.2 and then increases when h/l0 increases from 0.2 to 0.3. We can find that CCF1(h/l0 = 0.1) has a better capacity of energy absorption compared to other NPR CCF.
[image: Figure 13]FIGURE 13 | The effects of the topology on the mechanical properties of these foams. (A) The quasi-static force-displacement curves for the four types of foams. (B) The peak force-h/l0 ratio curves under different strain rates.
CONCLUSION
In this paper, the mechanical properties of the four types of foams have been extensively investigated under different strain rates, namely, 4.76 × 10–4, 71.4, and 2.14 × 102 s−1. All tests were conducted at constant compressive velocities and all the specimens are of equal quality and have the same dimension. By analyzing the force-displacement curves, there is an enhancement of initial peak force when the strain rate increases. The influence of strain rate on the energy absorption is also studied. Under quasi-static compression, the conventional foam buckles from the layer close to the upper interface or lower interface and then collapses layer by layer and the other three types of foams first have a lateral contraction and then bend at the section near the middle region. The effect of topologies on the initial peak force and energy absorption is also investigated. The study of this paper provides the theoretical foundations for optimization design of mechanical properties of the NPR CCF and thus could promote their practical applications in the engineering fields.
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To study the deformation resistance of steel slag asphalt mixtures (SSAMs) under rainy conditions, limestone–asphalt mixtures (LAMs) and SSAM were soaked in water at room temperature for 120 days and rutting tests and triaxial compression tests were carried out. The results show that the deformation resistance of SSAM was improved after 120 days of immersion, the cohesion did not decrease significantly, and the internal friction angle increased by 25.1%; the deformation resistance of LAM decreased significantly, the cohesion decreased by 27.1%, and the internal friction angle decreased by 21.1%. To better understand the reason for the increased anti-deformation ability, adhesion tests of asphalt and microscopic studies of the steel slag surface were performed. The experimental results showed that the cohesion of steel slag did not decrease significantly after immersion because of the excellent adhesion between steel slag and asphalt. The increased internal friction angle was caused by calcium hydroxide and other crystals formed on the surface of the steel slag mixture after immersion, which increased the surface roughness of the steel slag aggregates and the internal friction angle of the SSAM. The mechanical properties of semirigid asphalt pavement were analyzed by ANSYS. It was determined that the shear stress of this type of pavement is large, and it can easily produce permanent deformations. Under the influence of moisture, the anti-deformation ability of SSAMs can grow, which promotes the high-temperature deformation resistance of asphalt pavement. Based on a test road used for 2 years, the SSAM pavement exhibited no pavement problems, such as cracking, loosening, or rutting, which indicates good practical road performance.
Keywords: steel slag asphalt mixture, deformation resistance, cohesion, internal friction angle, crystalline matters
INTRODUCTION
China is the largest steel-producing country, accounting for about 50% of global steel production. By the end of 2020, China’s steel production reached 1.05 billion tons, with an annual growth of 5.4%. Steel slag is the waste generated during steel making in the steel refining process, which corresponds to approximately 10–15% of crude steel output.
Steel slag is a reusable resource in many fields, and it can be employed as a soil conditioner or a steel slag cement compound (Lian et al., 2021). However, in order to be used in such applications, steel slag must go through a complex processing treatment. This process requires significant manpower and material resources and has a low utilization rate. Therefore, to date, the comprehensive utilization rate of steel slag in China is only about 38.7%.
Considering conventional methods of industrial and construction waste utilization, most solid waste is used as concrete aggregate (Tang et al., 2020; Tang et al., 2021a; Tang et al., 2021b). If a significant amount of steel slag can be applied in road-engineering projects, this would not only solve the urgent challenges regarding material shortages but would also help to reduce steel slag pollution on land. Therefore, numerous researchers around the world have evaluated whether steel slag can be used in asphalt mixtures.
The chemical composition of steel slag has an important influence on its applicability. The iron content in steel slag impacts its heating efficiency, such that a high iron content corresponds to a high heating efficiency (Wan et al., 2018). Additionally, as the steel slag content in asphalt mixtures increases, the thermal conductivity of the asphalt mixture first increases and then decreases (Barišić et al., 2017). Alkaline substances in steel slag can increase the concentration of asphalt components on the aggregate surface and enhance the adhesion between asphalt and steel slag (Jiao et al., 2020). Some heavy metals may also exist in steel slag. Reports have shown that the application of steel slag in highways does not lead to environmental pollution (Liu et al., 2020).
Steel slag asphalt mixtures (SSAMs) have many unique characteristics. If the free calcium oxide content in steel slag is too high, expansion cracking may occur during use, which could lead to performance degradation of the mixture. However, the influence of steel slag expansion on asphalt pavement can be reduced by properly designing the surface water isolation structure (Ma et al., 2020). If steel slag aggregates are used in an asphalt mixture, its permanent deformation resistance will be improved (Ameri et al., 2013). This means that replacing the skeleton of coarse aggregates with steel slag aggregates could improve the rutting resistance of the mixture (Ameli et al., 2020). Furthermore, it has been demonstrated that it is technically feasible to use steel slag as the coarse aggregate (Chen and Wei, 2016).
In addition to enhancing the deformation resistance of SSAM, steel slag aggregates can improve the anti-fatigue cracking performance of asphalt mixtures (Qazizadeh et al., 2018; Ziaee and Behnia, 2020), as well as their low-temperature performance (Chai et al., 2020). The improvement mechanism is governed by the alkalinity and a large specific surface area of steel slag (Zhu et al., 2020) and benefits from the physical anchoring and chemical adhesion effects between steel slag and asphalt (Pathak et al., 2020).
In an open-graded friction course, replacing part of the coarse aggregate with steel slag can improve the water damage resistance of the material. Incorporating 75% steel slag aggregate into OGFC promoted good road performance (Pattanaik et al., 2021). It was also demonstrated that using steel slag as coarse aggregate improved the friction resistance of OGFC; specifically, it was suggested that in hilly and rainy areas, 50% steel slag should be used instead of coarse aggregate in OGFC mixtures to improve the water damage resistance of roads (Preti et al., 2019).
In snow melting pavement, steel slag can improve the microwave heating efficiency to enhance snow melting on the road. Asphalt concrete mixed with 60% steel slag can effectively improve the snow melting efficiency of thermally conductive asphalt concrete and pavement temperature distribution (Lyu et al., 2021). When steel slag is used as the microwave deicing aggregate in an asphalt mixture, the steel slag serves as a microwave absorption reinforcement material to improve the heating efficiency of the asphalt mixture (Gao et al., 2017). Previously, a co-precipitation method was used to modify the steel slag particles, which increased the Fe3O4 content on the surface to completely replace the fine aggregate; after microwave heating, the internal temperature of the modified SSAM was 74.4% higher than that of the basalt asphalt mixture (Gulisano et al., 2020). Overall, adding steel slag and using microwave heating can clearly improve the performance of emulsified asphalt repair materials (Liu et al., 2017).
The application of steel slag in the gravel seal can recover industrial waste, reduce the consumption of natural resources, and promote the development of economic pavement maintenance technology by reducing CO2 emissions (Bonoli et al., 2020). In a warm mixture, adding steel slag can improve the water damage resistance of the asphalt mixture (Wei et al., 2020).
Objective
Although research regarding steel slag in general has been fruitful, the enhancement of SSAM’s anti-deformation ability is still not entirely understood. Steel slag is a material that is easily affected by water. Therefore, in the rainy season, changes in the anti-deformation performance of SSAMs must be considered to evaluate the potential applicability of steel slag aggregates in road engineering.
The main purpose of the present work was to study the causes and magnitudes of the changes to SSAMs’ anti-deformation performance under normal temperature immersion. The water stability, low-temperature deformation performance, and fatigue performance of SSAMs were also studied following normal temperature immersion.
Research Approach
In this study, SSAM was used as the research object, and a limestone–asphalt mixture was used as a reference. Rutting tests, triaxial compression tests, adhesion tests, and atomic force scanning tests were conducted to study the macroscopic and microscopic changes in the anti-deformation properties of asphalt mixtures immersed in water at 30°C for 120 days during the summer. A water stability test, a low-temperature bending test, and a fatigue test were also employed to detect the changes in the performance of SSAMs after immersion.
MATERIALS AND METHODS
Raw Materials and Specimens
For the asphalt base of penetration (70 ± 0.01 mm), steel slag aggregates and limestone aggregates from Tangshan, Hebei, were selected as the raw materials. After testing, the raw materials met the relevant requirements of Chinese standard JTG F40-2004. The parameters of these aggregate-related materials are shown in Table 1.
TABLE 1 | Measured parameters of steel slag and limestone aggregates.
[image: Table 1]Steel slag was used for the coarse aggregate and fine aggregate of the AC-13 SSAM, and limestone powder was used as a filler. Limestone was used for the coarse aggregate, fine aggregate, and mineral powder of the AC-13 limestone–asphalt mixture (LAM). The relevant Marshall volume parameters are shown in Table 2, and the unified mixture gradation is presented in Table 3.
TABLE 2 | Marshall indices of asphalt mixtures.
[image: Table 2]TABLE 3 | Preliminary gradation quality.
[image: Table 3]According to the Marshall test’s results, and to ensure consistent height and uniformity of the test specimens, a press machine and rut-forming machine were used to separately generate specimens’ triaxial compression and rutting tests. The size of the static pressure specimen was 250 mm in diameter and 160 mm in height, and these specimens were further processed into samples 150 mm in diameter and 150 mm in height; the size of each rutting specimen was 300 mm × 300 mm × 50 mm.
The micro test samples required special treatments because atomic force microscopy (AFM) generally adopts a tapping mode. The sample size is typically less than 1 cm2, the height should be controlled below 0.5 cm, and the surface fluctuation of the sample should not exceed 15 μm, otherwise the needle tip may be damaged. It was, therefore, necessary to cut the Marshall specimen into 3–5 mm slices, dissolve them in trichloroethylene, select the slices that met the test requirements, and wrap them with a layer of asphalt film.
The prepared triaxial compression specimens, rutting specimens, Marshall specimens, trabecular specimens, and microscopic specimens were immersed in normal temperature water in the summer for 120 days.
Testing Methods
Water Stability Test Method
Water resistance tests, rutting tests, and low-temperature bending tests were conducted on the asphalt mixtures in strict accordance with the technical requirements of Chinese standard JTG E20-2011.
Fatigue Tests
The fatigue testing machine used in this study was a universal testing machine (UTM), a multifunctional testing machine. The equipment was mainly composed of a refrigeration system, a hydraulic system, a temperature system, a pressure system, splitting accessories, a transverse displacement sensor, and a spindle displacement sensor. The instrument continuously applied pressure to the splitting accessories through the spindle, and the splitting accessories applied force to the Marshall specimen. The transverse displacement sensor was used to measure the transverse deformation of each Marshall specimen under pressure.
During these tests, the displacement sensor accessories were first installed on the Marshall specimen. Then the specimens were maintained at 15°C for at least 6 h. At that time, the test was begun immediately, according to the parameters compiled in Table 4.
TABLE 4 | Fatigue test parameters.
[image: Table 4]Triaxial Tests
The equipment used for the triaxial tests was a UTM-30 multifunctional testing machine, and the test temperature was 60°C. The instrument was mainly composed of a pressure chamber, an axial pressure system, a confining pressure application system, data acquisition system, and a control system.
The standard size of each specimen for the triaxial test was 100 mm in diameter and 150 mm in height. During the test, the control and acquisition systems of the triaxial apparatus were turned on, the designated confining pressure was applied, and the axial load was applied according to the constant loading rate. For specimens with a height of 150 mm, the constant loading rate was 7.5 mm/min, which corresponds to an axial strain rate of about 0.05 mm/(mmmin). When the peak value of axial pressure was reached, the test was stopped. If there was no peak value, the test was stopped when the strain reached 20%. After each test, the computer automatically calculated the cohesion and internal friction angle.
RESULTS AND DISCUSSION
Analysis of Rutting Test Results
Numerous studies have demonstrated that the deformation of asphalt pavement under a certain load undergoes the following three stages: 1) a further compaction stage, wherein the asphalt mixture is further compacted before about 1,000 load cycles; 2) the creep stability stage, wherein the asphalt mixture has been fully compacted (this deformation stage mainly involves slow creep under the load cycle); and 3) spalling in the accelerated deformation stage, wherein part of the asphalt spalling generates strain, and the strain rate of the asphalt mixture increases rapidly with time because of the influence of moisture. Therefore, moisture must be considered when evaluating the asphalt mixtures’ permanent deformation resistance to understand its performance during the rainy season.
In China, the evaluation index of the rutting test is dynamic stability, which refers to the walking times of a standard axle load borne by the asphalt mixture when a deformation of 1 mm occurs at 60°C; the larger the value, the better the anti-rutting performance of the asphalt mixture. The process of forming the test pieces is shown in Figure 1A, the soaking of the specimen is shown in Figure 1B, the rutting test is shown in Figure 1C, and the test results are shown in Figure 1D.
[image: Figure 1]FIGURE 1 | Rutting performance of asphalt mixtures: (A) test piece formation; (B) test piece soaking; (C) rutting test; and (D) results.
As shown in the figure, the dynamic stability of LAM after immersion decreased by 73% relative to the sample that was not immersed. In contrast, the dynamic stability of SSAM after immersion increased by 50% relative to that without immersion. These results indicated that the deformation resistance of LAM decreased after immersion, whereas SSAM endured some changes that increased the deformation resistance of SSAM upon immersion in water. The changes in deformation resistance are closely related to the cohesion and internal friction of the asphalt mixtures. Therefore, to further explore the origin of this phenomenon, triaxial compression tests were performed.
Triaxial Compression Tests
Asphalt mixtures are viscoelastic materials, meaning that under the action of shear stress, viscoelastic deformation of asphalt mixture occurs. The main properties that contribute to the shear capacity of an asphalt mixture are cohesion (с) and the internal friction angle (φ). To study the cohesion and internal friction angles of LAM and SSAM before and after immersion, triaxial compression tests were performed. The test procedures are shown in Figure 2A, and the test results are shown in Figure 2B.
[image: Figure 2]FIGURE 2 | Triaxial tests: (A) testing process and (B) results.
The results of the triaxial compression tests indicate that the cohesion of SSAM does not decrease significantly, but that of LAM decreases by 27.1%; the internal friction angle of SSAM increases by 25.1% and that of LAM decreases by 21.1%. The reduction in LAM cohesion and the internal friction angle are the main reasons for this material’s decreased deformation resistance after immersion, while the increase in the SSAM internal friction angle and the stability of its cohesion are the main reasons for the improvement of deformation resistance in the case of SSAM. To further explore the reasons why the cohesion of the SSAM remained unchanged and the internal friction increased after immersion, it was necessary to carry out asphalt adhesion and micro tests.
Asphalt Adhesion Tests
The adhesion test of asphalt is typically used to evaluate the adhesion between the aggregate surface and the asphalt to understand the anti-stripping ability of the asphalt film on the aggregate surface. According to the anti-stripping ability, the adhesion can be divided into five grades, where grade 5 is the best and grade 1 is the worst. The sample should be boiled for 3 min in a conventional laboratory, but to further study the aggregate adhesion, the boiling time in this study was extended to 6 min; the test results are shown in Figure 3C.
[image: Figure 3]FIGURE 3 | Adhesion tests between aggregates and asphalt: (A) steel slag aggregate adhesion test at 6 min; (B) limestone aggregate adhesion test at 6 min; and (C) results of aggregate adhesion.
As the boiling time increased, the adhesion grade of the steel slag and asphalt changed from 5 to 4, while that of limestone changed from 4 to 2. Figures 3A,B present test photos showing the asphalt adhesion of limestone and steel slag at 6 min. It is clear that the adhesion of steel slag/asphalt is much better than that of limestone/asphalt. This result indicates that the interface between steel slag and asphalt has a stronger resistance to high temperature and water immersion than the limestone–asphalt interface. This indirectly explains why the cohesion of SSAMs is only slightly reduced after long-term water immersion.
In the asphalt mixtures, the main function of asphalt is to provide the required cohesion and stabilizing force. When asphalt is gradually stripped from the asphalt mixture, the cohesion and stability also decrease, which consequently reduces the deformation resistance of the asphalt mixture.
Microscopic Tests
The longitudinal resolution of AFM images is less than 0.01 nm, which allows us to distinguish atomic level surface changes and to calculate the roughness of samples. Therefore, AFM was used to study the surface changes of steel slag before and after immersion.
The asphalt steel slag slices were soaked in trichloroethylene after immersion, and the asphalt on the surface was removed. Then, AFM scans were carried out on the steel slag slices. The testing process is shown in Figure 4A.
[image: Figure 4]FIGURE 4 | Microscopic tests: (A) test preparation; (B) specimen after 60 days of water immersion; (C) specimen after 120 days of water immersion; (D) scanning area and surface area of steel slag aggregates before water immersion; and (E) scanning area and surface area of steel slag aggregates after immersion.
Figure 4B shows the electron microscope scanning diagram of a specimen after 60 days of immersion, revealing hexagonal plate-like crystals. Figure 4C presents the atomic force scanning diagram of the sample immersed for 120 days, which clearly shows crystals that make the steel slag surface uneven.
Using Gwyddion software for data visualization and analysis, the surface area data from atomic force scanning was obtained, as shown in Figures 4D,E.
According to Figures 4D,E, the ratios of the steel slag surface area to the scanning area were 1.29 and 1.93 before and after soaking, respectively. This means that over the same scanning area, the surface area of steel slag soaked in room temperature water for 120 days was 1.5 times of that of non-immersed steel slag aggregate.
The aforementioned phenomenon indicates that with the prolongation of the soaking time, water soaked the steel slag along cracks and initiated hydration reactions on the surface of steel slag. This increased the surface roughness of the steel slag aggregate and the internal friction angle of the SSAM. Higher internal friction can enhance the anti-deformation ability of an asphalt mixture, which also improves its anti-rutting performance.
Other Road Performance Tests
The water stability, low-temperature deformation performance, and fatigue performance of LAM and SSAM after immersion were tested to evaluate their water damage resistance and tensile deformation resistance. Figure 5 illustrates the low-temperature bending test, the fatigue test, and the water stability test, and the results are presented in Table 5.
[image: Figure 5]FIGURE 5 | Other road performance tests: (A) Marshall test piece; (B) water stability test; (C) fatigue test; and (D) low-temperature test.
TABLE 5 | Experimental data of water stability and low-temperature deformation performance.
[image: Table 5]Table 5 indicates that when the SSAM specimen was immersed in water for 120 days, the residual stability, the freeze-thaw splitting strength ratio (TSR), and maximum bending tensile strain at failure met the specification requirements. Furthermore, SSAM had a higher fatigue life, which indicates that the SSAM still has excellent water damage resistance and low-temperature deformation capacity.
However, it should be noted that the expansion of the steel slag aggregate (less than 2%) and SSAM expansion (less than 1.5%) met the specification requirements. For a SSAM whose expansion does not meet the requirements, the TSR value and maximum bending tensile strain at failure would be significantly reduced. This is because SSAMs will expand and produce cracks, thus greatly reducing their deformation capacity.
As shown in Figure 6A, the Marshall specimen of the asphalt mixture with unqualified expansion in room temperature water for 120 days had large cracks on its surface, which were mainly caused by the large expansion of the steel slag aggregate. Based on Figure 6B, the stability of the Marshall specimen reached 23.68 kN; however, the maximum bending tensile strain of the asphalt mixture with unqualified expansion was only 500 µɛ, and the fatigue life was 3,000 times, which greatly reduced the material’s low-temperature tensile deformation resistance ability. When SSAM with unqualified expansion is used to pave roads, it can easily form cracks.
[image: Figure 6]FIGURE 6 | Expansion cracking: (A) Marshall specimen after 120 days of immersion; (B) Marshall stability after 120 days of immersion.
Therefore, the SSAM with qualified expansion has the growth resistance, excellent water damage resistance, and low-temperature deformation ability. However, the SSAM with unqualified expansion capacity is affected by moisture in the use process, and its low-temperature deformation performance and fatigue performance will be greatly reduced due to expansion cracks. In the process of production, it is inevitable that steel slag with unqualified expansion rate is used in asphalt pavement. In order to reduce the cracking caused by the expansion of steel slag, modified asphalt and fiber can be used in asphalt mixture (Jiang et al., 2020).
Significance and Engineering Practice of the Research Results
In China, semirigid base asphalt pavement is the main part of asphalt road. The semirigid base has high stiffness, strong load diffusion capacity, and plays the role of structural bearing, while asphalt pavement only plays the role of functional layer. In order to study the failure mode of semirigid base asphalt pavement structure, ANSYS is used to simulate the structure. The pavement structure, material parameters, and mesh division are shown in Figure 7A, and the profile of pavement structure along the load center is shown in Figure 7B.
[image: Figure 7]FIGURE 7 | Finite element analysis: (A) mesh dividing; (B) cross section; (C) stress intensity; and (D) maximum principal stress.
From Figures 7C,D, it is clear that the asphalt layer is in a high shear state, and the maximum shear stress appears on the road surface in the wheel gap center, meaning that the pavement surface can easily undergo permanent deformation. The semirigid base course bears too much bending tensile stress, so the pavement can easily produce reflection cracks (Figure 8). Therefore, most of the pavement issues on China’s expressways involve ruts and cracks. In the latest Chinese specifications, the design indices of semirigid pavement include the lowest layer tensile stress of the inorganic binder and the permanent deformation of the asphalt mixture layer.
[image: Figure 8]FIGURE 8 | Typical diseases: (A) local settlement of asphalt pavement; (B) removal of asphalt pavement surface; and (C) reflection crack of base course.
Under the influence of water, the high-temperature deformation resistance of SSAMs will undergo a certain amount of growth. If the SSAM is paved on the surface of asphalt pavement, it will effectively reduce the permanent deformation of the asphalt pavement to alleviate the development of ruts in semirigid asphalt pavement.
To verify the feasibility of steel slag application in high-grade highways, steel slag with qualified expansion is used in the asphalt pavement surface of a highway in Tangshan city, Hebei Province. The pavement structure is shown in Figure 9A, and core sampling at a representative site location is shown in Figure 9B.
[image: Figure 9]FIGURE 9 | Test road: (A) schematic diagram of a main line pavement structure; (B) core drilling sample; (C) condition of the test section; and (D) surface of the test section.
After two years of operation, the surface of the test section was smooth, and there was no cracking, loosening, rutting, or other pavement problems. Therefore, the material demonstrated shows good skid resistance and excellent road performance (Figures 9C,D).
CONCLUSION

1) After soaking SSAM and LAM in water for 120 days, the dynamic stability of LAM decreased by 73% relative to that before immersion, and the dynamic stability of SSAM after immersion increased by 50%.
2) Through triaxial compression tests, it was determined that the cohesion of SSAM did not decrease significantly, but that of LAM decreased by 27.1%; the internal friction angle of SSAM increased by 25.1%, and that of LAM decreased by 21.1%. The increase in the internal friction angle and stability of cohesion after immersion led to increased deformation resistance.
3) According to the asphalt adhesion tests, the adhesion between steel slag and asphalt was grade 4, and that of limestone was grade 2 after boiling for 6 min. The adhesion between steel slag and asphalt was superior to that between limestone and asphalt. Therefore, the reason why the cohesion did not decrease after long-term immersion was that steel slag and asphalt had excellent adhesion.
4) Based on the microscopic test, it was determined that hydration reactions occurred on the aggregate surface of the SSAM after immersion, which produced calcium hydroxide, and other crystals. These crystalline substances increased the surface roughness of the steel slag aggregate and the internal friction angle.
5) The SSAM with qualified expansion demonstrated growth resistance, excellent water damage resistance, and low-temperature deformation ability. However, the SSAM with unqualified expansion capacity was affected by moisture during use, and its low-temperature deformation performance was greatly reduced because of expansion cracks.
6) Through the ANSYS analysis, it was determined that the semirigid asphalt pavement could easily produce permanent deformations. Additionally, the high-temperature deformation resistance of SSAMs after contact with water could effectively reduce the permanent deformation of asphalt pavement, which alleviated the development of pavement ruts. The steel slag asphalt road that was open to traffic for two years exhibited no cracking, loosening, or rutting, which indicated that SSAMs with qualified expansion can be used in high-grade highways.
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In this paper, the microstructure and mechanical properties of the SG-CuAl8Ni6 Ni-Al bronze straight wall were studied, which was fabricated by the cold metal transfer (CMT) arc additive manufacturing technology. This Ni-Al bronze cladding layer of SG-CuAl8Ni6 is composed mainly of α-Cu, residual β phase, rich Pb phase and κ phase. The microstructure of this multilayer single-channel Ni-Al bronze straight wall circulating presents the overall periodic law, which changes from fine cellular crystals, columnar crystals to dendritic crystals with the increase of the distance from the substrate. The Vickers hardness value of the Ni-Al bronze straight wall decreases with the distance of substrate are between 155 and 185 HV0.5. The microhardness and elastic modulus of the Ni-Al bronze specimen are 1.57 times and 1.99 times higher than these of the brass matrix, respectively. The ultimate tensile strength (UTS) of the straight wall in the welding direction and 45° downward-sloping is greater than that of about 550 MPa in the stacking direction, and the elongation value in the welding direction is the highest. With the increase in interlayer temperature, the grain size increased gradually, and the tensile strength decreases slightly.
Keywords: cold metal transfer, additive manufacturing, microstructure, microhardness, tensile properties
INTRODUCTION
Copper alloys, with its excellent thermal and electric conductivity as well as mechanical properties, are widely used in the electrical, lighting and machinery fields. They also have good corrosion resistance to seawater and marine organisms, and thus are suitable to manufacture parts in the shipbuilding industry (Wang et al., 2020a). And traditional manufacturing technology is difficult to realize the complex shape of copper alloy parts forming, resulting in high processing cost, low material utilization rate.
Additive manufacturing is a process of designing and fabricating layer by layer (Lamichhane et al., 2020; Mosallanejad et al., 2021), with a “bottom-up” characteristic and without restricting the production process of traditional process and complex shape structure (Tofail et al., 2017; Tang et al., 2021; Wang et al., 2016; Attar et al., 2020), which greatly improves the utilization of resources, reduces the costs of research and development (Aziz et al., 2021; Thompson et al., 2015; Ostovari Moghaddam et al., 2021), and is thus one of the key drivers for sustainable manufacturing, and a key strategy for circulation economy. Wang et al. (2021) used Laser Engineered Net Shaping technology, have prepared Ti-Ni-C gradient composites with high hardness and wear resistance, which can be used for equipment, size and cutting tools, Hunter Martin et al. (2020) achieved grain refinement when using the laser additive manufacturing process by adding Al3Ta and Al3Zr to aluminum alloy powder materials, and believed that the method could also be extended to other alloys such as iron, nickel and titanium alloys. It has been shown that Laser additive manufacturing technology can improve production efficiency, have high material utilization rate, small shrinkage, and can obtain parts with excellent performance (Zhang and Chen, 2019; Chen et al., 2021). This point of view is also proven by Wang et al. (2020), who used SLM technology to prepare Cu-15Ni-8Sn alloy forming parts that showed good strength and toughness. Electronic beam additive manufacturing technology can achieve the rapid forming of complex parts with a minimum of steps, and the resulting density of components is high (Zhang and Chen, 2019). Roman Laptev et al. (2019) used electron beam additive manufacturing technology to obtain a Ti-6Al-4V alloy with a higher dislocation density and microhardness than that achieved by casting method with the same material. Focused electron beam deposition technology has also been shown to achieve high precision and complex profile manufacturing (Mutunga et al., 2019). However, additive manufacturing process has drawbacks such as large residual stress and an uneven microstructure (Sanaei and Fatemi, 2021), and the higher heat input needed creating further problems. For example, in the comparative study of Surinder Singh (Singh et al., 2019) on 316 L stainless steel laser cladding layer on the surface of a pure copper, it was found that the cladding layer was produced with a large number of holes, porosity and other defects, meaning that the strength, density and thermal conductivity of the pure copper cladding layer was lower than those of the cold spaying pure copper coating, because the high heat input leads to particle melting, high local temperature, high cooling rate and diffusion of carbon element in the cross-section.
Cold metal transfer (CMT) technology optimizes the connection between the additive process and wire feeding. The control system receives the short circuit signal of the welding wire for feedback, and controls the contact between the welding wire and the matrix, thereby forming a cyclic additive process (Cadiou et al., 2020). In addition to the advantages of high deposition efficiency and having a wide range of applied materials (Tanvir et al., 2021), compared to the other two additive manufacturing technologies, this technology also has the advantages of arc stability, less heat input and fewer spatters. Compared with pulsed metal inert gas (pulsed-MIG) technology, CMT additive ER5183 was confirmed by Derekar et al. (2020) to have lower porosity. Kim et al. (2020) have studied on nickel-aluminum bronze made of CMT and proved that CMT arc additive manufacturing technology can obtain better performance than casting forming workpiece. Pranav et al. (Nikam et al., 2020) used CMT to fabricated an ER2594 alloy straight wall and found that the tensile strength was better along the welding direction than in the stacking direction, but the percentage elongation of the samples was opposite due to having more slip systems in γ-FCC austenite. Wang et al. (2020) used CMT technology to deposit a 316 L part onto a stainless-steel plate, and found that the multi-layer structure had a periodic structure in the stacking direction, in transverse stacking direction has two alternating structure which the one is the areas materials remelted with dispersed grain orientation, and the other one is the areas located at the overlapping areas of adjacent with concentrated grain orientations. The yield and tensile strengths of covering the remelting zone were higher than those in the overlapping zone, and both of them were superior to those in the stacking direction. The optimization of CMT technology is mainly achieved by applying pulses. Wu et al. (2019) used the double-wire CMT + P process to obtain the 316 L stainless steel multilayer, and found that asynchronous arc striking and extinguishing can improve the forming. Increasing the wire feeding and decreasing the welding speed can increase the deposition rate, but it will cause the crystalline grains coarser due to the heat accumulation and reduction in the mechanical properties. Xie et al. (2020) proved that a fine-sized straight wall of 316 L stainless can be obtained by applying a pulsed CMT + P process, and that the microhardness changes parabolic along the stacking direction.
At present, research on CMT additive manufacturing mainly focuses on the section structure and the properties of steel and aluminum alloy by optimizing process parameters. There are few research papers on the properties of the copper alloy cladding layer manufactured by CMT arc additive manufacturing. In this paper, the microstructure, microhardness, tensile properties and corrosion resistance of Ni-Al Bronze forming parts manufactured by CMT arc additive are studied.
EXPERIMENTAL PROCEDURE
Materials
The substrate used in this research is brass alloy with the dimensions of 200 × 100 × 10 mm, containing 0.15 Fe, 1.5–2.5 Pb, 34.3–38.3 Zn and Cu in balance (in wt%), which is produced by Shanghai Meipin Industrial Co., Ltd. The SG-CuAl8Ni6 nickel-aluminum bronze welding wire with a diameter of Φ = 1.2 mm (Beijing Yida Kuntai Technology Co., Ltd.) was used for the CMT arc additive manufacturing. The welding wire has the following composition: 8.5–9.5 Al, 3.0–4.0 Fe, 1.0–2.0 Mn, 4.0–6.0 Ni, ≤0.02 Pb, ≤ 0.2 Si, ≤ 0.1 Zn, and Cu in balance (all in wt%).
CMT Arc Additive Manufacturing
The CMT arc additive manufacturing system used in this research is the ArcMan600 arc additive manufacturing system from Nanjing Enigma Automation CO., Ltd. as shown in Figure 1A. Prior to CMT arc additive manufacturing, the oxide film on the substrate surface was removed by mechanical grinding and ultrasonic cleaning. The CMT arc additive process parameters used are listed in Table 1. Before the experiment, the mathematical model of the multilayer single-channel was established. The model was imported and automatically sliced according to the printing parameters to generate the printing path. Through the layout simulation and dynamic path simulation with an extremely high degree, the printing process is shown intuitively and visually. Based on the simulation of the printing process, a reciprocating additive method and five interlayer temperatures were selected to form up multilayer single-channel forming experimental specimens, 100, 150, 200, 250, and 300°C, respectively, with the dimensions of 150 × 10 × 90 mm, where, the interlayer temperature is controlled by the cooling time after the formation of the cladding layer, and the macro-morphology of the multilayer single-channel wall is shown in Figure 1B. The nickel-aluminum bronze straight wall line with five parameters was cut to obtain samples for metallographic, hardness, tensile and corrosion resistance experiments.
[image: Figure 1]FIGURE 1 | CMT arc additive manufacturing equipment (A) and macro morphology of the parts (B).
TABLE 1 | The CMT brazing process parameters in the additive manufacturing process.
[image: Table 1]Microstructure Characterization
The SG-CuAl8Ni6 nickel-aluminum-bronze multilayer single-channel formation was cut using wire electro-discharge machine for a regional equidistant cutting, and a sample with a size of 5 × 5 × 3 mm was obtained, which was then polished. The microstructure of the polished section with and without corrosion by corrosive solution were observed using a quanta 250 field emission environmental scanning electron microscope (SEM, quanta 250, FEI, America). The corrosive solution was obtained by mixing 3 g FeCl3, 10 ml concentrated hydrochloric acid and 100 ml absolute ethanol solution.
Process parameters in Table 1 were used to obtain single-channel single cladding. X-ray diffraction (XRD, AXS D8 Advance, Bruker, Germany) was used to obtain XRD patterns of the cladding using Cu-K α radiation at a 2θ range of 10°–80° with a scan speed of 2 /min, and electron backscatter diffraction (EBSD, C-nano, Oxford Instruments, England) microstructural characterization was conducted using a JEOL 7001 F FE-SEM system equipped with a TSL/EDAX EBSD system containing a DigiView camera. These EBSD experiments were performed under a working distance of 15 mm at an acceleration voltage of 30 kV with a 70° tilt. After a process of argon ions polishing, the EBSD morphology of the bonding area between cladding layer and substrate, the inside of cladding layer and the top of cladding layer, were observed.
Mechanical Property Tests
To evaluate the formation quality, some mechanical property tests were used for the CMT arc additive manufactured SG-CuAl8Ni6 nickel-aluminum-bronze multilayer single-channel wall.
Hardness
The hardness of the SG-CuAl8Ni6 nickel-aluminum-bronze cladding specimen was measured using micro-hardness (MH-VK, China) at a load of 500 g with a dwell period of 15 s. Indentations were performed every 3 mm in the cladding layer area along the stacking direction. The inner area of the multi-layer single-channel formation was cut using wire electro-discharge machine cutting to obtain a sample of a size of 10 × 10 × 3 mm, and then polished. The nanoindentation test was conducted using a Nano Indenter (Agilent, G200, America) to measure the continuous load and displacement of each sample at five points by setting the maximum depth to 2,000 nm and holding the load time to 20 s, and thus the pressure depth-load curve was obtained.
Tensile Properties
Tensile tests were carried out on the sample at room temperature using a universal testing machine with a maximum 100 kN and a tensile rate ranging from 0.005 mm/min to 1,000 mm/min to determine the material’s characteristic value and the deformation capacity of the sample. In this experiment, three samples were tested by being subjected to a low strain rate of 1 mm/min to fracture the specimens. The size of the plate-like tensile specimen used in this test was obtained in accordance with the Chinese national standard GB/T 34505-2017 copper and copper alloys materials-tensile testing at room temperature. The elongation, tensile strength and yield of the sample were mainly tested, and after tensile testing, fracture morphology was observed by a quanta 250 field emission environmental scanning electron microscope (SEM).
Electrochemical Test
The electrochemical test was performed on the brass alloy substrate and nickel-aluminum-bronze cladding. The size of the sample was 10 × 10 × 1 mm, and then AB glue was used to encapsulate the sample with a reserved working area of 1 cm2, after which absolute ethanol was used for cleaning. The electrochemical workstation (CHI-660E, CH Instruments Ins, America) was used to test the Tafel curve of the cladding layer and the substrate in 3.5% (mass fraction) NaCl solution (pH = 7). The electrochemical workstation adopts a standard three-electrode system, the working electrode is a copper alloy test sample, the auxiliary electrode is a platinum electrode, and the reference electrode is a saturated potassium chloride electrode. The polarization curve potential scan range is −1–1 V, and the scan rate is 0.5 mV/s.
RESULTS AND DISCUSSION
Microstructural Analysis
Figure 2 shows the section morphology of the single-channel nickel-aluminum-bronze samples observed by Metallographic microscope. As shown in Figure 2A, there is a black arc between the CMT arc additive manufactured nickel-aluminum-bronze cladding layer and the substrate, which shows good metallurgical bonding between the two. The cladding layer’s internal microstructure presents an obvious gradient structure: the cladding layer and substrate combination area near the fusion line area of the microstructure are mainly for the tiny cell, in the region far away from the fusion line, columnar crystals grow perpendicular to the direction of welding (Figure 2A) and then gradually it turns to dendrites (Figure 2B). In the initial solidification stage, due to the low temperature of the base, the large temperature gradient of the melting pool in the binding region and small solidification speed are mainly small in the area near the melting line. With the solidification process, affected by the thermal diffusion, the base temperature gradually increases, the solidification temperature gradient at the solidification front decreases, and the microtissue is mainly presented as columnar crystals and branch crystal tissue growing in the reverse thermal dispersion direction. In Figure 2C, for the structure of the top of cladding, the direction of the temperature gradient is changed during the solidification process, the top of the solidification process is mainly affected by air cooling, the heat flow no longer runs perpendicular to the substrate surface, the temperature gradient is small, the solidification rate is high, thus a straight wall at the top of the regional direction dendrite tissue shows growth disorders, which are mainly for the branch crystal and the equiaxial crystal. It can be found that with the increase in the distance from the bonding zone, the grain size inside the cladding layer also gradually increases. This may be caused by the uneven solidification that takes place due to the different temperature gradients and undercooling degrees in the three regions, which in turn is caused by the heat dissipation of the air and matrix inside the cladding layer. Through a cross-sectional SEM observation, as shown in Figure 3A, bright white Pb particles with dispersion distribution can be identified inside the cladding layer. Due to the presence of a certain amount of Pb in the nickel-al-bronze alloy, monotectic crystals occur due to the influence of the high degree of undercooling during solidification, and the Pb-rich secondary phase particles are formed (Dong et al., 2019). Furthermore, the EDS analysis results (Figure 3B) and XRD analysis (Figure 3C) proved the existence of Pb phase.
[image: Figure 2]FIGURE 2 | The phase diagram of section of single-channel nickel-aluminum-bronze cladding layer manufactured by CMT arc additive (A), the internal (B) and the top (C) of cladding layer.
[image: Figure 3]FIGURE 3 | Internal backscattered electron image (A) and EDS analysis (B) of cladding layer before corrosion, and the XRD diffraction pattern (C), secondary electron images (D,E) of the single-channel nickel-aluminum-bronze cladding layer.
Figure 3C shows the XRD diffraction pattern of the single-channel nickel-aluminum-bronze cladding layer. The analysis shows that the inner part of the cladding layer is composed of α-Cu, residual β phase (Martensite) (β-M), Pb and K phase at room temperature, as shown in Figures 3D,E, the cladding layer presents a duplex microstructure composed of the gray α-Cu phase matrix and the bright white β-Martensite. The process of additive manufacturing is the nickel-aluminum-bronze metal wire end melt and spread out quickly on the substrate, and then rapid solidification. The main process from liquid solidification to room temperature is as follows: Firstly, α, κⅠ and β phase are precipitated in the liquid phase, α phase is the Cu-based solid solution with face-centered cubic structure, κⅠ phase is mainly flower-shaped, and β phase is martensite with 2R and 3H structure. As the solidification process proceeds, κⅡ phase is precipitated in the β phase and distributed around the α phase, mainly in the shape of spherical or flower, then the tiny spherical κⅣ phase precipitates out of the α phase, and then the β phase underwent eutectoid transformation: β→α+κⅢ, the κⅢ phase with spherical or layered structure.
The EBSD analysis results of the bonding area between the substrate and the cladding layer, the inner area of the cladding layer and the top area of the cladding layer, are shown in Figure 4, respectively. According to the phase distribution diagrams of different regions (Figure 4(A-a)-(C-a)), the structure is mainly α-Cu phase and residual β phase, α-Cu phase and β phase are labeled in red and blue, respectively. And the proportion of β phase is 6.74% in the bonding zone, 15.1% in the interior and 13.7% at the top, respectively. Due to the influence of substrate and air heat dissipation during the solidification of cladding layer, the cooling rate in the bonding zone and the top zone is higher than that in the interior, the growth tendency of α phase in the interior is weakened, at the same time, the eutectoid transformation time of β-phase is short and the content of β-phase is high in the cladding layer. From the grain boundary orientation diagram (Figure 4(A-b)-(C-b)), and the anti-pole diagram of α-Cu texture (Figure 4(A-c)-(C-c)), it was obtained are equiaxed or nearly equiaxed in the near the bonding region and the top grains, the region away from the fusion line is columnar crystal and the inner region is mainly dendrite. And it can be seen that in the Cu phase, the grains have a strong alignment in the direction of the <001> crystal, and the texture in the sample decreases and then increases with the distance from the matrix, which means that the grain growth rate on the grain orientation decreases and then increases with the distance from the matrix. Figures 4(A-d,e)-(C-d,e) is the histogram of grain orientation difference, and it can be seen that the orientation difference of β phase in the cladding layer is the largest in the inner region, and the internal grains of Cu-phase gradually increase with the distance from the matrix. In summary, with the increasing distance from the matrix, the grain size inside the cladding layer gradually increases, and the content of β phase solid solution increases first and then decreases (Chai et al., 2017; Chen et al., 2019a; Chen et al., 2019b).
[image: Figure 4]FIGURE 4 | The EBSD analysis results of the bonding area between the substrate and the cladding layer (A), the inner area (B) and the top area (C) of the cladding layer, where (a) phase distribution diagrams, (b) grain boundary orientation diagram, (c) the anti-pole diagram of texture (d–e) the histogram of grain orientation difference.
Based on the EBSD test results from the single-channel nickel-aluminum-bronze cladding layer, the microstructures of the samples manufactured by CMT arc additive in the direction of height were analyzed. The metallographic after corrosion was shown in Figure 5, and the internal structure of the straight wall is similar to that of the single cladding. Figure 5A shows the bonding zone between cladding layer and substrate, which, due to a low substrate temperature, have a bigger molten pool internal temperature gradient, to form the branch crystal because of the large undercooling degree. The bonding zone structures of the middle area of the wall shown in Figure 5B, it can be seen that on to the next layer of the material, by the arc found on a layer of cladding layer at the top of the remelting pool formation, it was suffering from the melting solidification effect. Above the remelting zone is mainly composed of small dense isometric and it reverses the growth of the heat flow direction’s short columnar grain structure, leading away from the area, while the smaller branches of crystal formation are found in the forefront of the columnar crystal. Combine with the internal area structure of cladding layer of the central straight wall along the height direction (Figures 5D–F), it was found that the internal regional organizations of the straight wall appear in turn as dendrites, fine isometric, tiny columnar crystal, bulky columnar crystal and crystal growth direction and disorderly branch organization. Furthermore, when compared to the bottom of the organization, it can be seen that the size slightly increases. Combine with Figure 2, it can be conclusion that, the microstructure of the straight wall shows periodic. The formation of straight wall is the result of layer by layer accumulation. The temperature gradient and overcooling degree of each cladding are consistent with the single cladding fusion cladding, and due to the same temperature control in the accumulation process, the internal temperature gradient of each cladding changes the same. However, due to the influence of the heat dissipation mode, the heat dissipation speed slows down with the additive height increases, and the growth time increases, and the average grain size of each cladding gradually increases away from the substrate.
[image: Figure 5]FIGURE 5 | When the interlayer temperature is 100°C, the microstructure of the CMT arc additive Ni-Al bronze straight wall along the height direction shows that (A,B) is the area near the matrix of the straight wall, (C,D) is the middle area of the wall, and (E,F) is the top area of the wall.
As shown in Figure 6, an observation of the different interlayer temperature microstructure cladding layers within the same height, when the interlayer temperature was 300°C, the specimen’s microstructure size was bigger than that at 100°C. With the increase of interlayer temperature, the preheating effect of the previous cladding layer is increased, and the growth time of microstructure is increased, which makes the microstructure size gradually increase with the increase of interlayer temperature.
[image: Figure 6]FIGURE 6 | The microstructure morphology of CMT arc additive nickel-aluminum-bronze along the height direction at different interlayer temperatures, (A) 100°C, (B) 150°C, (C) 200°C, (D) 250°C, (E) 300°C.
The process of solidification and the cooling rate for the grain shape and size of the nickel-aluminum-bronze cladding layer presents the characteristics of directional solidification, and the grain growth direction and heat flow are in the opposite direction, mainly influenced by the temperature gradient. Adding the material in the manufacturing process is influenced by the arc’s heat effect, and the fast wire ends and substrate molten pool formation will be achieved. Due to the low substrate temperature of the brass alloy and itself having good heat conduction effect, the interface formed within the molten pool is greater than the cold, and the setting rate is low. At this time, the substrate junctions in the cladding layer are mainly composed of a thin layer of cell crystal. As the solidification process continues, the temperature of the matrix and the planar crystal region continuously increases, while the temperature gradient of the solid-liquid interface decreases. At this time, the solidification rate is faster and the columnar crystals grow in the opposite direction to the heat flow in the solidification and crystallization process. As the solidification process further continues, the components in the liquid metal become more undercooled, fine secondary dendrites are laterally formed at the front of the columnar grain, and the growth direction of the dendrite runs in the direction of the reverse heat flow. The inner cladding layer and the upper region growing direction that works for directional performance results from the copper alloy thermal conductivity, excellent bonding pads on the bottom of the cladding layer and solidification. Temperature gradient is reduced to a small scope, the heat flow no longer runs perpendicular to the substrate surface, and there is a fast solidification, thus the internal cladding layer and the upper area direction dendrite tissue show growth disorders, which are mainly in the branch crystal and the equiaxial crystal. This is different from Fe49.5Mn30Co10Cr10C0.5 multicomponent alloy (Chew et al., 2021) and Al-Co-Cr-Fe-Ni high entropy alloy (Shen et al., 2021), as the room temperature for the microstructure of Ni-Al bronze manufactured by CMT arc additive contains a large amount of dendritic microstructure. The increase of the interlayer temperature reduces the temperature gradient during the solidification process of the molten metal and extends the cooling time. Samples with a high interlayer temperature have a larger grain size.
Hardness Analysis
The obtained hardness changes of the straight wall are shown in Figure 7. The internal hardness of single channel cladding layer is shown in Figure 7A, it can be seen that the hardness in the bonding zone increases significantly and the internal hardness is stable. It can be seen that the Vickers hardness values of the Ni-Al bronze straight wall are between 155 HV0.5 and 185 HV0.5 from Figure 7B, which are all higher than the average Vickers hardness values of the matrix of 123.7 HV0.5. The hardness of the cladding layer at the bottom of the straight wall is high, and Vickers hardness fluctuates and decreases with the increase of the distance from the bottom. The reason for this phenomenon is that when the next layer of additive manufacturing is carried out, the upper layer of the cladding layer will undergo a remelting solidification, and at this time, the temperature gradient is large and the solidification rate is fast, so metallurgical bonding occurs at the bonding interface and leads to the formation of compact and fine structures, which means that the hardness of the interlayer bonding is high, as hardness increases in this region. At the bottom of the straight wall, due to the strong heat conduction of the substrate and the large temperature gradient, the cooling speed of the first few cladding layers is extremely fast, so the obtained microstructure is fine, uniform and dense, and the obtained hardness is higher. With the increase of the number of additive layers, the solidification heat dissipation of cladding layer is mainly transmitted by air heat dissipation and the previous cladding layer, which is weakened by the heat conduction of matrix and reduces the cooling rate. After solidification, the internal structure of cladding layer is coarsened and the Vickers hardness is reduced.
[image: Figure 7]FIGURE 7 | The Vickers hardness of the nickel-aluminum-bronze cladding, (A) the single-channel Ni-Al bronze cladding layer (B) the multilayer single-channel forming.
The depth-load curve of the sample in the central area of the straight wall is shown in Figure 8, and the obtained elastic modulus and hardness data are shown in Figure 9. As can be seen from Figure 8, under the condition of the same depth of pressure, the maximum load obtained by the Ni-Al bronze straight wall is about 200 mN, which is significantly higher than the that of brass matrix of 140 mN. It can be seen from Figure 9 that the average microhardness of Ni-Al bronze straight wall is 2.40 GPa and that of the brass matrix is 1.53 GPa at different interlayer temperatures, indicating that the Ni-Al bronze straight wall is harder than brass matrix, and the microhardness of the Ni-Al bronze straight wall is 1.57 times higher than that of the brass matrix. The Ni-Al bronze straight wall’s average elastic modulus is 122.79 GPa, while that of the brass matrix is 61.83 GPa. The elastic modulus of the Ni-Al bronze straight wall is 1.99 times higher than that of the brass matrix. The microhardness and elastic modulus of the Ni-Al bronze straight wall have no obvious rule to follow at different interlayer temperatures, and the process parameters of the surface interlayer temperature have no obvious effect on it.
[image: Figure 8]FIGURE 8 | The internal of the CMT arc additive nickel-aluminum-bronze depth-load curve at different interlayer temperatures, where (A) the substrate, (B) 100°C, (C) 150°C, (D) 200°C, (E) 250°C, (F) 300°C.
[image: Figure 9]FIGURE 9 | Hardness and elastic modulus of brass substrate and CMT additive nickel-aluminum-bronze straight wall.
Tensile Behavior
As shown in Figure 10, the straight wall tensile samples for a straight wall inside different direction tensile samples of the stress-strain curve show no obvious yielding point to generate 0.2% of the residual deformation stress value as its yield strength Rp0.2. Along with the loading process and with the load increasing more than the material yield strength’s Rp0.2, a deformation of the tensile specimen elastic occurred first, and then the specimen tensile process reached the plastic deformation stage, until the end of the straight wall tensile specimen fractured due to the plastic deformation, and the straight wall came under different interlayer temperature parameters, as opposed to the three directions of yield strength, tensile strength and elongation, as shown in Table 2. Combined with Figure 10, it can be seen that the welding direction and 45° downward-sloping direction for the specimen’s tensile strength value, which were all at about 570 MPa, accumulated a significantly higher direction than the sample and the tensile strength of 550 MPa. Among them, the average elongation on the stacking direction, welding direction and 45° downward-sloping direction was 41.14, 54.00, and 41.04%, respectively, showing that the direction of welding in the specimen elongation value is the highest, but that the upward tensile specimen elongation is much higher than the known brass C35300 matrix 440 MPa tensile strength and its elongation of 25%. The tensile strength and elongation of the brass matrix were optimized by CMT arc additive Ni-Al bronze straight wall. By observing the longitudinal profile of the fracture running at the stacking, welding and 45° downward-sloping of the tensile samples at an interlaminar temperature of 100°C, as shown in Figures 11A–C, and the tensile samples’ fracture location in the direction of accumulation is the internal interlaminar junction of the straight wall, while the fracture in the 45° downward-sloping direction is also inclined to the direction of the interlaminar junction.
[image: Figure 10]FIGURE 10 | Tensile curves of a nickel-aluminum-bronze straight wall in different directions, where the interlayer temperature (A) 100°C, (B) 150°C, (C) 200°C, (D) 250°C, (E) 300°C.
TABLE 2 | Tensile properties of CMT arc additive nickel-aluminum-bronze multilayer single-channel forming at different interlayer temperatures.
[image: Table 2][image: Figure 11]FIGURE 11 | Longitudinal section of the macroscopic fracture of the tensile specimen in the stacking direction of the nickel-aluminum-bronze straight wall with an interlayer temperature of 100°C, where (A) stacking direction, (B) welding direction, (C) 45° downward-sloping , and SEM morphology of tensile fractures in three directions of a nickel-aluminum-bronze straight wall with an interlayer temperature of 100°C, where (D) parallel to the stacking direction, (E) parallel to the welding direction, (F) 45° downward-sloping.
Taking an interlayer temperature of 100°C as an example, the tensile fracture SEM morphology of the Ni-Al bronze straight wall in the stacking direction, welding direction, and 45° downward-sloping is shown in Figures 11D,E. From the diagram, it can be observed that the section is composed of tearing edges and oval dimples. And the dimples in the tensile specimen in the stacking direction are dense and the size is small, while the dimples in the welding direction are deeper and the size is larger, and their toughness is better than that in the stacking direction. By comparing the tensile samples along the welding direction’s fracture morphology at different interlaminar temperatures in Figure 12, it can be found that with the increase of interlaminar temperatures, the size of the dimples inside the tensile fracture of the Ni-Al bronze straight wall slightly decreases, tensile properties deteriorate accordingly.
[image: Figure 12]FIGURE 12 | The SEM morphology of the tensile fracture of the nickel-aluminum-bronze straight wall along the welding direction at different interlayer temperatures, where (A) 100°C, (B) 150°C, (C) 200°C, (D) 250°C, (E) 300°C.
The formation process of the straight wall is composed of a layer-by-layer accumulation process, and the strength of the bonding zone between layers is low, being in fact lower than the overall tensile strength of the remelted solidified alloy. In other words, the tensile strength of the samples in the direction of accumulation is weakened by the influence of the interlayer bonding strength. C. Wang et al. (2020) studied the performance of the 316 L wall and found that it has a multi-layer structure. They studied the strength of the remelting and overlapping zones, and found that the yield strength and tensile strength of overlapping zone were low, while the strength of the stacking direction was the lowest. Pranav et al. (Nikam et al., 2020) found that the mechanical properties along the welding direction were better, which also proved this point of view. The internal structure of the straight wall is slightly increased by the increase of interlaminar temperature, but the size increase is very small, and the strength of the bonding zone is slightly reduced by the increase of interlaminar temperature. As a result, the tensile strength of the Ni-Al Bronze straight wall has a tendency of decrease with the increase of interlaminar temperature.
Corrosion Analysis
The obtained Tafel curve is shown in Figure 13, and the fitting results of the polarization curve are shown later. The self-corrosion potential of the wall is −0.32, −0.33, −0.31, −0.32, and −0.35 V at different interlayer temperatures (100, 150, 200, 250, 300°C), the current density of the self-corrosion current is 1.04 × 10−5, 1.41 × 10−5, 1.31 × 10−5, 1.20 × 10−5, 1.10 × 10−5 A/cm2, the self-corrosion potential of the brass substrate is −0.55 V, the self-corrosion current density of the brass substrate is 5.37 × 10–5 A/cm2. The self-corrosion potential of the Ni-Al bronze wall is increased by 0.20–0.24 V compared with that of the brass matrix, and the self-corrosion current density of the Ni-Al bronze wall is decreased by 4 × 10−5 A/cm2 compared with that of the brass matrix. It can be seen that the corrosion resistance of the nickel-aluminum-bronze straight wall is better than that of the brass matrix. By comparing the Tafel curves of the nickel-aluminum-bronze wall with the corrosion potential and the corrosion current density, it is found that there is no obvious increase or decrease rule, and the surface interlayer temperature has no obvious effect on the corrosion resistance of the straight wall material. As shown in Figure 13, the polarization curves of Ni-Al bronze samples and brass matrix samples are divided into anode and cathode regions. The cathode region is mainly characterized by a hydrogen evolution reaction, while the anode region is mainly characterized by three stages of the Ni-Al bronze corrosion process. First of all, copper in Ni-Al bronze alloy loses electrons to form Cu+ by anodic action and Cl− in electrolyte reaction to form CuCl and CuCl2−, which is shown by the increase in corrosion current density. Following this, due to the instability of CuCl, the dense Cu2O oxide film is formed by hydrolysis reaction 2CuCl + H2O→2Cu2O+2HCl. Finally, with the increase of polarization potential, a new electrode reaction is initiated, which results in a rapid increase of corrosion current density.
[image: Figure 13]FIGURE 13 | The Tafel curve of a nickel-aluminum-bronze straight wall with a brass substrate and different interlayer temperatures.
A more positive the self-corrosion potential leads to a more difficult anodic polarization. The current density of self-corrosion reflects the speed of the corrosion reaction of the material. A smaller current density of self-corrosion results in a slower material’s corrosion reaction. Without too many defects in the material, the corrosion resistance of the material is only related to the property of the material itself. The self-corrosion potential of the nickel-aluminum-bronze alloy is greater positive than the matrix, and the corrosion current density is thus smaller, meaning that the corrosion resistance is better than that of the brass matrix.
CONCLUSION
In this study, the microstructure and mechanical properties of an as-built SG-CuAl8Ni6 part manufactured by CMT wire and arc additive manufacturing were discussed in detail. The conclusions can be summarized as follows:
1) The Ni-Al bronze cladding layer of Sg-CuAl8Ni6 is mainly composed of α-Cu, residual β phase, Pb and κ phases. The microstructure of the single-channel Ni-Al bronze cladding has obvious gradient structure, which is successively presented as peritectic, columnar crystals growing in the direction of heat flow, dendritic crystals growing in the direction of disorderly growth, and equiaxed grains. With the increase of the distance between the cladding layer and the matrix, the grain size inside the cladding layer increases gradually, and the content of β phase solid solution increases first and then decreases. In its structure, the microstructure of the monolayer of the multilayer and multi-pass Ni-Al bronze straight wall is similar to that of the monolayer single channel.
2) The Vickers hardness values of the Ni-Al bronze straight wall are between 155 and 185 HV0.5, and the hardness of the wall overall trend of fluctuation decreases with the distance of substrate, and the hardness of single cladding in the bonding zone increases significantly and the internal hardness is stable. The obtained straight wall in the central area of the nano indentation test results show that the nickel-aluminum-bronze straight wall can achieve a maximum load that is controlled in 200 mN, which is higher than the brass substrate (140 mN). At the same time, the nickel-aluminum-bronze sample microhardness is 2.40 Gpa, and its modulus of elasticity is 122.79 Gpa. Its microhardness was 1.57 times of the brass substrates (1.53 Gpa), and the brass modulus of elasticity (61.83 Gpa) of 1.99 times, which is again better than that of the matrix.
3) The fracture of the straight wall tensile specimen is a ductile fracture, and its fracture morphology is mainly composed of tearing edge and oval dimples. The location of the fracture on the stacking direction is mainly concentrated in the combination area, and the tensile strength in the combination area is weak. The tensile strength of the straight wall in the welding direction and 45° downward-sloping direction is about 570 MPa, which is much higher than the that of about 550 MPa in stacking direction. The elongation in stacking direction, welding direction and 45° downward-sloping direction is 41.14%, 54.00, and 41.04% respectively, with the elongation in welding direction the highest.
4) The self-corrosion potential of the Ni-Al bronze wall is increased by 0.20–0.24 V compared with that of the brass matrix, and the self-corrosion current density of the Ni-Al bronze wall is decreased by 4 × 10–5 /cm2 compared with that of the brass matrix. and the corrosion resistance of the wall is better than that of the substrate.
5) The hardness, tensile and corrosion resistance of the straight wall obtained are better than that of the matrix, but with the increase in interlayer temperature, the grain size increased gradually, and the tensile strength decreases slightly.
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Aiming to explore the optimal mixture ratio and curing age of solidified muddy soil under dynamic load, the paper intends to investigate whether the solidified muddy soil can be used as filling of high-speed railway subgrade. Based on the dynamic triaxial test, the investigation measured the dynamic strain and dynamic elastic modulus of solidified muddy soil under different mix ratios and curing ages, and also observed the microscopic morphology of solidified muddy soil samples by using scanning electron microscope. The results show that the addition of cement and curing agent significantly increases the dynamic strength and elastic modulus of muddy soil, which effectively improve the dynamic characteristics of muddy soil. The curing effect of the curing agent is more obvious with the increase of the dosage of cement and curing agent under different mix ratio. The content of curing agent plays a leading role in the hydration reaction between cement, curing agent and soil particles. Additionally, in case of the same test conditions, when the ratio of cement mass to dry silt mass is 1:20, the ratio of diluent volume to dry silt mass is 1:20, with 28 days of curing age, its curing effect will reach the best.
Keywords: solidified muddy soil, dynamic triaxial test, mixture ratio, curing age, SEM
INTRODUCTION
The construction goal of the Guangdong-Hong Kong-Macao Greater Bay Area is bound to promote the great development of railway construction in Guangdong’s Pearl River Delta. However, the treatment and utilization of the rich deep muddy soil in Guangdong’s Pearl River Delta has always been a difficulty in practical engineering application (Zhou, 2013). At present, the treatment methods of muddy soil include vacuum preloading (Yan et al., 2010), curing method (Radovanovic et al., 2016), electroosmosis (Tang et al., 2017), mixing pile (Yang et al., 2011), etc. Whereas, due to the limitations of its high-water content, high compressibility and low strength, many deficiencies and limitations in the practical engineering application existed in the present methods (Pan et al., 2020). The muddy soil shallow reinforcement technology that has emerged in recent years can better improve the shortcomings of the appeal method. The core construction method is to shallowly strengthen the extremely low-strength muddy soil through foundation treatment (Xu et al., 2019; Dong et al., 2011), and partly use fly ash (Sani et al., 2018; Karthik et al., 2014; Takhelmayum et al., 2013) and soil-fly ash-lime (Consoli et al., 2014) for reinforcement, thereby forming a hard shell layer and improving the bearing capacity of foundation. Judging from the existing research (Shan et al., 2021; Huang et al., 2010; Kuna et al., 2016), the shallow reinforcement technology of muddy soil can be achieved by natural drying, sand-filled cushion, shallow soil drainage, and chemical reinforcement. The in-situ solidification method with solidifying agent can greatly reduce the cost and construction period, help to recycle industrial waste materials, and save the cost of spoiled land acquisition during the construction process and the cost of earthwork transportation, which is a new hot spot in the research of shallow reinforcement of muddy soil. Since the mechanical properties of the solidified muddy soil are affected by various factors such as natural environment and external excitation, the mechanical properties of the solidified muddy soil filler become complicated. Therefore, in order to further grasp the engineering characteristics of the solidified muddy soil and ensure that it can serve the construction and operation of the project, it is necessary to carry out research on the solidification performance of the solidified muddy soil.
The effect of railway trains on the muddy soil is mainly the cyclic dynamic load. Therefore, research on the dynamic performance of the solidified muddy soil under the train load, In order to clarify the change of solidification effect, to ensure the stability of mechanical properties of solidified muddy soil is the primary prerequisite to ensure the safe and stable operation of the train. Whereas, the solidified muddy under the train load, the microscopic properties of soil can greatly determine its macroscopic working properties. Therefore, combined with microscopic experiments to observe the structural properties of solidified muddy soils, it is a concentrated expression of its complex physical and mechanical properties. The available literature shows (Tian et al., 2020) that for solidified soils with different mix ratios and the same age conditions, the dynamic strength and dynamic elastic modulus are very different. In addition, age is also an important factor affecting the curing effect. Scholars at home and abroad have done abundant laboratory experiments on the theory of soil dynamic performance under load. For example, Sun et al. (2020) carried out dynamic triaxial tests on the muddy soil after multiple freeze-thaw cycles under negative temperature load, and found that the lower the temperature, the dynamic stress and dynamic modulus of the muddy soil under the freeze-thaw cycle. The conclusion that the influence of dynamic characteristics is more obvious; Wang et al. (2019) studied and analyzed the deformation and strength of solidified muddy soil under cyclic loading; Arulrajah et al. (2018) carried out experiments on unconfined compressive strength of solidified muddy soil with various moisture content, different amounts of cement curing agents, and different curing ages. Jian et al. (2013) took water glass as an auxiliary material for cement curing agents, and studied the effect of water glass on the improvement of the mechanical properties and impermeability of solidified soil (Amir-Faryar and Aggour, 2016); made research on the deformation process of silt-solidified soil under dynamic load conditions, and concluded that the time interval of load application is a factor affecting the deformation of solidified soil; Li et al. (2014) used indoor geotechnical tests and on-site construction conditions to systematically study the effects of cement, lime, and fly ash as soil solidification agents on soil solidification, and summarized the development law of the influence of the mixing amount and age of various materials on the performance indexes of soil engineering. Liang et al. (2020) took Guizhou red clay as the research object and observed the changes in the microstructure of the red clay with a scanning electron microscope (SEM); Zhang et al. (2021) used SEM to study the diametric splitting tests of compacted bentonite. In recent years, developed countries such as Europe, America and Japan have gradually applied the technology of solidified muddy soil in railway subgrade filling (Liu et al., 2018). However, due to the late start in China, the research on the mechanical properties of solidified soil mostly focuses on static forces. There are inadequate studies on characteristics. Particularly, the application of solidified soil in railway engineering is less extensive.
Therefore, the paper applies shallow silty soil in a coastal area of the Pearl River Delta as raw material soil, inorganic liquid curing agent and 32.5 ordinary Portland cement as additives, and uses SDT-10 microcomputer-controlled electro-hydraulic servo soil dynamic three-axis testing machine to solidify muddy soil. The study also carries out indoor dynamic triaxial tests of different mix ratios, and different ages by combing the SEM test to conduct microscopic observations of the loaded soil samples. Finally, the paper analyzes the dynamic strength and dynamics of the solidified muddy soil. The changing law of elastic modulus can obtain the best mixing ratio and curing age for curing effect, which provides theoretical basis for related engineering practice. We analyze the dynamic strength and dynamic elastic modulus of solidified muddy soil to obtain the best mix ratio and curing age of solidified muddy soil, which provides a theoretical basis for related engineering practice.
Test Plan
Due to the low confining pressure of the superficial subgrade filling, the loading frequency of the subgrade filling under the train load should be less than 1.85 Hz (Tian, 2020). Therefore, the confining pressure and axial pressure of the proposed sample are 100 kPa, the loading frequency is 1 Hz, the cycle number is 1,000 for the solidified muddy soil with changing mix ratio, and the cycle number is 400 for the solidified muddy soil with changing the curing age. Secondly, sine wave waveforms are used to simulate the repeated effects of railway trains on subgrade soil. In order to consider the real stress state of the shallow muddy soil, the test method is adopted in the test process to first carry out isobaric consolidation of the sample with a dynamic triaxial instrument. Afterwards, the study applies axial dynamic force. The specific test control data are shown in Table 1.
TABLE 1 | Test control conditions.
[image: Table 1]Test Materials and Test Preparation
The silt used in this experiment was taken from the shallow silt at the bottom of a pond in the Pearl River Delta region. The sampling depth is 0.5–3.0 m; the curing agent is “Xiyang Brand” F type liquid curing agent; the cement is 32.5 ordinary Portland cement. The operation steps of the sample preparation process refer to the specific methods in the Regulations for Railway Engineering Geotechnical Tests (TB 10102–2010). At the same time, since the undisturbed silt soil will inevitably be disturbed by the external environment during the sampling and transportation process. To eliminate the interference of the soil disturbance on the test results, the undisturbed muddy soil is reshaped before sample preparation. Further, the sample preparation is controlled. The moisture content is 30%, and the size of the prepared standard sample is diameter d = 39.1 mm, height h = 80 mm.
Sample Preparation Method
Firstly, the liquid curing agent and distilled water is diluted to a certain ratio to obtain the curing agent diluent. Further, the muddy soil to a constant weight is stored in a laboratory drying oven at 65°C, the dried muddy soil is pulverized into powder and by a pulverizer, that would pass through a 0.6 mm square hole sieve. Finally, powdery muddy soil is produced with a particle size of less than 0.6 mm. Additionally, the powdery silt is mixed with cement according to the proportion. The hardener diluent which is prepared in advance are added and more importantly mix them well. We prepare a number of solidified muddy soil standard samples with the sample preparation device, and put them in a plastic bag to wrap and seal the samples to cure to 7 days, 28 days and 90 days.
Test Equipment
Dynamic triaxial test equipment the SDT-10 microcomputer control electro-hydraulic servo soil dynamic triaxial testing machine which composed by seven parts, including axial pressure measurement and control system, confining pressure measurement and control system, pressure chamber, pressure chamber lifting mechanism, hydraulic oil source, electrical control system, computer display and control and data processing system, show in Figure 1A; Test Seal is saved as shown in Figure 1B.
[image: Figure 1]FIGURE 1 | Real scene of the equipment (A) SDT-10 microcomputer controlled electro-hydraulic servo soil dynamic triaxial testing machine (B) Scanning electron microscope.
Tests on Dynamic Characteristics of Solidified Muddy Soil Under Different Mix Ratios
According to the above preparation being made, we equipped with standard test pieces of variable curing agent and cement content. In the experiment, a total of five sets of samples with different mix ratios were designed, with three parallel samples in each group. The specific mix ratios are shown in Table 2. The first group of curing age, they are 7, 28 days and 90 days respectively. Further, the maintenance age of the remaining groups was 28 days. According to < Standard for geotechnical testing method > (GB/T 50,123–2019), We repeated each test for three times to show the scatters of the experimental results.
TABLE 2 | Test mix ratio of solidified muddy soil.
[image: Table 2]Test Results of Dynamic Characteristics of Solidified Muddy Soil Under Different Mix Ratios
Dynamic Strain Test Results
Table 3 and Table 4 shows the cumulative strain of solidified Mucky soil under different mixing ratios and different cycles. From the data analysis in these tables, we can get the maximum value in the range of twice the average value plus the standard deviation, which shows that the test results are less discrete. Figure 2 shows the cumulative strain curve of solidified muddy soil under different mixing ratios under different cycles. It can be seen from the figure that as the number of cycles increases, the cumulative strain of the sample also increases. In other words, the strain of the solidified silty soil is basically in a positive correlation with the number of cycles. Observing the development trend of the curve in the figure, it can be found out that the specimen compression is relatively large at the beginning of loading. When the number of cycles reaches a certain level, the strain growth rate of the specimen tends to slow down. This is because as the number of cycles increases, the inside of the sample gradually becomes dense. Whereas, the porosity inside the soil begins to decrease, the strength becomes higher and higher, and the corresponding strain begins to decrease.
TABLE 3 | Cumulative strain change curve of different curing agent content under dynamic load.
[image: Table 3]TABLE 4 | Cumulative strain change curve of different cement content under dynamic load.
[image: Table 4][image: Figure 2]FIGURE 2 | Cumulative strain change curve of sample under dynamic load amplitude N = 100N and different cycle times (A) Different curing agent content (B) Different cement content.
From Figure 2A, it is easy to find that when the cement mass g is 1:20 than the dry sludge mass g, the cumulative strain is lower than 1:30 and 1:40. This is because as the content of the diluent increases, the crystals produced between the solidifying agent and the soil can make the connection between the soil particles closer. While the increase in molecular gravity makes many individual soil particles aggregate into small aggregates, thus forming a stable structure, the stiffness of the soil is improved. Therefore, the cumulative axial strain of the specimen becomes the smallest.
Comparing Figure 2B, when the cement mass g: dry sludge mass g is 1:20, the cumulative strain is lower than that at 1:30 and 1:40. The increase in cement content makes the contact between cement and curing agent closer, which results the hydrolysis and hydration reaction of cement and the liquid curing agent filling the pores in the soil structure well, thereby improving the stiffness of the silt soil.
Dynamic Elastic Modulus Test Results
The dynamic elastic modulus of silty soil refers to the relationship between the dynamic stress and the recoverable part of the dynamic strain in the soil (Oh and Vanapalli, 2014). Due to the periodic action of the dynamic load, a series of hysteretic curves appear between the dynamic stress and the dynamic strain. We also calculated the dynamic elastic modulus according to formula (1):
[image: image]
In formula (1), δmax, δmin, εmax, and εmin are the maximum and minimum values of stress and strain in the hysteresis curve, respectively. Firstly, we sort the Ed-εd data obtained in the experiment, as shown in Figure 3 and Figure 4.
[image: Figure 3]FIGURE 3 | Ed-εd relation curve under dynamic load amplitude N = 100N and different loading stages, Different curing agent content.
[image: Figure 4]FIGURE 4 | Ed-εd relation curve under dynamic load amplitude N = 100N and different loading stages, Different cement content.
Figure 3 and Figure 4 show the relationship between dynamic elastic modulus and dynamic strain of solidified muddy soil under different mix ratios. It can be included from the figure that the Ed-εd relationship curve of the solidified muddy soil under different mix ratios has the same trend, but the corresponding initial dynamic elastic modulus are different, and the specimens with high cement and curing agent content are initially elastic modulus is higher, indicating that as the amount of cement and curing agent increases, the initial dynamic elastic modulus of the solidified muddy soil can be effectively improved; As the number of loading stages increases, the corresponding dynamic strain increases and the dynamic elastic modulus decreases.
Comparing Figure 3 and Figure 4, it can be found that when the ratio of cement mass to dry sludge mass is 1:20, and the ratio of diluent volume to dry sludge mass is 1:20, the sample produced lower strain under the same conditions. Because the higher the content of cement and curing agent, the higher the content of hydration products in the solidified muddy soil, the stronger the cementing force between soil particles, the denser the sample, the higher its stiffness, and the mechanical properties of the material are optimized, so the ability of the soil to resist deformation is enhanced. If the loading order increases, the sample becomes more and more hardened, Therefore its elastic deformation decreases, plastic deformation increases, and the dynamic elastic modulus decreases.
Test Results of Dynamic Characteristics of Solidified Muddy Soil Under Different Curing Ages
Table 5 shows the analysis of dynamic load amplitudes and final axial strain data of solidified muddy soil under different curing ages. From the table, the maximum values can be obtained in the range of two times the average value plus the standard deviation, it shows that the test results are less discrete. Figure 5 shows the dynamic characteristics of solidified muddy soil under different curing age conditions. It can be seen from Figure 5A that with the increase of the dynamic load amplitude, the final axial strain of the solidified muddy soil also increases. More importantly, the final axial strain increases at different ages. When the final axial strain at 7 days is the largest, followed by 90 days, and the smallest at 28 days. Due to the hydration reaction between cement, curing agent, and muddy soil is slow, the reaction is insufficient when the curing age is 7 days. Consequently, the main effect of the early strength improvement is the physical filling effect. As the curing age reaches 28 days, the hydration reaction between cement, curing agent, and muddy soil is sufficient, which results those colloidal crystals fill and connect the molecular gaps between the soil well, improving the compactness of the muddy soil. Therefore, the strength of the solidified muddy soil continues to increase. Whereas, when the curing age reaches 90days, the rigidity of the solidified muddy soil begins to decrease, indicating that the curing effect of the curing agent is not indefinite. At last, the increase in age makes the curing agent possible to fail.
TABLE 5 | Final axial strain of solidified muddy soil at different curing ages.
[image: Table 5][image: Figure 5]FIGURE 5 | Dynamic characteristics of solidified muddy soil at different curing ages (A) The curve between dynamic load amplitude and final axial strain (B) The curve between dynamic strain and dynamic elastic modulus.
Table 6 shows the data analysis table of dynamic strain and dynamic modulus of elasticity of solidified muddy soil under different curing ages. From the table, the maximum relative error is 16.81% (curing ages 90 days), which shows that the experimental results are less discrete, the relative error and dispersion increase with the increase of age, indicating that the curing state becomes dispersed when the age reaches 90 days. According to Figure 5B, it can be inferred that when the curing age is 28 days, the initial dynamic elastic modulus of solidified muddy soil is larger than that of 7 days and 90 days. In cast that the curing age is 7 days, the hydration reaction between cement, curing agent, and muddy soil is insufficient. Further, the early stiffness improvement is mainly due to physical diffusion, the degree of improvement is therefore not obvious. When the curing age is 90 days, the dynamic elastic modulus of solidified silty soil tends to decrease over time. That is to say, the effect of the curing agent is weakened. Comparing the three curing ages, in case of dynamic elastic modulus of high solidified silty soil corresponding to 28 days, and the dynamic strain is the lowest, indicating that curing age of 28 days solidified muddy soil has the best hydration reaction effect. The gelling material greatly improves the cohesion between molecules, thereby effectively inhibiting the deformation of the silt soil particles.
TABLE 6 | Dynamic elasticity modulus Ed of solidified muddy soil at different curing ages.
[image: Table 6]Kang et al. (2017) showed that the dynamic constitutive relationship of soil under cyclic loading conforms to the following hyperbolic relationship through a large number of experimental studies, where:
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In formula (2), where δd is the dynamic stress, εd is the elastic dynamic strain, and a and b are the soil parameters. On basis of formula (2), 1/Ed = a+bεd can be obtained, that is, the reciprocal of dynamic elastic modulus has a linear relationship with the magnitude of dynamic strain. Therefore, we accordingly draw the correlation curve of 1/Ed∼εd, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Relationship curve of 1/Ed∼εd of solidified muddy soil at different curing ages.
It can be concluded from Figure 6 that the test points fit with the straight line well. However, it should be noted that the dispersion is very small, indicating that the curves are basically linear for solidified muddy soils of different ages under the same test conditions. The larger the slope, the faster the dynamic strain increases, and the faster the reciprocal of the dynamic elastic modulus increases, that is, the faster the dynamic elastic modulus decreases. The hyperbolic model can well reflect the relationship between the strain of solidified silt and the dynamic elastic modulus. From Figure 6, the curve slope of 28 days solidified muddy soil is smaller than that of 7 days and 90 days solidified muddy soil, its dynamic elastic modulus is therefore larger than that of the other two groups of solidified muddy soil, indicating that 28 days is the curing age with the best curing agent effect.
INDOOR SCANNING ELECTRON MICROSCOPE MICROSCOPIC TEST
Test Principle and Scheme
In the experiment, through sampling the samples after the moving strain test and scanning electron microscopy test, the paper studies the quantitative structural characteristics of the solidified muddy soil by selecting typical sample maps aiming to reveal the microstructure characteristics of the solidified muddy soil. With the purposed of avoiding disturbing the structure of solidified muddy soil, we collected the powder samples with a surface thickness of about 3 mm with a soil cutter and placed in a sealed sample box. Furthermore, to eliminate the interference of moisture and the vacuum degree of the SEM vacuum system on the test results, it is necessary to dry the samples, so the samples were dried in an 80°C oven, and then transported back to the laboratory for SEM test observation. More specific experimental steps are as follows:
1) Take a powder sample with a thickness of about 3 mm on the surface of the test block after the dynamic triaxial test.
2) Put the powdered sample in the plastic box, label it and put it in the drying box for drying.
3) Sprinkle the powdered sample evenly on the sample stage, and use a scanning electron microscope (SEM) to scan and image the surface of the sample point by point.
Legend of the Sample Observed in the Test
Figures 7, 8 present examples of samples under different mixing ratios. It is shown from Figure 7 with the increase of content of curing agent, curing muddy soil skeleton structure of microscopic particles form starts from single chip sorting clutter to sort stereospecificity obvious granular, which shows that with the increase of content of curing agent, cement, curing agent. The hydration reaction between soil particles can effectively adhere to the soil particle. It acts as a connecting “bridge” to fill in the particle gap, thus improving the structural properties of the solidified silty soil itself.
[image: Figure 7]FIGURE 7 | SEM images of solidified muddy soil with different curing agent contents (A) Curing agent content (1:40) (B) Curing agent content (1:30) (C) Curing agent content (1:20).
[image: Figure 8]FIGURE 8 | SEM images of solidified muddy soil with different cement contents (A) Cement content (1:30) (B) Cement content (1:25) (C) Cement content (1:20).
It is clear from Figure 8, following the increase of cement content, the contact area of the solidified mud soil microscopic particles started from dot and gradually become section. It is noted that the contact area increases. This is because the cement content increase cement, curing agent, hydration gel between the soil particles will flake silt particle conglomerate, particle clearance gradually be populated, internal close-grained, to form a whole structure. On the macroscopic level, the strength and stiffness of solidified silty soil are enhanced.
By comparing Figure 7 and Figure 8, it can be concluded that the influence of content of curing agent on solidified silty soil is greater than that of changing the content of cement. This is because the content of curing agent plays a leading role in the hydration reaction between cement, curing agent and soil particles. On another hand, the increasing curing agent content can effectively promote the growth of hydration gel products.
Figure 9 is an example of samples under different curing age conditions. It is found out that the curing age is 7 days. Consequently, the microstructure of solidified muddy soil presents a large number of flaky particles piled up. The surface of the soil particles is very rough, coupling with a lot of gaps in the internal structure. However, as the curing age reaches 28 days, a large amount of hydration gel material condenses the flaky particles. Especially, the hydration products penetrate into the interstices of the internal structure of the soil, bonding the soil particles together and making the surface relatively flat and smooth. While the curing age reaches 90 days, it will result in mutual slippage between the polymers. In this case, a small amount of rough monolithic particles appears, indicating that the curing effect decreases with the curing age reaching 90 days.
[image: Figure 9]FIGURE 9 | SEM images of solidified muddy soil at different curing ages (A) 7 days (B) 28 days (C) 90 days
Dynamic triaxial test and SEM microscopic tests were combined to analyze the relationship of the solidified muddy and the mechanic property. From section 4 and section 5, we will find that there exists proportional relationship between micro-structure and mechanical property. On the one hand, the solidified muddy will change the structure by filling the particle gap, thus raising the compactness degree of soil. On the other hand, the cementation of the solidified muddy can effectively adhere the soil particles, thus raising the cohesive force of soil. The compactness degree and the cohesive force affect proportionally the dynamic elastic modulus and dynamic strain of the soil.
CONCLUSION
Through indoor dynamic triaxial test and SEM microscopic test on solidified muddy soil, the paper analyzes the influence of changing mix ratio and curing age on solidification effect according to the test results of dynamic characteristics of solidified muddy soil with different mix ratio and curing age. The corresponding conclusions are drawn as following:
1) Under the conditions of different mix ratios, with the increase in the mixing amount of cement and curing agent, the curing effect of the curing agent is more obvious. Particularly, the curing agent content dominates in the hydration reaction between cement, curing agent and soil particles. The mixing of cement and curing agent significantly improves the dynamic strength and dynamic elastic modulus of the powdery silty soil, and can effectively improve the dynamic characteristics of the powdery silty soil.
2) With the increase of the loading series, the corresponding dynamic strain increases. Whereas, the dynamic elastic modulus shows a downward trend. Particularly, the dynamic cohesion inside the structure increases, the soil gradually becomes compact, and its stiffness increases.
3) The theoretical curve predicted by adopting the hyperbolic model can fit with the relationship between dynamic stress and dynamic strain of solidified silty soil well.
4) The results show that the best mix ratio can be obtained when the ratio of cement mass to dry sludge mass is 1:20, additionally the ratio of diluent volume to dry sludge mass is 1:20. There is no adhesion between the particles in the silt soil sample, with only friction between the particles and the inlaid bite. After mixing cement and curing agent, part of the hydration products are wrapped on the surface of the soil particles in flocculent or fibrous form. Moreover, some hydration products fill the pores between the soil particles. However, with the increase of age, the hydration products stretch to the soil particles. Interstitials or pores between sand particles extend and overlap and begin to agglomerate. When its age reaches 28 days, the agglomeration is enhanced. Therefore, a grid-like spatial skeleton structure is gradually formed, which binds the soil particles into one body and strengthens the soil particles. The connection between the two has realized the improvement of the mechanical properties of the silt soil.
5) The solidifying agent strengthens the silt as the base layer or subbase layer of the road pavement. Additionally, its strength increases faster and more stable in the early stage, with a higher resistance to deformation. In coastal areas where silt soil is widely distributed, it is practical to use curing agent to reinforce the silt soil as the base or subbase of high-speed railway station buildings and railways. The research can solve the resource shortage problems such as insufficient fillers and stones. More importantly, the in-situ solidification can effectively reduce the damage to the natural environment, and achieve energy saving and reduction by recycling resources.
6) The paper basically focuses on the investigation of agitated silt soil to obtain regular conclusions. But the silt sample undergoes drying, crushing and other pretreatment operations, which may change some properties and cause a certain difference in the effect of silt in-situ solidification. It’s necessary to be further studied regarding on the effect mechanism of curing agent on different silt soils and whether the effect is the same. The research on the mechanical properties of silt is limited to dynamic characteristics. While, it needs to be further studied on the changing laws of certain static mechanical indexes such as unconfined compressive strength, partial shear strength, compressibility, stability, etc. The future research is generally divided into two steps: 1) To further deepen the research on curing effect durability, 2) To further carry out research on on-site quality control approach combined with engineering practice so as to provide a more comprehensive theoretical basis for high-quality construction of actual projects.
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For the purpose of reducing the energy consumption and construction cost of buildings, the preparation process of geopolymer based foamed concrete, which is a novel material of the wall and roof of building, had been studied in detail. Water glass and sodium hydroxide were used as the alkali activator to excite the mixture consists of slag, fly ash and Kaolin to form the geopolymer matrix, and finally the foams generated using the physical foaming method were filled into the geopolymer matrix to produce geopolymer-based foamed concrete blocks. In the preparation process, firstly one of the four parameters of foam content, water-binder ratio, water glass content, and water glass modulus had been changed separately to study the influence of a single factor on the compressive strength, dry density, thermal conductivity and specific strength of foamed concrete blocks. The experimental results show that the above four factors have different degrees of influence on the concerned performances. Next, some representative combinations of these factors were constructed by orthogonal experiment method, and the influence degree of each combination on the concerned performances was determined by means of range analysis. According to the results of analysis, the most important influencing factor in terms of thermal conductivity was the water-binder ratio, followed by foam content, water glass modulus and water glass content. When the foam content is 1.58%, the water-binder ratio is 0.45, the water glass content is 30%, and the water glass modulus is 1.2, the thermal conductivity of the prepared geopolymer foam concrete reaches 0.044 W/(m·K), which satisfies the expected requirements for heating in severe cold areas.
Keywords: geopolymer, foamed concrete, orthogonal experiment, thermal conductivity, range analysis
1 INTRODUCTION
With the development of society and the increase of population, the problem of energy shortage has become increasingly prominent, and countries all over the world have attached great importance to energy conservation and environmental protection in the construction industry (Huang, 2013). The Chinese government proposed the development of “applicable, economical and green buildings” in the “13th Five-Year Plan” (Fan et al., 2019). As an important part of the building, the design of the enclosure structure is closely related to the building energy consumption (Liu et al., 2014). In recent years, with the continuous enhancement of China’s scientific research and economic strength, relevant functional departments have put forward higher requirements on building environmental protection, and have successively introduced various policies and measures. With the strong support of these favorable policies, reforms in the construction sector have been deepened, and significant progress has been made in the research of building energy-saving technologies and building energy-saving materials (Chang et al., 2016). From the chemical composition, building insulation materials can be divided into organic materials (Silvestre et al., 2016), inorganic materials (Wang et al., 2020) and organic-inorganic composite materials (Yang et al., 2018). In China’s building materials market, organic building materials such as polystyrene foam and polyurethane foam are common (Hou et al., 2018; He, 2017). Compared with inorganic materials, organic materials have the advantages of light weight and low thermal conductivity, which made them favored by the market. Apart from the above advantages, the problems of low ignition point and easy aging of organic building materials can’t be ignored (Vuong et al., 2016). On the morning of March 9, 2021, an indoor fire in the Zhongxin Building in Shijiazhuang City, Hebei Province caused serious casualties and property losses because the fire spread to the insulation layer of the building’s external walls. The intensification of fires caused by the inflammable insulation of the exterior wall of buildings such as this occurs many times a year, seriously endangering national health and economic construction. In order to reduce the fire threat caused by organic building materials, the Ministry of Housing and Urban-Rural Development of the People’s Republic of China has issued a series of announcements to limit the excessive use of organic building materials (Xiao and Ding, 2013). Therefore, inorganic materials represented by foamed concrete have gradually become a research hotspot in the field of building materials (Yang et al., 2021).
Foamed concrete is a kind of lightweight and porous concrete that receives considerable attention from builders worldwide. The irregular voids inside are derived from the foaming agent mixture in the mortar (Amran et al., 2015). The urgent need for energy-saving and environmentally-friendly building technology has promoted the rapid promotion of foam concrete. Pure cement mixed with fine sand is commonly used for preparing foamed concrete with light weight and uniformly distributed discrete bubbles (Ramamurthy et al., 2009). In different countries such as the United Kingdom, Germany, Turkey, the Philippines and Thailand, foam concrete has become a common material required for construction (Mydin and Wang, 2011). In history, the Romans first realized that by adding blood to a mixture of small gravel, coarse sand and hot lime and stirring it with water, the resulting block containing small bubbles was more durable and practical (Hill, 2013). In 1923, Axel Eriksson was granted a patent for Portland cement-based foam concrete (Valore, 1954). After that, major improvements in production equipment and better superplasticizer and foaming agents have allowed foamed concrete to be used on a large scale, and a lot of efforts have been made to comprehensively study the characteristics and behavior of foamed concrete to simplify its usage in building structure application. Foamed concrete can be prepared by two techniques, which are called pre-foaming method and hybrid foaming method. For the former, it is necessary to prepare stable foam with the help of an air compressor, and then mix it with the basic mixture (consisting of cement, sand and water). For the latter, the foaming agent solution is mixed with the base mixture in a high-speed mixer. Since Davidovits introduced geopolymers, the concept of cement-free concrete has been formally put forward (Liu et al., 2016). The concrete can be prepared by a reaction between an alkaline solution and a raw material rich in silica and alumina, followed by curing and drying (Hardjito et al., 2004). The use of geopolymers to replace the ordinary Portland cement (OPC) to make concrete not only significantly reduces the CO2 emissions of the cement industry, but also realizes the reuse of industrial waste residues such as fly ash. In addition, geopolymer concrete also exhibits lower absorptivity than OPC concrete. As a relatively new material, the preparation process, proportion of doped components and material properties of foamed concrete are yet to be studied.
This article mainly studies the preparation technology of foamed concrete, and then expands it to introduce in detail the optimized design of the raw materials and doping ratio of foamed concrete to obtain the ideal compressive strength, dry density, thermal conductivity, and specific strength in the fresh and hardened state. The remainder of this paper is structured as follows: Section 2 provides a complete solution of preparing the geopolymer-based foamed concrete referred in this article. Next, the influence of a single factor among foam content, water-binder ratio, water glass content and water glass modulus on the compressive strength, dry density, thermal conductivity, and specific strength of foamed concrete blocks are described and discussed in Section 3. Apart from this, the results of orthogonal experiment (Xuan and Leung, 2011) and range analysis (Tang et al., 2011) of the combination of various influencing factors will also be presented. At last, the conclusions are drawn in Section 4.
2 RAW MATERIALS AND PREPARATION METHOD OF FOAMED CONCRETE
2.1 Raw Materials
The most important raw material for preparing geopolymer-based foamed concrete is geopolymer. Its basic material is usually aluminosilicate in industrial waste residue, roasted clay or natural minerals produced after smelting, or a mixture of the above substances. Here we mixed Kaolin (Inner Mongolia Hongji Co., Ltd.), slag (Shenyang Huacheng Slag Powder Manufacturing Co., Ltd.) and fly ash (Tongliao General Power Plant Co., Ltd.) in a certain proportion to form the basic material of geopolymer. The main components of slag are calcium oxide and glass body. As a by-product of coal combustion, fly ash is usually classified as siliceous (class F) or cementitious (class C). In the experiment, class C fly ash (Type I) conforming to the ASTM C 618 standard was used as the auxiliary cementing material. The chemical composition of slag and fly ash are listed in Table 1. The alkali activator was made by water glass (Shandong Yousuo Chemical Technology Co., Ltd.) and sodium hydroxide (Shenyang Chemical Reagent Factory). In order to enhance the compressive strength of the geopolymer, in addition to the above-mentioned raw materials, a small amount of H46 hollow glass beads jointly developed by Ma’anshan Institute of Mining Research and Chinese Academy of Sciences were added. The physical foaming method is used to realize the preparation of geopolymer-based foamed concrete. The current physical foaming agents mainly include rosin, synthetic, protein, and composite. Among them, the composite has the highest foaming efficiency. The high-performance composite foaming agent produced by Qingdao Xinyu Machinery Technology Co., Ltd., was used in the experiments. The foaming agent used is a nearly colorless and transparent liquid, and the dilution ratio, pH value, bleeding and foam density are 50, 7.1, <20 ml and 50 kg/m3, respectively. For extending and stabilizing the foam to maintain its long-term performance, hydroxypropyl methyl cellulose produced by a Beijing company was introduced as a foam stabilizer.
TABLE 1 | Chemical composition of slag and fly ash.
[image: Table 1]2.2 Preparation Method
The preparing process of geopolymer-based foamed concrete was shown in Figure 1. First, sodium hydroxide, water glass and water were mixed to form an alkali activator of the required modulus; subsequently, dry materials such as Kaolin, slag and fly ash are mixed in a certain proportion and poured into a pot and stir evenly (about 3 min); then, the prepared alkali activator was poured into the uniformly mixed powder and continue stirring to form a geopolymer slurry (about 1 min); finally, the prefabricated foam containing foam stabilizer was passed into a mixer filled with geopolymer slurry and quickly stirred for about 45 s to form a paste-like foamed concrete. In order to prevent the rapid loss of moisture and cause cracks, we poured the above paste into a mold and covered it with a film, and cured it in a standard curing chamber for 24 h under constant temperature and humidity (20 ± 2°C, RH 90%). After demolding, the environmental parameters were kept unchanged until the foamed concrete specimen reached the predetermined age of 28 days.
[image: Figure 1]FIGURE 1 | The preparing process of geopolymer-based foamed concrete.
2.3 Evaluating the Properties of Foamed Concrete
The demoulded foam concrete blocks were divided to obtain 9 small blocks in 3 groups with a length, width and height of 10 cm. The measurement of the compressive strength and dry density of the foamed concrete in this test follows the relevant regulations in the industry standards of the Chinese construction industry (JG/T 266-2011). Before carrying out the experiments, first put the test block in a drying box and dry it to a constant weight. Next, measure the length, width and height twice and then take the average to calculate the volume and surface area. Finally, the average values of each group were calculated using the volumes, surface areas and masses of the 3 test blocks. The IMDRY3001 thermal conductivity tester was used to measure the thermal conductivity. In order to ensure accurate and reliable measurement results, the upper and lower surfaces of the selected test block are required to be as parallel, smooth and uniform in thickness as possible. The compression strength test uses NYL-2000D universal press, and its pressurizing speed can be set to 0.5∼1.5KN/s. During the pressurization process, the load is continuously and uniformly increased until the test block is damaged. At this time, the pressure reading of the universal press is recorded as the maximum failure load. The compressive strength f is expressed as
[image: image]
where F is the maximum failure load and A is the area of Surface. The calculation of dry density follows the following formula:
[image: image]
In Eq. 2, ρ0 is dry density, m0 is quality after drying, and V is the volume. Compared with the simple compressive strength index, the specific strength S obtained after the introduction of dry density is more objective for foam concrete performance evaluation:
[image: image]
3 RESULTS AND DISCUSSION
3.1 Influencing Factors of Geopolymer-Based Foam Concrete
The performance of geopolymer-based foam concrete is affected by foam content, water-binder ratio, water glass content and water glass modulus. The foam content is defined as ratio of the mass of foaming agent and gelling material required to prepare the foam. The water-binder ratio refers to the ratio of the total water consumption to the mass of the cementations material in the material preparation process. The water glass content is the ratio of the pure water glass in the liquid water glass to the mass of the cementitious material. The water glass modulus is n in the molecular formula of water glass (n in Na2O·nSiO2).
3.1.1 Foam Content
For the research of influence of foam content on the performance of geopolymer-based foam concrete, the foam content was increased from 0.30 to 1.58% during the preparation process while keeping other conditions unchanged. The elementary mix proportions are summarized in Table 2. The compressive strength, dry density and specific strength of geopolymer-based foam concrete at the age of 28-day are shown in Figure 2. It can be found that the compressive strength and dry density of the geopolymer-based foamed concrete decreases continuously with the increase of the foam content. The above phenomenon is the result of the continuous decrease of the concrete density as the foam content increases. On the other hand, the continuous increase of foam content will cause the foam to burst and merge, which in turn makes the pores larger. Moreover, the curve of specific strength shows a trend of first increasing and then decreasing. This is because there is a significant change in the rate of decrease of the concrete dry density as the foam content increases. When the foam content increases to 0.62%, the specific strength reaches the maximum. As is shown in Figure 3, the thermal conductivity of foam concrete decreases with the increase of foam content, which indicates that the voids inside the concrete help to improve its thermal insulation performance.
TABLE 2 | Mixing ratio of geopolymer-based foam concrete with different foam content.
[image: Table 2][image: Figure 2]FIGURE 2 | The compressive strength, dry density and specific strength of geopolymer-based foam concrete at the age of 28-day (foam content from 0.30 to 1.58%).
[image: Figure 3]FIGURE 3 | The thermal conductivity of geopolymer-based foam concrete at the age of 28-day (foam content from 0.30 to 1.58%).
3.1.2 Water-Binder Ratio
In Table 2, the foam content was fixed at 0.94%, the water-binder ratio was changed in the range of 0.35–0.55, and the preparation process was repeated. As the water-binder ratio increases, the consistency of the slurry decreases, the fluidity increases, and the stability of the concrete structure decreases. In addition, the shear resistance of the slurry to the bubbles is also continuously reduced, the bubbles continue to float up and tend to concentrate, and stress defects are prone to appear in the concentrated position. The above factors will cause the compressive strength and dry density of concrete to decrease, as shown in Figure 4. In the same way as above (Figure 2), the sudden change in the rate of decrease of the concrete dry density results in the fluctuation of the specific strength curve. When the water-binder ratio is between 0.35 and 0.45, the curve has an inflection point. The pores of foamed concrete increase with the water-binder ratio, which in turn leads to a decrease in thermal conductivity. The changing trend of the curve in Figure 5 just confirms this process.
[image: Figure 4]FIGURE 4 | The compressive strength, dry density and specific strength of geopolymer-based foam concrete at the age of 28-day (water-binder ratio from 0.35 to 0.55).
[image: Figure 5]FIGURE 5 | The thermal conductivity of geopolymer-based foam concrete at the age of 28-day (water-binder ratio from 0.35 to 0.55).
3.1.3 Water Glass Content
Among the materials listed in Table 2, the foam content was kept at 0.94% while the water glass content was gradually increased from 10 to 30%, and the preparation process was repeated. In Figure 6, with the increase in the amount of water glass, the compressive strength of the concrete first increases and then decreases. The main reason for this condition is the change in the degree of alkali excitation: as the content of water glass increases, the content of NaOH must be increased to keep the modulus of the water glass unchanged, resulting in stronger alkali excitation and compressive strength. However, when the content of water glass reaches a certain level, it will directly react with the geopolymer and weaken the excitation effect, thereby reducing the compressive strength. The increase of the water glass content improves the stability of the unhardened concrete paste, that is, increases the shear resistance. As can be seen in Figure 6, the larger shear resistance causes a large amount of foam to break, reducing the voids of the concrete, and thereby increasing the dry density of the concrete. While the water glass content is increasing, the specific strength of the geopolymer-based foam concrete first increases and then decreases. When the water glass content is 20%, the specific strength reaches the maximum. The increase in the amount of water glass will reduce the voids of the foamed concrete, thereby accelerating the process of heat conduction, as described in the experimental results given in Figure 7.
[image: Figure 6]FIGURE 6 | The compressive strength, dry density and specific strength of geopolymer-based foam concrete at the age of 28-day (water glass content from 10 to 30%).
[image: Figure 7]FIGURE 7 | The thermal conductivity of geopolymer-based foam concrete at the age of 28-day (water glass content from 10 to 30%).
3.1.4 Water Glass Modulus
The foam content listed in Table 2 was kept at 0.94%, while the water glass modulus was gradually increased from 1.0 to 1.4. The compressive strength, dry density and specific strength of geopolymer-based foam concrete at the age of 28-day are shown in Figure 8. The increase in the modulus of the water glass causes a corresponding increase in the Si component. The appropriate increase of the Si component is conducive to the formation of C-S-H gel, thereby increasing the compressive strength of concrete and reducing its dry density. However, when the modulus of the water glass is too large, the alkaline solution will not be able to fully stimulate the activity of the slag because the pH value is not high enough. At this time, the changes in compressive strength and dry density are opposite to the above, and then the maximum value of the specific strength curve appears. In Figure 9, the fluctuation of the thermal conductivity curve indicates that a moderate increase in the modulus of the water glass produces more pores, but when it reaches a certain level, the effect of increasing the pores is no longer obvious. Instead, the increase in dry density caused by the introduction of Si components dominates.
[image: Figure 8]FIGURE 8 | The compressive strength, dry density and specific strength of geopolymer-based foam concrete at the age of 28-day (water glass modulus from 1.0 to 1.4).
[image: Figure 9]FIGURE 9 | The thermal conductivity of geopolymer-based foam concrete at the age of 28-day (water glass modulus from 1.0 to 1.4).
3.2 Orthogonal Experiment and Range Analysis
3.2.1 Orthogonal Experiment
Orthogonal experiments can not only reduce the number of repeated experiments, but also help to understand the overall experimental situation through the analysis of some representative points. For this research, the foam content, water-binder ratio, water glass content and water glass modulus are considered as independent factors. Within the optimal range of these factors, three typical values are taken for each to design the L9(34) orthogonal scheme shown in Table 3, where 9 represents the orthogonal combinations of factors, 3 represents the levels of each factor, and 4 represents the number of factors. As shown in Table 3, the orthogonal experiment table must satisfy orthogonality, representativeness and comprehensive comparability. Orthogonality requires that the number of occurrences of each level in the same column is equal. Representativeness means that the experimental points in the orthogonal experiment table are evenly distributed among all possible experimental points. The comprehensive comparability ensures that the interference of other factors is eliminated to the greatest extent in the effect of each level of each factor, so that the influence of different levels of the factor on the experimental indicators can be comprehensively compared.
TABLE 3 | Scheme of the orthogonal experiments.
[image: Table 3]3.2.2 Range Analysis
In order to meet the main requirements of light weight, sturdiness and heat preservation of building enclosure materials, the orthogonal experiments were carried out with specific strength and thermal conductivity as the indicators. Range analysis is an intuitive data processing method for orthogonal experiments. Through this method, the degree of influence of each factor on a certain indicator can be evaluated, and the optimal combination of each factor for the indicator can be obtained. In Tables 4, 5 used for data analysis, Ki represents the sum of experimental results corresponding to the ith level of a certain factor, and ki in the bracket is the mean value of Ki. When ki reaches the maximum value, i is the optimal level of this factor. Once the optimal levels of each factor are determined, the optimal combination can be obtained directly. The difference between the maximum and minimum values of ki is the range R:
[image: image]
TABLE 4 | Analysis of the experimental results of specific strength.
[image: Table 4]TABLE 5 | Analysis of the experimental results of thermal conductivity.
[image: Table 5]The larger the R value, the greater the influence of the change of this factor on the experimental results. According to this, the order of the factors affecting the certain indicator can be determined. From the results listed in Table 4, it can be seen that the water glass modulus has the greatest influence on the specific strength, followed by the foam content, the water glass content and the water-binder ratio. When the foam content, water-binder ratio, water glass content and water glass modulus are 0.30%, 0.45, 20%, and 1.2, the maximum specific strength can be obtained. Similarly, it can be seen from Table 5 that the factors affecting the thermal conductivity are water-binder ratio, foam content, water glass modulus and water glass content in order. For severe cold regions, heat preservation is the basic requirement of building enclosure structure, so the optimal combination of parameters should correspond to the minimum value but not the maximum value of thermal conductivity. This explains why the optimal combination in Table 5 is A3B2C3D2 instead of A1B1C1D1. The thermal conductivity obtained by a separate experiment is 0.044.
4 CONCLUSION
The preparation and characterization methods of geopolymer-based lightweight foam concrete are reported in the paper. The influences of foam content, water-binder ratio, water glass content and water glass modulus on the performance indicators of the prepared foam concrete are studied. Based on the experimental results, the following conclusions are drawn:
1) Compared with several other parameters, the water-binder ratio has the most significant effect on the thermal conductivity.
2) With the continuous increase in the foam content or water-binder ratio, the compressive strength, dry density and thermal conductivity of geopolymer-based foam concrete at the age of 28-day have been continuously reduced.
3) When the content of water glass increases, the compressive strength of geopolymer-based foam concrete at the age of 28-day first increases and then decreases, while the dry density and thermal conductivity continue to increase.
4) Through orthogonal optimization experiment and range analysis, it can be known that the optimal levels of foam content, water-binder ratio, water glass content and water glass modulus for thermal conductivity is 1.58%, 0.45, 30%, and 1.2.
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The main purpose of this study is to determine the metakaolin (MK) impacts on the concrete durability when the concrete is subjected to joint corrosion of SO42−,Mg2+ and, Cl−. Four groups of concrete test samples, which contained different MK contents, were designed and tested in order to see their physical property changes and macro-morphology differences during the cyclic corrosion process. And a series of approaches, including XRD, FTIR, SEM, and EDS, were applied to study the concrete phase composition changes and the micro-morphology features of all groups. According to the test results, when reaching 20 cycles, the concrete sample with 10% MK showed the best concrete physical properties; when reaching 120 cycles, the concrete with 5% MK content showed the best durability, produced similar amount of corrosion products to ordinary concrete, and presented relatively compacted micro-structure and small internal porosity. Mg2+ actually has a great impact on metakaolin. The corrosion product quantity increased significantly when MK admixture reached 15%. Due to the great number of produced M-S-H, the corrosive ions damaged the concrete for a second time, leading to serious aggregate peeling-off, powder surface of test samples, and porous micro-structure.
Keywords: concrete, metakaolin, dry-wet alternation, ion corrosion, micro-analysis
INTRODUCTION
With the rapid development of economy and continuous improvement of industrialization, large infrastructures, such as high-rise buildings, large bridges, and tunnels, have been constructed one after another. However, behind the huge economic benefits brought by the above-mentioned infrastructures, there is a great concern about the environmental pollution and energy consumption (Bildirici, 2019). The carbon dioxide (CO2) produced due to cement production accounts for 8% of total CO2 emission of the whole globe (Xi et al., 2016; Andrew, 2019). And for the reduction of greenhouse gas emission of the cement industry around the world, the most effective way is to minimize the cement use (Environment et al., 2018), which can be achieved by replacing certain proportion of cement by mineral admixture. Both the coal fly ash and blast furnace slag are the commonly used mineral admixtures (Supit and Shaikh, 2014; Juenger and Siddique, 2015; Hemalatha and Ramaswamy, 2017), but for common coal fly ash, though it can effectively reduce cement dosage and lower the economic cost, it has adverse effect on concrete performance at initial stage due to its low activity and large particle size (Jiang, 2005).
Metakaolin is a highly active pozzolanic material, which is produced by mineral resource of Kaolin burnt in 500–900°C temperature. Kaolin actually spreads widely with rich reserves around the world. Taking China for instance, Kaolin reserve reaches 3 billion tons, among which, 3/4 hasn’t been exploited and utilized. And this data only ranks fifth in the globe (Zhang et al., 2021a). The pozzolanic activity of metakaolin is even higher than silica fume (Wei et al., 2019), so that the metakaolin can engage in secondary reaction with Ca(OH)2 during hydration process to produce large amount of C-S-H, as well as hydrated calcium aluminate and calcium sulphoaluminate hydrate. The hydration products can reduce the porosity of the concrete (Jiang et al., 2015), and enhance the cementious capability of the aggregates and the slurry (Mo et al., 2020). Zeng et al.(2014) believed that the metakaolin can reduce the pores in mortar, thereby refining the pore diameter inside the mortar. Besides, the metakaolin can also improve the mechanical properties of the concrete at the initial stage (Chen et al., 2021a), which perfectly solve the adverse effects brought by traditional mineral admixture (ordinary coal fly ash and blast furnace slag) to the concrete.
Sulfate has always been a key environmental factor that can seriously damage the concrete from both chemical and salt crystallization aspects. The chemical corrosion is represented by the SO42− invasion into the concrete, which could result in micro structural damage and hydration product damage (Gu et al., 2019a). The salt crystallization corrosion is mainly represented by the gypsum crystal expansion and the mirabilite crystal separating-out, which produce crystal pressure inside the concrete (Feng et al., 2014). Many researchers have found that adding mineral admixture could help to improve the concrete performance in resisting sulfate corrosion (Huang et al., 2017; Nosouhian et al., 2019; Zhang et al., 2021b). Alapour et al. (Alapour and Hooton, 2017) determined from their study that, the application of certain amount of slag can delay the concrete deterioration caused by sulfate. Nabil M(Al-Akhras, 2006) believed that, replacing cement with 0–15% metakaolin can significantly enhance the concrete performance in resisting sulfate corrosion. However, in practical engineering, the concrete is usually subjected to corrosion brought by multiple types of ions, especially SO42−, Mg2+, and Cl−. These three types of ions, which are widely distributed in saline soil and ocean, have the most serious adverse impact on concrete (Gu et al., 2019b). For the studies on metakaolin concrete when suffering corrosion brought by multiple types of ions, the test of Mardani (Mardani-Aghabaglou et al., 2014) showed that, facing the joint corrosion of Mg2+ and SO42−, the adding of metakaolin would ease the damage brought by concrete expansion, but Lee et al. (2005) expressed the contrary opinion, believing that the adding of metakaolin could worsen the concrete damage when facing the joint corrosion of Mg2+ and SO42−.
The aforementioned studies demonstrate the advantages of mineral admixtures. However, most of these studies focus on the concrete corrosion caused by a single type of corrosive ion, lacking studies on metakaolin concrete corrosion caused by multiple types of ions. And even the existing researches obtained contradictory conclusions. As a matter of fact, the concrete could be affected by the coupling effects of dry-wet alternation and corrosive ion corrosion, such as the large temperature difference and large water evaporation phenomenon in salt lake areas of West China region, and the alternated flood and tide ebb tides in coastal environment regions. The dry-wet alternation can increase the concrete porosity and accelerate the corrosive ion filtration (Qi et al., 2017), but its physical corrosion effect is usually ignored. Moreover there are also problems to be solved, for example: do various metakaolin contents have different impacts on corrosion brought by multiple types of corrosive ions? Will different corrosion time result in different results?
To solve the above problems, the dry-wet alternation test was carried out, in which, the 5%MgSO4+3.5%NaCl solution was taken as the corrosion medium, the concretes were added with 5, 10, and 15% metakaolin respectively, and the ordinary concrete was taken as the control group, in order to study the influences of different metakaolin contents on the concrete performance in resisting corrosion brought by multiple types of corrosive ions. The compressive strength and mass of the concrete were measured for each cycle. And the comparison on differences among all groups of concretes was made as well. A series of micro analysis approaches, including the X-ray diffraction (XRD), Fourier transform infrared spectrum (FTIR), scanning electron microscope (SEM), and energy dispersive spectrum (EDS), were applied to explore the degradation mechanism of concretes with different metakaolin contents at the time of being eroded by multiple ions.
TEST PROCESS
Raw Material of Test
According to the industrial standards and the references of relevant literature (Peng et al., 2019; Zhou et al., 2021), the P.O. 42.5 ordinary Portland cement produced in Huainan City, and the white-color metakaolin with about 1.8 μm average particle size produced by Shanghai Lingdong Company were applied in this test. The chemical compositions of the metakaolin and the cement are as shown in Table 1. And for the aggregates, the gravels with 5–15 mm continuous gradation were used as the coarse aggregates, which are featured in 1,543 kg/m³ bulk density and 2,630 kg/m³ apparent density; and the medium sands coming from Huaihe River were used as the fine aggregates, which are with about 2.9 fineness modulus, 1,577 kg/m³ bulk density, and 2,621 kg/m³ apparent density. And the Polycarboxylate-based superplasticizer with about 37% water reduction rate was used as the water reducer in this test.
TABLE 1 | Cement and metakaolin chemical composition (%).
[image: Table 1]Mix Proportion and Preparation of Test Samples
Relative materials show (Abdul Razak and Wong, 2005; Pouhet and Cyr, 2016) that, the maximum content of metakaolin added into concrete shall be no more than 20%; and on the other hand, adding 5–15% metakaolin into the concrete could effectively improve the mechanical properties of the concrete. Therefore, the concrete proportioning was finally determined according to the JGJ55-2011 Specification for mix proportion design of ordinary concrete (as shown in Table 2). In this test, the metakaolin was used to equivalently replace 5, 10, and 15% Portland cements, based on which, the corresponding test samples were numbered as MK5, MK10, and MK15. Besides, the reference concrete was numbered as MK0 and taken as the control group. The concrete samples made for this test were non-standard blocks sized 100 × 100 × 100 mm. The process to make the concrete test samples is below: weigh and mix the sand and stone, and put the mixture into the mixer to mix for about 1 min, then weigh and mix the metakaolin and cement according to the ratio as shown in Table 2 and mix for 2 mins until the cementing material and the aggregates are evenly mixed; finally, mix the water reducer with the clean water, and put the mixture into the mixer to mix with other materials evenly; after finishing the mixing, put the mixture into molds, and then move the molds to the vibration table to vibrate and compact; then put the molds aside and wait for 24 h; after that, demold and put the concrete samples in the standard curing room with (20 ± 2)°C temperature and over 95% humidity for 28 days before carrying out dry-wet alternation test.
TABLE 2 | Mix proportion of concrete (kg/m³).
[image: Table 2]Test Method
To simulate the physical and chemical corrosion in certain salt lake areas and coastal areas, the 5%MgSO4+3.5%NaCl solution was taken as the corrosion medium, and the dry-wet alternation steps were determined according to the Standard for test methods of long-term performance and durability of ordinary concrete (GB/T50082-2009) (GB/T 50082-2009, 2009), the previous testing experience (Chen et al., 2021b), and the literature (Liu et al., 2020; Sun et al., 2021) for the test. The dry-wet alternation steps include: soak the test samples in the solution for 14 h → dry them in room temperature for 1 h → dry them in 60°C dryer for 8 h → cool them at room temperature for 1 h, totaling to 24 h per cycle. In order to maintain stable concentrations of all the solutions, we made new solutions and replaced every 10 days during the test. When the required cycles were reached, the tests on mechanical properties, mass, XRD, FTIR, macro, and micro performances were carried out on the test samples respectively. For specific flowchart of the test, please refer to Figure 1. Since the key study objects of this paper are the concretes that are added with different volumes of metakaolin, in order to show the differences among various groups of concrete samples obviously, the macro test, XRD test, and FTIR test were carried out when reaching the most representative “120 cycles”.
[image: Figure 1]FIGURE 1 | Flow chart of the test.
When 10, 20, 40, 80, and 120 cycles were reached, the compressive strength and the mass of various groups of metakaolin concrete were tested. And the compressive-strength operation was performed according to GB/T50081-2002 specifications (GB/T 50081-2002, 2002). Since the test samples adopted in this test are non-standard blocks sized 100 × 100 × 100 mm, the coefficient of 0.95 was multiplied. Meanwhile the relative compressive strength was calculated according to Eq. 1. And the mass was measured by electronic balance (accurate to 0.01). Each test sample was weighed for three times, based on which, the average value was taken finally. And the rate-of-change of the mass was calculated by Eq. 2.
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Where Fα is the relative compressive strength, FN is the compressive strength of concrete after N times of dry-wet alternation, F0 is the MK concrete compressive strength that hasn’t been eroded.
[image: image]
Where ∆M is the mass change rate of the test sample, MN is the test sample mass after N times of dry-wet alternations, and M0 is the test sample mass before corrosion.
When reaching 120 cycles, XRD and FTIR tests were carried out on the concretes with different metakaolin contents in order to analyze the phase composition of the corrosion products. The D/max-2550 XRD machine with 5°∼95°scanning range produced by Japan was used in this test. And the scanning step was set as 0.02 in the test; the NICOLET IS 50 infrared spectrometer with 350 cm−1∼7800 cm−1 wave number range produced by the USA was used for the FTIR test in this study.
When 20 and 120 cycles were reached, Hitachi S4800 cold field SEM produced by Japan and EDS machine were used to observe and analyze the micro morphology of each sample. The accelerating voltage is 5 KV. Adjust the magnification to 10,000 times when observing the samples with 20 cycles. For the samples with 120 cycles, set the magnification to 20,000 times or 50,000 times for observation. Before SEM observation, the mortar slices with 2–4 mm thickness were taken from the surface of the test samples and put into absolute ethyl alcohol to terminate hydration. After that, the slices were put into dryer with 60 ± 5°C temperature till reaching constant mass. The test samples were carried out with grinding and polishing treatment, as well as vacuuming and conductive coating treatment to improve the conductivity. Finally, the SEM test was carried out.
RESULTS
Changes of Physical Properties
Figure 2 shows the physical property changes of concretes added with 5, 10, and 15% metakaolin respectively. In general, the trend of relative compressive strength changes of the concrete added with metakaolin is: rising stage →flat stage→declining stage→rapid declining stage. And the trend of the mass changes is: rising stage →flat stage→declining stage.
[image: Figure 2]FIGURE 2 | Changes in physical properties of concrete: (A) Relative compressive strength; (B) Mass change rate.
For the corrosion time impact on concrete performance, at the initial stage (about 0–20 cycles), the corrosion products, such as ettringite and magnesium hydroxide, were produced firstly, which filled up the internal pores inside the concrete to some certain extent. This promoted the rising of the compressive strength and the mass of the concrete. Meanwhile due to the pozzolanic activity of the metakaolin, lots of hydration products were produced inside the concretes, so that the mass of the test samples increased slightly. However with the continuous increase of dry-wet alternation times, the corrosion products kept accumulating in quantity and volume, which resulted in cracking and mortar aggregates peeling-off on concrete surface. In this case, the compressive strength and the mass kept declining during this period.
For impacts of metakaolin contents on concrete performance, during 0–10 cycles, with the increase of metakaolin contents, the compressive strength improved gradually due to two reasons: first, the concrete during 0–10 cycles was still at hydration stage, and the large amount of Al2O3 contained in the metakaolin accelerated the hydration process (Coleman and Mcwhinnie, 2000); second, the small diameter of the metakaolin filled up the pores inside the cement, which resulted in particle gradation and improved the concrete compactness. However the metakaolin increase also brought with adverse effects. When the metakaolin content reached 10%, the relative compressive strength increased by 1.08% during the process of 0–10 cycles. But when the metakaolin content reached 15%, the increase of relative compressive strength still remained at 1.08%. That’s because the metakaolin has large specific surface area, and its particles are in flake shape. Excessive content of metakaolin would induce agglomeration. Therefore, too much metakaolin is non-conductive to the concrete performance development (Vance et al., 2013). With the increase of cycles, the physical property of each group of concrete samples are: MK5>MK0>MK10>MK15. The metakaolin contains a great number of SiO2, so it can promote the massive M-S-H generating. And the forming of M-S-H can soften the cement, inducing serious declining of the physical properties of the concrete. When reaching 120 cycles, the relative compressive strength of MK10 was only 0.85 while the mass changing rate was −0.12%. And the same two data of MK15 were 0.75% and −0.35% respectively. Compared with MK10 and MK15, MK5 physical properties always ranked at high position, reaching 0.96% relative compressive strength and 0.04% mass changing rate after 120 cycles. That’s mainly because the metakaolin makes MK5 compact during the concrete hydration process, and the relatively small metakaolin content prevents massive generating of M-S-H, which reduces the chemical corrosion brought to the concrete.
Phase Composition Analysis
X-Ray Diffraction Analysis
The X-ray diffraction was applied to analyze the corrosion products, in order to further study the concrete degradation mechanism under corrosion of multiple types of ions, and study the influences of metakaolin content changes on the concrete phase composition.
Figure 3 shows the XRD maps of concrete with different metakaolin contents. With the changes of metakaolin contents, the phase compositions vary, which is mainly manifested in the disappearing and occurrence of diffraction peaks and the intensity changes. The two highest diffraction peaks in the figure are quartz and calcite, which are both from the aggregates of the concrete. Besides, it can be seen that the diffraction peaks of Ca(OH)2 and Friedel salt of the four types of concretes are quite weak. That’s because at the later stage of corrosion, the Mg2+ and SO42− enter inside the concrete, consuming great number of Ca(OH)2 and generating corrosion products of ettringite, gypsum, and magnesium hydroxide. This leads to sharp drop of pH value inside the test samples. Meanwhile, Friedel salt can decompose gradually in low-pH environment (Cheng et al., 2019). By making comparison on the four groups of concretes, it can be found that the diffraction peaks of Ca(OH)2 and Friedel salt of MK5 were higher than those of MK0, MK10, and MK15, and on the other hand, the diffraction peaks of the its corrosion products, such as the ettringite, gypsum, and magnesium hydroxide, were lower than those of other groups. Based on the above, it can be deduced that, MK5 has better performance in resisting compound salts corrosion than the other two groups at this time. That is because in the early stage of corrosion, the concrete compactness is high due to the effect of metakaolin, and the corrosive ion diffusion speed is slowed down. After that, with the increase of corrosion time, it generated limited volume of M-S-H inside MK5 concrete, and the undecalcified C-S-H physically absorbed SO42− and Cl− (Yuan et al., 2009) to some extent, which reduced the generating of corrosion products, and improved the concrete durability. For MK0, MK10, and MK15, since these groups of samples had weaker performance in resisting corrosion and low pH than those of MK5 at this time, they experienced ettringite decomposition and weakened generating of secondary ettringite, but accelerated generating of gypsum. Besides, Mg2+ diffused faster in low pH environment (De Weerdt et al., 2019), which greatly increased the contents of M-S-H and magnesium hydroxide. And since the metakaolin contained massive active SiO2, the increase of metakaolin content accelerated the generating of M-S-H, and resulted in worse damage to the concrete. Therefore the diffraction peaks of ettringite, gypsum, and magnesium hydroxide of MK10 are higher than those of MK5 and MK0. And the diffraction peaks of corrosion products in MK15 reach the maximum.
[image: Figure 3]FIGURE 3 | XRD pattern of specimen when erosion days are 120 days: (A) MK0; (B) MK5; (C) MK10; (D) MK15.
Fourier Transform Infrared Spectrum Analysis
It is hard to use X-ray diffraction to identify ettringite and thaumasite. Therefore the FTIR spectrum was applied for testing in this study, which can not only identify the ettringite and thaumasite, but also prove the existence of M-S-H.
Figure 4 shows the infrared spectrogram of the concretes with different metakaolin contents. It can be seen that stretching vibration peak of S-O(SO42−) exist at 1,162 cm−1. Besides, bending vibration peaks corresponding to Al-O bond also exist at wave numbers of 843.3 and 556.2 cm−1. That’s the evidence proving the existence of ettringite. The strong peaks at 877.1 and 1,413.7 cm−1 are induced by the bending and stretching vibrations of C-O bond (CO32−). This indicates the existence of massive calcite (Wang et al., 2019) coming from the concrete aggregates. The silicon in the thaumasite and the hydroxyl combined in hexacoordinated form, generating the octahedron group. In this figure, the bending vibration peak of Si-O bond (SiO6) appears at 503.2 cm−1. And the stretching vibration peak corresponding to Si-O bond exists at 715.1 cm−1. This indicates the existence of thaumasite in corrosion products (Deng et al., 2005).
[image: Figure 4]FIGURE 4 | FTIR diagram of concrete with different metakaolin content.
It can be known from relative articles (Bernard et al., 2017) that, the characteristic peak of M-S-H in the figure appears at 1005.4 cm−1. It can be seen that comparatively weak shoulder peaks of MK0 and MK5 appear at this position with similar peak sizes. This further indicates that, a few content of metakaolin added in concrete won’t produce excessive M-S-H. MK10 shows comparatively sharp characteristic absorption peak here, indicating the enlargement of peak value at this position. The characteristic absorption peak of MK15 gets broader and the peak value increase further. Besides, compared to samples MK0 and MK5, peaks of MK10 and MK15 at 556.2 cm−1 become stronger with the increase of metakaolin contents. This shows that the ettringite content also increases gradually. Therefore the ettringite contents of MK15 and MK10 are higher than those of MK0 and MK5. This confirms to the conclusions obtained by XRD test. The characteristic absorption peak of O-H is at 3643.1 cm−1, which is with small peak value. It means that the test samples contain Ca(OH)2 (Song et al., 20142014) at this time, which is in extremely small amount. Through the XRD test and FTIR test, it can be known that the complex salt corrosion to the concrete produces complicated corrosion products. The generating of ettringite, gypsum, Friedel salt, magnesium hydroxide, M-S-H, and thaumasite consumes great number of Ca(OH)2.
Macro Analysis
Figure 5 shows the macro-morphology images of the four types of concretes with different metakaolin contents that are subjected to corrosion of multiple types of ions after 120 cycles. Generally, three types of corrosive ions of Mg2+, SO42−, and Cl− mainly cause peeling-off of surface aggregates, and cracking and peeling-off of corners. With the increase of metakaolin contents, the peeling-off of the surface mortar and aggregates seems more obvious.
[image: Figure 5]FIGURE 5 | Macro-morphology characteristics of the specimen when it is corroded by corrosive ions:(A) MK0; (B) MK5;(C) MK10; (D) MK15.
MK0 is the ordinary concrete. It can be seen that significant deterioration appears on its edges. The edges are damaged and have small crack development. Holes can be seen on the bottom of the test samples. But the mortar particles peeling-off seems not serious on the surface of the concrete.
MK5 is the concrete with 5% metakaolin. Compared with MK0, MK5 is featured in better concrete integrity and less peeling-off of edges and corners, but significant surface aggregate peeling-off. Powders and slightly exposed coarse aggregates can be seen on the concrete surface. When the metakaolin content increases to 10%, large areas of aggregates peel off from the surface of MK10 concrete. Its exposed amount of coarse aggregates is significantly greater than that of the MK5, and is accompanied with big holes. When the metakaolin content reaches 15%, the damage to the concrete further gets worse. Compared with MK10, the surface mortar structure of MK 15 has been totally damaged by M-S-H. Edges of the test sample peel off. The concrete, as a whole, suffers serious damage.
Due to the high pozzolanic activity, the metakaolin could produce massive C-S-H in alkali environment. The two ions of calcium and magnesium are with similar radius of 4.1 and 4.3 radius respectively. So when the concrete is eroded by Mg2+, the C-S-H could be easily decalcified and decomposed, forming non-cementing M-S-H. Besides, the active SiO2 in metakaolin would also promote the generating of M-S-H. Therefore, excessive metakaolin content would result in massive generating of M-S-H, seriously reducing the concrete durability.
Micro Analysis
Figure 6 shows the micro-morphology of the four groups of contents with different metakaolin contents after 20 cycles of corrosive ion corrosion. It can be seen that, at the initial stage of corrosion, thereare little corrosion products but many hydration products. The increase of metakaolin contents has a great impact on the micro-structure compactness and the pore characteristics of the concrete.
[image: Figure 6]FIGURE 6 | Microscopic morphology of each group of concrete with 20 cycles: (A) MK0; (B) MK5; (C) MK10; (D) MK15.
From Figure 6, it can be seen that, the MK0 micro-structure is compacted at this time. Besides the pores with different sizes on the surface, lots of needle-shaped ettringite inserted inside the pores can also be seen in this figure. Compared with MK0, the micro-structure of MK5 is more compacted. Though it has a small number of ettringite, the pores amount is comparatively reduced. Meanwhile at this time, most of the unhydrated particles and hydration products are closely connected. When the metakaolin content reaches 10%, the concrete surface is covered by massive C-S-H cementing materials in screen-shaped structure. Due to the high pozzolanic activity of the metakaolin, the cement and the metakaolin particles are covered by numerous hydration products, which further improves the compactness. However excessive metakaolin content would also result in agglomeration, reducing the concrete performance (Vance et al., 2013). That is also the reason causing the bad micro-structure connection, massive exposure of cement and metakaolin particles, and more significant pores and cracks of MK15 than the situations of MK10. Combining with the physical properties shown in Figure 2, it can be known that, concrete with proper metakaolin content has excellent durability at the early corrosion stage; when the metakaolin content reaches 10%, the concrete shows high compactness and most capable durability.
However when the corrosion time reaches 120 cycles, the micro-morphology of the four types of contents with different metakaolin contents are as shown in Figure 7. The EDS analysis was carried out in order to figure out the corrosion products, please see Figure 8.
[image: Figure 7]FIGURE 7 | Microscopic morphology of each group of concrete with 120 cycles: (A) MK0; (B) MK5; (C) MK10; (D) MK15.
[image: Figure 8]FIGURE 8 | EDS spectrum when the number of cycles is 120:(A) C-S-H; (B) AFt; (C) Gypsum; (D) M-S-H.
When the corrosion reaches 120 cycles, the MK0 shows massive pores and very bad overall integrity. A small part of screen-shaped materials attach on its surface. The EDS analysis indicates that, the material was mainly composed of O,Ca,Si, and S. Therefore it can be inferred that the material is the hydration product C-S-H. At this time, there’s only a little C-S-H, most of which have been converted into M-S-H. For MK5, it can be seen that many needle-shaped materials fill up the micro structure. And the EDS analysis results, as shown in Figure 8B, indicate that the material is mainly composed of Ca,S,Al, and O. According to the morphology features of this material (Sarkar et al., 2010; Nehdi et al., 2014), it can be inferred that the material is ettringite. These needle-shaped ettringite distribute randomly without any order, and are surrounded by a few pores and cracks. For MK10 with 10% metakaolin content, besides the needle-shaped ettringite, it also shows many plate-shaped corrosion products, which are proved to be composed of Ca,S, and O by EDS analysis. According to relative literature (Tan et al., 2017), it can be roughly judged that the material is gypsum. And at this time, the gypsum crystal has developed abnormally large and overlapped. They interact and exist in the pores of the concrete, with part of the crystals covered by the surrounded M-S-H. Since MK10 contains more metakaolin, with the increase of corrosion time, the M-S-H content gradually increases, which leads to the increase of aggregate peeling-off and pores on the concrete surface. This not only provides channels to the SO42− invasion, but also the space for corrosion product stacking. The SO42− invasion again brings the test samples with secondary corrosion damage. When the metakaolin content reaches 15%, the concrete shows very bad internal connection of its micro structure, significantly increased pores with large sizes, and loose and porous characteristics. Besides, massive needle-shaped ettringite can also be seen. Compared with the ettringite shape of MK5, the ettringite of MK15 is thin and compact, which might be the secondary ettringite caused by the secondary M-S-H damage to the test samples. Meanwhile a certain amount of flocculent material is found around the pores, please refer to EDS of Figure 8D. This material is mainly composed of Mg,Si,O, and S. According to the micro morphology features (Li et al., 2014), it can be judged that the material might be M-S-H. Combining with the macro-morphology figure, when the operation reached 120 cycles, the concrete turns to have increased internal pores and cracks (Figure 7) due to the joint effects of expansion stress of corrosion products, pressure of salt crystals, and surface tension formed by the solution in the capillary pores during the dry-wet alternation process. The increased internal pores and cracks connect with the surface cracks, which result in the peeling-off of concrete edges and corners (Figure 5), thereby causing rapid reduction of concrete mass and compressive strength.
The results of 120 cycles are quite different from the those of 20 cycles. This is the later stage of corrosion. According to the XRD analysis and the FTIR analysis, the MK10 and MK15 are featured in loose and porous micro structure due to the M-S-H impact at this time. But MK5 still has closely connected hydration products, comparative compact micro structure, relatively small amount of corrosion products (Figures 3, 4), and optimal durability.
DISCUSSIONS
Impacts of Single SO42− on Metakaolin Concrete
There are many studies carried out on single SO42− impacts on metakaolin concrete. NaBil M added 0∼15% metakaolin in the concrete. With the increase of metakaolin content, the concrete performance in resisting sulfate salt corrosion enhances accordingly (Al-Akhras, 2006). The sulfate salt corrosion to the metakaolin concrete mainly produces ettringite, gypsum, and mirabilite crystal (Hu and He, 2020). During the SO42− corrosion to the concrete, the tricalcium aluminate and Ca(OH)2 react with SO42− and produce excessive ettringite and gypsum, which can seriously damage the concrete performance. The reason why the metakaolin is conductive in improving concrete’s resistance to sulfate salt (Zheng et al., 2021) can be concluded into two points: first, the replacement of part of cement by metakaolin reduces the tricalcium aluminate content in the cement accordingly, thereby reducing the generated volume of corrosion products; second, due to the high pozzolanic activity, the metakaolin could react with Ca(OH)2 inside the concrete, and produce massive C-S-H and C-A-S-H, which narrow the pores inside the concrete and enhance the compactness of the concrete.
The key point of this paper is the impact of compound salts on metakaolin concrete. Being different from the single SO42− corrosion, with the increase of metakaolin content, the concrete’s resistance to compound salts corrosion increases first, and then reduces. The main reason explaining this phenomenon is the M-S-H impact. Single SO42− corrosion to metakaolin concrete only produces ettringite and gypsum. But the compound salts corrosion could produce complicated corrosion products, which includes M-S-H, magnesium hydroxide, thaumasite, and Friedel salt besides the ettringite and gypsum. Therefore under the joint effects of the corrosion products, the metakaolin concrete performance drops rapidly.
Joint Effects of Corrosive Ions
The mechanism of corrosive ions of SO42−,Mg2+, and Cl− on the concrete is complicated. The corrosion of multiple types of ions usually exist at the same time, and could promote or inhibit the corrosion effect of each other.
For Cl−, it has little corrosive effect inside the concrete, instead, it mainly erodes the rebars. However the chloride salt could affect the corrosion of O42- and Mg2+ to some certain extent during the corrosion process. At the early stage of corrosion, since Cl− could diffuse rapidly due to its small volume, it could combine with Al prior to SO42−, and generate Friedel salt (as shown in Eq. 3), thereby preventing the generating of ettringite (Deng et al., 2005). In this case, it can be said that Cl− and SO42−are mutually inhibited. But at the latter stage of the corrosion, with the reduction of the hydration products inside the test samples, the pH value of the corrosive layer of concrete reduces. As a matter of fact, Friedel salt is unstable in low pH environment, and could hydrolyze (as shown in Eq. 4) to release massive free Cl− inside the concrete. These free Cl− could diffuse to deeper position of the test samples (Cheng et al., 2019).
Mg2+ is one of the main reasons causing pH value reduction, because Mg2+ could combine with Ca(OH)2 inside the concrete to generate magnesium hydroxide with very-low solubility (Eq. 5). This could damage the alkali environment. Meanwhile, Ca2+ inside the hydration product C-S-H decalcifies and forms non-cementing M-S-H (Eq. 6), which could result in aggregate peeling-off from the surface of the concrete.
Iron synergy has great impact on concrete. With the increase of corrosion time, the pH value inside the test sample decreases further, Mg2+ diffusion accelerates, and the Friedel salt decomposes and generate a great number of Cl− inside the concrete. Meanwhile the accelerating of Mg2+ invasion results in more generated M-S-H inside the concrete, which leads to the aggregate peeling-off, and the increase of internal cracks and pores of the test samples. This promotes the secondary invasion of SO42− into the concrete, which produces more ettringite and gypsum, and results in secondary expansion damage to the concrete.
[image: image]
[image: image]
[image: image]
[image: image]
CONCLUSION
In this paper, the impacts of different metakaolin contents on concrete durability under dry-wet alternation and joint corrosion of multiple types of ions were systematically analyzed. According to the results, conclusions as follows are obtained:
1) Under the corrosion of multiple types of corrosive ions, with the increase of the corrosion time, the physical properties of the test samples show tendency of rising first and then declining. At the early stage of corrosion (20 cycles), the concrete with 10% metakaolin content has the optimal physical properties. At the latter stage of the corrosion (120 cycles), concrete with 5% metakaolin content shows the optimal physical properties.
2) Main corrosion products generated by the joint corrosion of multiple types of corrosive ions on concrete under dry-wet alternation are: ettringite, gypsum, Friedel salt, magnesium hydroxide, M-S-H, and thaumasite. The corrosion product quantity of the concrete with 5% metakaolin is similar to that of the ornidary concrete. But with the increase of metakaolin, the quantity of corrosion products increase, especially the M-S-H shows the most significant increase in quantity.
3) When suffering joint corrosion of multiple types of corrosive ions, the metakaolin concrete, from the macro aspect, shows aggregate peeling-off and crack generating. The test sample represents powder-state surface. The increase of added metakaolin results in the increase of the surface aggregate peeling-off.
4) 10% metakaolin makes the micro structure of the concrete more compact at the early stage; then at the later stage, 5% metakaolin can improve the connection of the internal micro structure of the test sample, reducing pores. Since Mg2+ has very great impact on metakaolin concrete, excessive metakaolin leads to significant reduction of concrete durability, and loose and porous micro morphology.
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In order to study the seismic performance of high-strength concrete composite shear walls with embedded steel strips, four tests for high-strength concrete composite shear walls with embedded steel strips (SPRCW-1 to SPRCW-4) were constructed and tested. Based on the test results, a discussion is provided in the present study on the hysteresis curve, backbone curves, and strain of steel plate and distributed reinforcement of high-strength concrete mid-rise and high-rise composite shear walls with embedded steel strips under different steel ratios and different steel strip positions. The test results reveal that in high-strength composite shear walls with embedded steel strips, the ductility of the test specimen can be effectively improved when the ratio of the steel strip reaches a certain level. In parallel, when the embedded steel strip is placed on both sides of the walls, the steel strip can function better. The ultimate displacement is better than when the steel strip is placed in the middle of the walls, and can effectively improve the seismic performance of the walls. The scheme with embedded steel strips is more convenient and economical for construction, which is suitable for popularization and application in middle-high buildings in highly seismic regions.
Keywords: high-strength composite shear walls, seismic performance, hysteresis curve, backbone curves, strain analysis
INTRODUCTION
Despite having large dimension, high rigidity, and high bearing capacity, the ductility and energy dissipation capacity of shear walls of middle-high building structures in highly seismic regions are poor and can be severely damaged when strong earthquakes occur. The bearing capacity will diminish quickly and become ineffective in the occurrence of an earthquake and the seismic performance of the walls will not be fully exerted. In the present paper, an attempt was made to combine superior performances of concrete composite shear walls with slotted steel plates, such as adjustable rigidity and guided failure mode, through which the construction of two long steel plates (shear studs welded on both sides of the steel plate) in the walls of mid-rise and high-rise concrete shear walls was proposed. According to the different positions and dimensions of the long steel plates, different parameters of slotted steel plates were replaced, thereby reducing the steel ratio and the difficulty in manufacturing shear walls with slotted steel plates and saving the engineering cost. Additionally, cold-formed steel was also built into the edge members, to ensure that the plasticity of the walls could be fully utilized while not excessively increasing the rigidity of the shear walls. In the present paper, the seismic performance of high-strength concrete composite shear walls under different positions of steel strips and different steel ratios in the walls was explored, which provides a theoretical basis for improving the seismic performance of high-strength concrete shear walls.
Many studies and tests have been conducted on concrete shear walls with steel plates. Jiang et al. (2019a) investigated the performance of steel-concrete bolt connections in precast reinforced concrete shear walls. Bahrami and Yavari (2019) discussed the performance of reinforced concrete shear walls on both sides of steel plate under cyclic loading. To determine the ultimate shear strength of steel-concrete shear walls (composite shear walls with double steel plates), Labibzadeh and Hamidi (2019) conducted research to find a new analytical formula. Through numerical studies, Ayazi and Shafaei (2019) performed tests on the seismic performance of shear walls with high performance fiber reinforced concrete slabs and steel plates. Blandon et al. (2018) introduced and discussed the quasi-static cyclic tests of four slender, thin and light reinforced concrete walls with different geometric structures, steel properties, and reinforcement arrangement. To reduce the post-earthquake damage of reinforced concrete shear walls, including permanent lateral deformation and concrete damage, TolouKian and Cruz-Noguez (2018) explored three new methods. Lim and Kim (2017) and Lim et al. (2018) conducted an experimental study on the seismic performance of precast concrete beams. In different places in a nuclear power plant, Lee et al. (2018) studied the shear behavior of seismic connections between cast-in-situ reinforced concrete slabs and steel plate-concrete composite shear walls. Farzampour et al. (2015) predicted and analyzed the performance of shear walls with perforated corrugated steel plates. Rafiee and Sharifi (2019) investigated random vibrations and failure analysis of composite pipe. Kassem and Elsheikh (2010), Moretti et al. (2020), and Zhou et al. (2020) proposed analytical methods for predicting the shear strength and performance of structural shear walls. Edin et al. (2019) and Ebadi and Farajloomanesh (2020) studied seismic performance parameters of shear walls, and proposed a design method based on the actual sharing of story shear wall and peripheral frame. Jiang et al. (2019b) proposed a new type of replaceable coupling beam damper to improve the seismic performance of reinforced concrete coupling beam shear wall.
In the present paper, an attempt was made to combine the advantageous qualities of concrete composite shear walls with slotted steel plates, such as adjustable rigidity and guided failure mode, through which the construction of two long steel plates (shear studs welded on both sides of the steel plate) in medium-high concrete shear walls was proposed. According to the different positions and dimensions of the long steel plates, different parameters of slotted steel plates were replaced, which can reduce the steel ratio and the difficulty in manufacturing shear walls with slotted steel plates and save engineering costs. Research on structural rigidity, mechanical performance, and crack development law of high-strength concrete composite shear walls with steel strips in the walls in different positions and different steel ratios is of considerable practical significance.
TEST OVERVIEW
Test Design
Test Specimen Design
The dimensions of the high-strength concrete mid-rise and high-rise shear walls test specimens with embedded steel strips (SPRCW-1 to SPRCW-4) in the present test are shown in Figure 1. The horizontal load applied by the horizontally arranged actuator acted directly on the upper loading beam, and the lower support was arranged to provide embedded restraint to the walls.
[image: Figure 1]FIGURE 1 | Dimensions of test specimen.
The serial numbers of the test specimens were: SPRCW-1 (the steel plate with a high steel ratio arranged in the middle), SPRCW-2 (the steel plate with a low steel ratio arranged in the middle), SPRCW-3 (the steel plate with a low steel ratio arranged on the middle both sides), and SPRCW-4 (the steel plate with a high steel ratio arranged on the middle both sides). Among said specimens, the two test parameters of the steel plate ratio and the position of embedded steel strips were different for the four high-strength concrete medium-high shear walls test specimens (SPRCW-1 to SPRCW4) with embedded steel strips, while the other parameters were consistent. Details of the parameters of the four test specimens are shown in Table 1.
TABLE 1 | Table of parameters of test specimens.
[image: Table 1]See Figure 2 for the SPRCW-1 construction drawing. The differences between the four test specimens are explained as follows.
1) The steel ratio of SPRCW-1 was 1.6%, the distance between the outer edge of the steel plate was 247 mm, the distance between the inner edge of the steel plate and the axis of symmetry was 25 mm, and the edge members on both sides were provided with cold-formed thin-walled steel, respectively, with a steel ratio of 1.43%.
2) The steel ratio of SPRCW-2 was 1.0%, the distance between the outer edge of the steel plate was 270 mm, the distance between the inner edge of the steel plate and the symmetry axis was 50 mm, and the edge members on both sides were provided with cold-formed thin-walled steel, respectively, with a steel ratio of 1.43%.
3) The steel ratio of SPRCW-3 was 1.0%, the distance between the outer edge of the steel plate was 195 mm, the distance between the inner edge of the steel plate and the symmetry axis was 125 mm, and the edge members on both sides were provided with cold-formed thin-walled steel, respectively, with a steel ratio of 1.43%.
4) The steel ratio of SPRCW-4 was 1.6%, the distance between the outer edge of the steel plate was 170 mm, the distance between the inner edge of the steel plate and the axis of symmetry was 104 mm, and the edge members on both sides were provided with cold-formed thin-walled steel, respectively, with a steel ratio of 1.43%.
[image: Figure 2]FIGURE 2 | Construction drawing of SPRCW-1.
Mechanical Properties of Steel
The present material property test was conducted in the Material Mechanics Laboratory of Chongqing University. As for the sampling and dimension of the test specimens, 12 test specimens were made according to the national standard, Metallic Materials-Tensile Test Method at Room Temperature (GB/GB/T 228–2010) (GB/T 228, 2010). The material property test was designed to determine the mechanical property parameters of cold-formed thin-walled steel, Q235A hot-rolled steel plate and HPB300 reinforcement used under uniaxial tension: elastic modulus [image: image], yield stress [image: image], ultimate tensile strength [image: image], and yield strain [image: image]. The results of the uniaxial tensile test are shown in Table 2.
TABLE 2 | Material properties of steel.
[image: Table 2]Measured Strength of Concrete and Axial Load of Test Specimen
The five test specimens in the present test were made of C60 concrete. The test specimens were made, poured, and cured at the same time. The dimensions of the test specimens were 150 × 150 × 150 mm. During the 28-day curing period and on the test day, cube compressive strength tests were, respectively conducted on test specimens, and the average values were taken. See Table 3 for details.
TABLE 3 | Concrete strength and axial load ratio.
[image: Table 3]Test Equipment and Loading Protocol
Test Equipment
Following the Specifications of Testing Methods for Earthquake Resistant Buildings (JGJ101-2015) (JGJ 101, 2015), quasi-static tests in repeated low-cycle loadings with fixed axial load were conducted. A repeated low-cycle loading test device was used, which consisted of a vertical and a horizontal loading device. The vertical load was controlled by hydraulic jacks through ball bearings, and the maximum bearing capacity of the single vertical ball bearing was 120 KN. During the test, an oil pump was manually controlled to ensure the stability of the vertical load. The horizontal loading device was mainly comprised of reaction walls, a horizontal actuator, and a horizontal connecting device, wherein the end part of the horizontal actuator was connected to the horizontal connecting device through hinges. A horizontal load was mainly applied by the horizontal actuator, one end of the actuator was connected to a loading beam of the test specimen, and one end of the actuator acted on the reaction walls. The schematic diagram of the test equipment is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Loading setup.
Loading Protocol for Test
In the present test, the quasi-static test method was adopted for loading. During the test, the vertical load was controlled to remain unchanged while the horizontal load changed continuously according to the axial load ratio. The loading process was as follows:
1) In the preloaded stage, first, a 150 KN axial load was preloaded on the top of the test specimen, and then unloaded to 0 KN, to eliminate the nonuniformity of the internal load of the test specimen. After the axial load was loaded to a predetermined value, the test equipment was tested in the normal working state thereof by one cycle of loading in both the forward and backward directions with a 20 KN horizontal load.
2) After the first stage of work was completed, a positive horizontal load was applied, which was progressively increasing by 20, 40, 60, and 80 KN until the first crack appeared, and the crack load [image: image] was recorded. Subsequently, the horizontal load was unloaded to 0 KN in three steps, and a backward load was applied to find the backward cracking load.
3) After the second stage of work was completed, the displacement loading stage began. With the initial position after the axial force was applied as the initial starting point, two cycles of loading were conducted according to the displacement control for each load. The first cyclic displacement was equally divided into three steps of loading, and the second cyclic displacement was completed by one cycle of loading. Loading ended when the test specimen completely lost bearing capacity or when out-of-plane instability caused loading difficulty. See Figure 4 for the test loading protocol.
[image: Figure 4]FIGURE 4 | Loading protocol during displacement control.
ANALYSIS OF TEST RESULTS OF SEISMIC PERFORMANCE
Comparative Analysis of Hysteresis Curves and Characteristics
The load-displacement curves of test specimens obtained in quasi-static loading tests are referred to as hysteresis curves, and the closed graph formed by hysteresis curve is referred to as the hysteresis loop. The internal area of the hysteresis loop has an energy dimension, which can reflect the energy consumption caused by plastic deformation of the member under loading cycles. Under the maximum displacement of the same cycle, the fuller the hysteresis loop, the stronger the plastic deformation capacity of the member. The hysteresis curve of a test specimen can comprehensively reflect the seismic performance indexes, such as energy dissipation capacity, deformation capacity, and bearing capacity of the structure in linear and nonlinear stages. The hysteresis curves of SPRCW-1 to SPRCW-4 are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Hysteresis curves diagram of test specimens.
According to Figure 5, based on the comparison results, an observation can be made that SPRCW-1 to SPRCW-4 followed the same rule, described as follows:
1) From the beginning of loading to the cracking stage, the test specimens were in an elastic state. After loading and unloading, the specimens could basically return to the original state through displacement, and the hysteresis curve changed linearly.
2) From the beginning of the displacement loading cycle to the occurrence of wall yielding, the horizontal load of the four test specimens obviously increased with the increase of the horizontal displacement, and small residual deformation occurred during unloading. The envelope area of the hysteresis curve was small, indicating that plastic deformation existed but only accounted for a small proportion. The five test specimens were basically in the elastic stage.
3) At the initial stage of the hysteresis curve after yielding, the walls of the four test specimens all exhibited obvious oblique cracks, especially at the bottom of the walls. The four test specimens all produced large residual deformation, thereby causing the envelope area of the curves of the four test specimens to gradually increase after yielding. After yielding, no relative displacement occurred between the steel plates and the concrete of the four test specimens, indicating the test specimens had good energy dissipation capacity and plastic deformation capacity.
4) At the later stage of the yield stage, the bearing capacity of the test specimen increased slowly with the increase of horizontal displacement. At the same displacement loading stage, the bearing capacity of the second cycle was slightly smaller than that of the first cycle, and the phenomenon became increasingly obvious after the specimen yielded, indicating that the residual strain caused by structural damage after the specimen yielded became increasingly larger.
According to Figure 5, based on the comparison, an observation can be made that the hysteresis curves of SPRCW-1 to SPRCW-4 exhibited the following differences:
1) SPRCW-2 had a large shear failure, and shear-type inclined cracks developed too early. As such, the test specimen reached the strength yield point earlier than the desired state, and after reaching the maximum bearing capacity point, the strength and rigidity of the test specimen decreased obviously. Before and after the failure, the bearing capacity of the test specimen dropped sharply, exhibiting a brittle failure characteristic to a certain degree. By comparing the hysteresis curves of SPRCW-2 and SPRCW-3, an observation can be made that under the same steel ratio, the ultimate bearing capacity of SPRCW-3 increased by 6%, and the slope of the hysteresis curve decreased slowly. After reaching the ultimate bearing capacity, the stiffness of the test specimen degraded slowly, and the ductility and energy dissipation capacity were better than those of SPRCW-2, indicating that when the steel strip was placed on both sides of the walls, the bearing capacity and ductility of the walls would be improved.
2) At the beginning, the hysteresis loops of the four test specimens all opened in a curve shape. With the increase of displacement, the walls gradually inclined to the displacement axis after yielding, and the stiffness gradually deteriorated. According to the hysteresis curves of the four specimens, although the hysteresis curves of the four specimens were full, the degrees of stiffness degradation were different. By comparing SPRCW-1 to SPRCW-4, when the steel plate was placed on both sides of the walls, the hysteresis loop was fuller, the curve dropped slowly, the energy consumption was relatively good, and the stiffness degradation was slow. After yielding, the section steel shear walls gradually began to pinch, indicating that the reinforcement and section steel inside the walls began to slip.
3) By comparing the descending process of the hysteresis curve of four specimens, SPRCW-1 to SPRCW-4, an observation can be made that the higher the steel ratio, the slower the descending and the better the ductility, indicating that the ductility of the shear walls could be effectively improved by appropriately increasing the steel ratio.
Comparative Analysis of Backbone Curves
The backbone curves of the test specimens were formed by connecting the extreme points of the load in the various steps of forward and backward displacement loading in the test process to the envelope. Backbone curves refer to the track of the maximum peak of horizontal force during the test and are an important data model to study the non-linear performance of structural specimens, which reflects the characteristics of stress and deformation of specimens in different stages, including ductility, stiffness, strength, and other performance indicators. The backbone curves of SPRCW-1 to SPRCW-4 are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Backbone curves of the test specimens.
From the characteristic points of the backbone curves of the four test specimens, the descending section of the backbone curves of test specimen SPRCW-2 was steeper, and thus, the deformation capacity was weaker. For SPRCW-1, the inside steel plate of test specimen SPRCW-1 was placed on the same position, but the relative steel ratio was increased by 1.6%, and the descending section of backbone curves was relatively smooth, with good deformation capacity and ductility. Compared with SPRCW-3 and SPRCW-4, an observation can be made that after reaching the peak load point, the descending section of SPRCW-4 with higher relative steel ratio was almost horizontal for a long distance. During backward loading, the slope of the curve from failure to complete loss of bearing capacity was still slightly smaller than that of SPRCW-3, indicating that the test specimen with higher steel ratio not only had better deformation capacity and ductility, but also had better energy dissipation capacity after failure occurred. Compared with SPRCW-3 and SPRCW-4 with the same steel ratio but different steel plate positions, an observation can be made that although the performances of the two test specimens were better than those of the first two test specimens, the downward slope of the backbone curves of SPRCW-3 were larger and the downward trend was faster compared with SPRCW-4, indicating that the different positions of steel plates could effectively inhibit the premature failure of the test specimen, and could help to ensure the rigidity of the specimens, thereby improving the deformation ability and energy consumption ability thereof to a certain degree. When comparing and analyzing tests of SPRCW-2 and SPRCW-3, the aforementioned characteristics were also present, confirming the aforementioned experimental conclusion to some extent. The results of comparative analysis of the five specimens reveal that when the load peak point was reached, the displacement of the five specimens was basically the same, but the bearing capacity was obviously different. The peak loads were as follows: SPRCW-4 > SPRCW-1 > SPRCW-3 > SPRCW-2. Comparing SPRCW-1 with SPRCW-2, and SPRCW-3 with SPRCW-4, respectively, an observation can be directly made from the backbone curves that the higher the steel ratio, the higher the bearing capacity of the test specimens. Comparing SPRCW-1 to SPRCW-4, an observation can be directly made from the backbone curves that the steel plates were located at different positions. When the steel plates were closer to both sides of the walls, the greater the rigidity of the test specimen and the higher the bearing capacity. To summarize, an observation can be directly made from the backbone curves that the seismic performance of the composite shear walls could be effectively improved when the steel ratio was larger.
Strain Analysis of Steel Plates
Stress Distribution Law of Steel Plates in the Walls
In order to compare and analyze the different strain laws of steel strip in composite shear walls during loading, the reduced stress of measurement points under various displacement cycles of steel plate was obtained by arranging triaxial 45°strain rosette (shown in Figure 7) at the lower part of steel strip in the walls, to allow for the functions of steel strips at different positions and steel strips with different steel ratios in mid-rise and high-rise shear walls to be further elucidated.
[image: Figure 7]FIGURE 7 | Triaxial 45° strain rosette.
The principal stress of the steel strip could be calculated by Equation 1:
[image: image]
In the calculation, the assumption is that there is no displacement parallel to the neutral surface at each point in the plane of the plate, and the stress of each point in the steel plate along the thickness direction is zero, that is, [image: image] = 0. According to the fourth strength theory [image: image], the following reduced stress could be obtained (Sun et al., 2021):
[image: image]
where [image: image] is 2.02 105 (MPa), [image: image] is 0.25, and [image: image], indicating that the steel plate reaches the yield strength. As for reduced stress, the strain data corresponding to the tensile side of the steel plate when the test specimen was loaded to the peak value in the first cycle were used, that is, the strain box collected the data of the tensile steel plate when the first-step displacement cycle was loaded forward and backward. The data results are shown in Figure 8 and Table 4.
[image: Figure 8]FIGURE 8 | Comparative analysis diagram of reduced stress of steel plates of SPRCW-1 to SPRCW-4.
TABLE 4 | Reduced stress on tensile side of steel plate.
[image: Table 4]The shear modulus of steel strips could be calculated by Equation 3:
[image: image]
In the calculation, if each point in the plane of the plate had no displacement parallel to the neutral surface, that is, assuming that each point in the steel plate had zero deformation along the thickness direction, then:
[image: image]
The in-plane shear deformation could be calculated as follows:
[image: image]
Therefore, the shear stress could be denoted as follows:
[image: image]
where Poisson’s ratio [image: image] is 0.25, and [image: image] is greater than 0.7 times of the ultimate tensile strength of the steel plate (450.1 × 0.7 = 315.07 MPa), indicating the steel plate has reached the shear yield strength. As for shear stress, the strain data corresponding to the tensile side of the steel plate when the test specimen was loaded to the peak value in the first cycle were used, that is, the data collected by the strain box when the steel plate was in tension when the first-step displacement cycle was loaded forward and backward. The data results are shown in Figure 9 and Table 5.
[image: Figure 9]FIGURE 9 | Comparative analysis diagram of shear stress of steel plates of SPRCW-1 to SPRCW-4.
TABLE 5 | Shear stress on tensile side of steel plate.
[image: Table 5]From Figures 8 and 9 and Tables 4 and 5, the following observations can be made:
1) With the increase of horizontal load, the strain in the three directions of the strain rosette in the steel strip would increase correspondingly, resulting in a corresponding increase in the reduced stress and shear stress. Before the walls cracked, the steel plate and the concrete would jointly bear the tensile and compressive stress and shear stress. When the strain rosette was located at the position where the main tensile stress reached the tensile strength of the concrete, the concrete would crack rapidly, the tensile concrete at the crack would fail, and the stress would drop to zero. At this time, the tensile and compressive stress and shear stress on the walls would suddenly increase, which would lead to the sudden increase of the reduced stress and shear stress that can be seen in Tables 4 and 5. However, because of bonding stress, cracks would close during unloading, leading to a drop in strain gauge data after reloading, thereby causing a short-term drop in reduced stress and shear stress of some steel observation points after the sudden increase.
2) With the continuous increase of horizontal displacement, by comparing two groups of test specimens, SPRCW-1 and SPRCW-4, SPRCW-2 and SPRCW-3, an observation can be made from the four identical measurement points that the displacement of steel plate with the sudden increase of reduced stress and shear stress of specimens SPRCW-3 and SPRCW-4 on both sides of the walls body occurred later, indicating that the arrangement of steel plate on both sides of the walls could effectively limit the development of cracks.
3) Comparing the four identical measurement points of two groups of test specimens, SPRCW-1 and SPRCW-2, and SPRCW-3 and SPRCW-4, respectively, an observation can be made that the shear stress of the two test specimens SPRCW-2 and SPRCW-3 with lower steel ratio was smaller in the early stage, and the yield increased rapidly in the later stage. At the same time, the shear stress of the test specimens SPRCW-1 and SPRCW-4 with higher steel ratio exhibited a gradual increased trend with the increase of displacement. Thus, when the steel ratio was small, the shear strength of the steel plate in the composite shear walls could not be fully exerted, the rigidity of the walls degraded rapidly, and the energy dissipation capacity was relatively poor.
4) Comparing the four same measurement points of SPRCW-1 and SPRCW-4, and SPRCW-2 and SPRCW-3, respectively, an observation can be made that when the positions of steel plates in the walls were different, based on the reduced stress and shear stress curves converted from the strain rosettes at the same measurement point, the stress growth rates were different when the steel plates were placed in different positions of the walls. When placed on both sides of the walls, the curve was relatively smooth, and thus, different steel plate positions could be found to have a certain influence on the energy dissipation capacity and stiffness degradation of the walls.
Comparative Analysis of Cold-Formed Steel Strain in SPRCW-1 to SPRCW-4 Concealed Column
Under the conditions of different steel ratios and different steel strip arrangement positions, SPRCW-1 to SPRCW-4 were equipped with cold-formed thin-walled steel with the same form and steel ratio. To compare the hysteresis curves of section steel strain before the strain gauge was damaged, four representative measurement points, xg2, xg3, xg7,s and xg8, which were located at the same position of four composite shear walls test specimens from SPRCW-1 to SPRCW-4, were taken. The detailed strain values of each measurement point in each stage are shown in Figures 10–13.
[image: Figure 10]FIGURE 10 | Strain comparison diagram of cold-formed steel on xg2.
[image: Figure 11]FIGURE 11 | Strain comparison diagram of cold-formed steel on xg3.
[image: Figure 12]FIGURE 12 | Strain comparison diagram of cold-formed steel on xg7.
[image: Figure 13]FIGURE 13 | Strain comparison diagram of cold-formed steel on xg8.
The strain hysteresis curves in Figures 10–13 are the strain-displacement curves of four measurement points of section steel in the embedded column before the strain gauge was damaged due to cracks in the walls. An observation can be made from said figures that the overall trend of the section steel strain was basically the same, and the strain value at the measurement point increased continuously to the peak value and then gradually fell back with the increase of displacement. Before the strain gauge was damaged, the extreme strain values of the section steel in SPRCW-1 and SPRCW-4 embedded columns were greater than those of SPRCW-2 and SPRCW-3, indicating that the bending bearing capacities of the section steel in SPRCW-1 and SPRCW-4 embedded columns were fully utilized, and the bending and shearing resistances of the walls could be simultaneously improved when the steel ratio in the walls was high, thereby ensuring the balanced development of the bending deformation and shearing deformation of the walls during the whole loading process. The full utilization of the strength of the section steel material in the embedded column also reveals that the walls had higher bearing capacity and strong bending resistance, and the test specimen had better ductility.
Compared with SPRCW-1 and SPRCW-2, the time taken to reach the strain extreme values for SPRCW-4 and SPRCW-3 was longer. The four different measurement points all reflect such phenomenon to varying degrees, revealing that when the steel strip in the walls was placed on both sides with the same steel ratio, the flexural rigidity of the composite shear walls slowly diminished, and the shear deformation composition was smaller. Moreover, when the steel strip in the walls was located on both sides, the ductility of the composite shear walls would be effectively improved.
Strain Analysis of Reinforcement
Strain Analysis of Horizontally Arranged Reinforcement
The layout of horizontally arranged reinforcement in SPRCW-1 to SPRCW-4 walls was the same. Representative measurement points with the same positions were, respectively, selected for comparative analysis. See Figure 14 and Table 6 for detailed strain values of each measurement point in each stage.
[image: Figure 14]FIGURE 14 | Strain comparison diagram on hg3.
TABLE 6 | Strain statistics on measurement points of horizontally arranged reinforcement.
[image: Table 6]From Figure 14 and Table 6, the following observations can be made.
By comparing and analyzing the hysteresis curves of horizontally arranged reinforcement in the middle and lower part of the walls, when △ = 3 mm, the strain of horizontally arranged reinforcement of SPRCW-2 was found to increase sharply after the walls yielded, and the horizontally arranged reinforcement yielded before △ = 15 mm. However, the other three test specimens were close to yielding only after △ = 15 and 18 mm, respectively. As such, an assumption could be made that with the increase of the steel ratio of the walls, the stress of the horizontally arranged reinforcement in the walls could be effectively increased, and the yield of the horizontally arranged reinforcement could be delayed. The effect of changing the position of the steel plate in the walls was not as obvious as that of increasing the steel ratio.
Strain Analysis of Vertically Arranged Reinforcement in Embedded Columns in the Walls
The bending resistance of shear walls was affected by the vertically arranged steel reinforcement in the embedded columns on both sides of the walls. Representative measurement points of vertically arranged steel reinforcement in the embedded columns were selected. See Figures 15–17 and Table 7 for the strain values of each measurement point in each stage.
[image: Figure 15]FIGURE 15 | Strain comparison diagram on ag10.
[image: Figure 16]FIGURE 16 | Strain comparison diagram on ag3.
[image: Figure 17]FIGURE 17 | Strain comparison diagram on ag8.
TABLE 7 | Strain statistics on measurement points of vertically arranged reinforcement in embedded columns in the walls at different stages.
[image: Table 7]The strain hysteresis curves in Figures 15–17 are the strain-displacement relation curves of the three measurement points of the longitudinally arranged reinforcement in the embedded column before the strain gauge was damaged due to cracks in the walls. From Figures 15–17 and Table 7, an observation can be made that the strain values of the five test specimens of composite shear walls were different at all steps of the displacement loading stage, but the overall strain trend of longitudinally arranged reinforcement in the embedded column was basically the same. With the increase of displacement, the strain value at the measurement point continuously increased to the peak value and then gradually decreased. Before the strain gauge was damaged, the extreme strain values of vertically arranged reinforcement of SPRCW-1 and SPRCW-4 were greater than those of SPRCW-2 and SPRCW-3, indicating that the bending bearing capacities of vertically arranged reinforcement of SPRCW-1 and SPRCW-4 had been fully utilized. When the steel ratio in the walls was high, the bending and shearing resistance of the walls could be simultaneously improved, thereby ensuring the balanced development of the bending deformation and shearing deformation of the walls in the whole loading process. The full utilization of the vertically arranged reinforcement strength also indicates that the walls had higher bearing capacity, strong bending resistance, and the test specimen had better ductility.
When the vertically arranged reinforcement reached the same strain extreme value, compared with SPRCW-1 and SPRCW-2, SPRCW-4 and SPRCW-3 took a longer time. Such findings were more obvious at the ag3 measurement point, indicating that when the steel strip in the walls was placed on both sides with the same steel ratio, the flexural rigidity of the composite shear walls slowly diminished, and the shear deformation composition became smaller. Moreover, when the steel strip in the walls was located on both sides, the ductility of the composite shear walls would be effectively improved.
Comparative Analysis of Specimen Deformation Capacity
Deformation capacity is an important index for measuring the superiority of seismic performance of members. The ductility coefficient was used to quantitatively evaluate the deformation capacity of the members in the occurrence of an earthquake. When the structure or member had large ductility, the structure or member would consume sufficient energy due to plastic deformation, such that the structural bearing capacity would not be reduced rapidly under the condition of certain deformation of the member. As such, the design goal of being repairable after a medium earthquake and not collapsing after a large earthquake was achieved.
A visual comparison of the yield displacement of the four specimens is shown in Table 8. A conclusion can be drawn that the yield displacement relationship of the four specimens was as follows: SPRCW-4 > SPRCW-1, SPRCW-2 > SPRCW-3. The comparison of SPRCW-1 with SPRCW-2 and SPRCW-3 with SPRCW-4 reveals that the yield displacement of specimens with high steel ratio increased slightly but had little effect. Compared with SPRCW-4 and SPRCW-1, for SPRCW-4 and SPRCW-2, the yield displacement increased by 11.05 and 28.26%, respectively, indicating that different positions of steel plates could have a relatively obvious impact on the yield displacement, which is the same as the comparison law of yield load of the four specimens. Comparing the test results of SPRCW-3 and SPRCW-2, the yield displacement of SPRCW-3 was 9.43% higher than that of SPRCW-2, thereby verifying the aforementioned conclusion. However, when the steel ratio was relatively large, the effect of adjusting the position of wall steel plate was more obvious in improving the yield displacement.
TABLE 8 | Ductility coefficient of the specimens.
[image: Table 8]The limit displacements of the four specimens are shown in Table 8. An observation can be made that the magnitude relationship was as follows: SPRCW-4 >SPRCW-1 >SPRCW-3 > SPRCW-2. Compared with SPRCW-1 and SPRCW-2, for SPRCW-3 and SPRCW-4, the limit displacements of the two groups of specimens increased by 24.12 and 29.16%, respectively, indicating that the extreme yield displacement of the specimens with higher steel ratio was significantly improved. Compared with SPRCW-4 and SPRCW-1, for SPRCW-4 and SPRCW-2, the limit displacement increased by 14.44 and 6.37%, respectively, indicating that different positions of steel plates could have a relatively obvious impact on the limit displacement, which is the same as the comparison law of the limit load of the four specimens.
The comparison of ductility coefficient between four specimens and ordinary high-strength concrete shear wall is shown in Table 8 and the following observations can be made: 1) compared with ordinary high-strength concrete shear wall, the ductility coefficients of SPRCW-1 ∼ 4 were increased by 78.17, 65.71, 77.22, and 83.59%, respectively, indicating that the ductility of specimens could be significantly improved by adding cold-formed steel diagonal bracing or setting steel plate strip in the wall body; 2) the ductility coefficient of SPRCW-1 relative to SPRCW-4 was reduced by 3.04%, and that of SPRCW-2 relative to SPRCW-3 was reduced by 8.67%, indicating that changing the position of the steel plate strip in the wall body could improve the ductility effect of the shear wall; and 3) the ductility coefficient of SPRCW-2 relative to SPRCW-1 was reduced by 7.52%, and that of SPRCW-3 relative to SPRCW-4 was reduced by 1.96%, indicating that changing the position of the steel plate strip in the wall could improve the ductility of the shear wall.
Comparative Analysis of Energy Consumption Capacity
The following observations can be made from the comparison between Tables 9 and 10:
1) The overall trend of the equivalent viscous damping coefficients of SPRCW-1-4 increased with the increase of displacement, which could be attributed to the increase of displacement increasing the energy consumption, such that the equivalent viscous damping coefficient would increase accordingly. The equivalent viscous damping coefficient increases with the increase of specimen cracking, crack development, yield of built-in section steel and steel plate, reinforcement, later plastic deformation of wall body, and aggregate bite dislocation between concrete cracks.
2) In the two groups of comparison specimens, SPRCW-1 and SPRCW-4, and SPRCW-2 and SPRCW-3, the relative value of equivalent viscosity coefficient of SPRCW-2 in each displacement cycle stage from yield displacement to ultimate displacement was greater than SPRCW-3. The relative value of equivalent viscosity coefficient of SPRCW-1 was found also to be larger than that of SPRCW-4 under the same displacement controlled loading from yield displacement to ultimate displacement. Such findings reveal that under the same displacement control loading, when the steel plate in the wall was placed in the middle of the wall, the pinch of the specimen could be more effectively prevented, and the energy dissipation capacity of the structural wall could be improved.
3) In the comparison specimens of SPRCW-1, SPRCW-2, SPRCW-3, and SPRCW-4, the relative value of the equivalent viscosity coefficient of SPRCW-2 in each displacement cycle stage was close to SPRCW-1 at the initial stage of the yield displacement to the ultimate displacement stage. SPRCW-3 was found to also be close to the relative value of equivalent viscosity coefficient of SPRCW-4 at the initial stage from yield displacement to ultimate displacement. In the later stage from yield displacement to ultimate displacement, the specimens with higher steel ratio in both groups had slightly lower equivalent viscous damping coefficients of SPRCW-1 and SPRCW-4, indicating that in the later stage from yield displacement to ultimate displacement, a slight pinch phenomenon would occur in the composite shear wall when the steel ratio of steel plate in the wall body was high, which is consistent with the hysteretic curves of SPRCW-1 and SPRCW-4.
TABLE 9 | Relative energy dissipation coefficient.
[image: Table 9]TABLE 10 | Equivalent viscous damping coefficient.
[image: Table 10]Comparative Analysis of Strength Attenuation Law
During the loading process, the bearing capacity of members would be reduced due to deformation and damage. In the study of structural earthquake resistance, the structural strength is generally measured by the strength attenuation coefficient. The strength attenuation coefficient of the present test was calculated using the following formula:
[image: image]
where P1 is the extreme value of horizontal bearing capacity in the first cycle during each displacement cycle, and P2 is the extreme value of horizontal bearing capacity in the second cycle during each displacement cycle.
Figure 18 shows the strength attenuation curves of five specimens of composite shear wall and section steel shear wall under different parameters, which can be seen as follows:
1) Before the SPRCW-1-4 strength attenuation coefficient reached the limit displacement β, a crack developed, and the steel plate in the wall body began to directly participate in resisting part of the external force, such that the bearing capacity of the specimen was slightly improved before reaching the ultimate bearing capacity. An observation can be made from the SPRCW-1-4 test phenomenon that the steel plate had a certain inhibitory effect on the development of wall cracks and through inclined cracks, which could effectively reduce the damage of the test piece, to improve the ability of the test piece to resist external effects to varying degrees. The built-in steel strip could effectively maintain the bearing capacity of the wall. When the bearing capacity of the specimen decreased to about 85% of the ultimate bearing capacity thereof, the value would drop rapidly, and the specimen would become damaged.
2) The strength attenuation coefficient curve of SPRCW-2 decreased the earliest and the fastest. Although the strength attenuation coefficient curve of SPRCW-3 decreased earlier, the decrease was slower compared with SPRCW-2. The attenuation rates of SPRCW-3 and SPRCW-4 were the same. After exceeding the limit displacement, SPRCW-4 decreased more slowly, indicating that when the steel ratio of the built-in steel plate belt in the wall was high, the built-in steel plate belt could delay the degradation of structural strength.
[image: Figure 18]FIGURE 18 | Strength attenuation curves.
CONCLUSION
According to the performance of the four test specimens of composite shear walls under quasi-static loading, the seismic performance indexes of the four test specimens were calculated, analyzed, and compared in the present paper. The following conclusions were drawn:
1) By comparing the hysteresis curves and backbone curves of the four specimens, placing steel strips and angle steel embedded supports in the walls was found to be able to improve the bearing capacity of the shear walls to a certain extent. By comparing the hysteresis curves of SPRCW-2 and SPRCW-3, under the same steel ratio, the ultimate bearing capacity of SPRCW-3 was found to increase by 6%, and the slope of hysteresis curve was found to decrease slowly. The effect was more obvious when the steel ratio of the internal steel plate in the walls was higher, and angle steel embedded support could improve the bearing capacity of the walls most obviously.
2) Before the strain gauge was damaged, the extreme strain values of the section steel in SPRCW-1 and SPRCW-4 embedded columns were greater than those of SPRCW-2 and SPRCW-3, indicating that the bending bearing capacity of the section steel in SPRCW-1 and SPRCW-4 embedded columns was fully utilized, and the bending and shearing resistance of the walls could be simultaneously improved when the steel ratio in the walls was high, thereby ensuring the balanced development of the bending deformation and shearing deformation of the walls during the whole loading process.
3) Comparing the strain analysis results of the steel plate, the section steel, and the reinforcement of the four test specimens of composite shear walls, a conclusion could be drawn that the reasonable position of steel plate with a certain steel ratio and steel plate in the walls could effectively inhibit the shear deformation of the results, make the walls have strong shear rigidity, and ensure that the bending bearing capacity of vertically arranged reinforcement in the walls was fully utilized, thereby ensuring the structure had better ductility and energy dissipation capacity. Compared with SPRCW-1 and SPRCW-2, SPRCW-4 and SPRCW-3 took a longer time, indicating that when the steel strip in the walls was placed on both sides with the same steel ratio, the flexural rigidity of the composite shear walls slowly diminished, and the shear deformation composition became smaller.
4) Comparing the strength attenuation law of four specimens, the built-in steel plate and angle steel concealed support was found to be able to delay the attenuation speed of the structural bearing capacity, to improve the seismic performance of the structure. The location of the adjusting steel plate had little effect on slowing the decay rate of the structural bearing capacity, while increasing the rate of steel distribution could effectively slow down the decay rate of the structural bearing capacity to a certain extent. However, the effect was not as obvious as that of the steel shear wall with a concealed bracing angle.
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Partially hydrolyzed polyacrylamide (HPAM) was widely implemented to improve the rheological properties of displacing fluids, but the high temperature and salinity of the reservoir brine limited their applications. Herein, copolymers including HPAM, zwitterion-modified HPAM (z-HPAM), PEG-modified HPAM (p-HPAM), and zwitterion/PEG-modified HPAM (zp-HPAM) were prepared by free radical polymerization in an aqueous solution. The viscosity of these copolymers under different temperature and salinity was measured in aqueous solution. It is found that the viscosity of the HPAM under the harsh condition (90oC, 20 × 104 mg/L salinity) is only 9.6% of that value under the normal condition (25oC, pure water), while the z-HPAM can significantly improve salt resistance by the effects of salting-in effect and intermolecular electrostatic crosslinking, showing a viscosity retention of 22.9% under the harsh condition. The addition of PEG-containing monomer can strengthen hydrogen bonding between the polymer chains and form a sterically ordered structure with improved salinity and temperature resistance. The synergistic effect of zwitterion units and PEG units endows the zp-HPAM with good salinity and temperature resistance; thus, the sample viscosity under the harsh condition remains 170 mPa s, which retains 29% of the value under the normal condition. The enhanced rheology properties of the zp-HPAM under the harsh condition are significant for the enhanced oil recovery of water-soluble polymer flooding.
Keywords: partially hydrolyzed polyacrylamide, viscosity, high salinity and high temperature, zwitteronic polymer, poly(ethylene glycol)
INTRODUCTION
Polymer flooding has better viscoelasticity and better sweep efficiency than simple water flooding for the enhanced oil recovery (Wever et al., 2011; Abidin et al., 2012; Wang et al., 2019). Especially in recent decades, water-soluble polymers such as partially hydrolyzed polyacrylamide (HPAM) have been widely implemented to improve the rheological properties of displacing fluids. However, such HPAM flooding system is limited by temperature and salinity of the reservoir brine because the viscosity of the displacing fluids will be severely reduced under the harsh conditions above 75°C and 3 × 104 mg/L salinity in most oil reservoirs (Kamal et al., 2015). There are many reasons for the viscosity loss of water-soluble polymer fluids. For example, at high temperatures, (1) some polymer molecules will undergo thermal degradation and hydrolysis, and then the shortening of the polymer chain will result in a significant decrease in the intermolecular friction; (2) intensive thermal motion of the polymer chain reduces the stacking and tangling of the polymers; and (3) intensive thermal motion of solvent water molecules thins the hydration layer on the polymer chain, and the subsequent coiling and collapsing of the polymer chains cause the microscopic phase separation of the polymers from water. Otherwise, under a high salinity, (4) the strong “salting-out” effect promotes the phase separation of the polymers from water, because monovalent cations can shield the electrostatic repulsion among the carboxylate charges along the HPAM chains and compress the electric double layer of hydration film on the polymer surface, causing the polymer chain to coil and collapse (Liang et al., 2019); meanwhile, divalent ions, particularly Ca2+ and Mg2+, can complex with the carboxylate groups, leading to the precipitation of the HPAM chains in the brines (Peng and Wu, 1999).
In the past years, to overcome the negative impact of high temperature on the HPAM fluid systems, the concept of “thermoviscosifying polymer” was proposed to have a response to high temperature and bring a rise of the system viscosity (L'Alloret et al., 1995; Hourdet et al., 1997; Petit et al., 2007). Such polymers, like poly (N-isoprpylacrylamide) and poly (ethylene glycol) (PEG), with a character of lower critical solution temperature (LCST), were attached to the skeleton of the HPAM; then, the thermally triggered response of these polymers brought an increase of the viscosity and elastic modulus at temperatures above LCST (Chen et al., 2013; Sarsenbekuly et al., 2017b; Chen et al., 2020; Li et al., 2021). Moreover, the dynamic simulation demonstrated that the HPAM incorporated with PEG units should have larger viscosity and stronger salt tolerance at high temperature because the modified monomers with alkyl ether bonds bring a steric hindrance and will reduce the curliness of the molecule chains (Yao et al., 2012; Zhang et al., 2015). Meanwhile, the incorporation of HPAM by hydrophobic long-alkyl groups displayed enhanced temperature and salinity tolerance (Lai et al., 2013; Liu et al., 2013; Ye et al., 2014; Gou et al., 2015c; Sarsenbekuly et al., 2017a), the modified HPAM by hydrophilic sulfonate groups also exhibited relatively high viscosity at high salinity and temperature (Gou et al., 2014; Li et al., 2018; Zhang et al., 2018; Hu et al., 2019; Ji et al., 2020; Tchameni et al., 2020), and even the incorporated HPAM by both long-alkyl groups and sulfonate groups showed improved rheological properties and salt resistance (Yuan et al., 2013; Deng et al., 2014; Gou et al., 2015b), but these results were not sufficient to meet the viscosity requirements of the polymer fluids in the brines from high-temperature and high-salt reservoirs. In addition, the structures of β-cyclodextrin in the HPAM skeleton displayed better temperature and salt tolerance due to the hydrophobic associating effect (Liu et al., 2013; Wei et al., 2015; Pu et al., 2016; Zhang et al., 2018; Peng et al., 2019), and some nature polysaccharides as flooding polymers were found to have a relatively low viscosity dependence on temperature and salinity (Gou et al., 2017; Liang et al., 2019), but the cost of polysaccharides, as well as β-cyclodextrin, limited their practice in the oil fields.
Zwitterionic polymers are composed of the main backbone chain and many side chains with positive and negative ions (Ladd et al., 2008). They are very hydrophilic because the solvation of zwitterions on the polymer chains can produce high solvent water retention and form a deeply hydrated layer around the polymer chains through anionic and cationic hydration (Leng et al., 2015). They also have strong salt affinity because the zwitterions on the polymer chains can electrostatically adsorb salt counterions in water (Li et al., 2020). So, zwitterionic polymers readily stretch in salt solution and have greater solubility in salt solution than in pure water (Mary et al., 2007), which is named as anti-polyelectrolyte behavior, i.e., “salting-in” effect (Yang et al., 2015; Xiao et al., 2018). Obviously, such superhydrophilicity and “salting-in” effect of zwitterionic polymers can reduce the dehydration of polymer chains at high temperatures, and thus can possibly overcome the “salting-out” effect of polymers under high salinity. Unfortunately, only little literature has focused on this topic for the enhanced oil recovery (Gou et al., 2015a; Dai et al., 2017; Liu et al., 2020). A modified HPAM with zwitterionic betaine groups and long alkyl groups reported by Kang et al. showed salt thickening behavior; a salt thickening mechanism was proposed that the destroyed inner salt bond of zwitterionic betaine groups in salt solution brought a greater hydrodynamic diameter of polymer molecules, and the inter-molecular hydrophobic interaction of the long alkyl groups in salt solution produced a stronger hydrophobic association (Zhu et al., 2017).
Herein, both zwitterionic sulfobetaine acrylate monomer and PEG-containing acrylate monomer were copolymerized with acrylamide (AM) and acrylic acid (AA) to prepare zwitterion-modified HPAM (z-HPAM), PEG-modified HPAM (p-HPAM), and zwitterion/PEG-modified HPAM (zp-HPAM) in order to study the rheological properties at different salinities and temperatures. The structures of these copolymers are shown in Scheme 1. It is found that zwitterionic sulfobetaine-unit incorporated HPAM (z-HPAM) obviously increases the viscosity under high salinity and high temperature, the incorporated HPAM with PEG units (p-HPAM) also exhibits enhanced salinity and temperature tolerance. The optimized zp-HPAM containing zwitterionic units and PEG units shows relatively high viscosity and good viscosity retention at 90°C in a synthetic brine of 20 × 104 mg/L salinity. The synergistic combination of zwitterionic units and PEG units in the zp-HPAM is considered to enhance the tolerance to high salinity and high temperature.
[image: Scheme 1]SCHEME 1 | Molecular structures of HPAM, zwitterion-modified HPAM (z-HPAM), PEG-modified HPAM (p-HPAM) and zwitterion/PEG-modified HPAM (zp-HPAM).
EXPERIMENTAL
Materials
Acrylamide (AM, 99%), acrylic acid (AA, >99%), and zwitterionic monomer [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium inner salt (MDSA) were supplied by Shanghai Aladdin Biochemical Technology Co., Ltd., China. Poly(ethylene glycol) monomethyl ether acrylate (H2C = CHCO2(CH2CH2O)nCH3, n ≈ 9, PEGMA) was provided by Shanghai Xianding Biotechnology Co., Ltd. Potassium persulfate (K2S2O8), NaOH, anhydrous alcohol, NaCl, MgCl2, and CaCl2 were purchased from Sinopharm Chemical Reagent Co., Ltd. All reagents were of analytical grade and used directly without further purification. All aqueous solutions were prepared using ultrapure water with a resistivity of 18.25 MΩ cm.
Synthesis of Copolymers
For the copolymer synthesis, the total mass of AM and AA was fixed at 20 g, and a calculated volume of water was used to dilute the reactants to a monomer concentration of 10 wt%. In a typical process, a certain amount of AM, AA, and zwitterionic monomer MDSA were respectively dissolved in water, and the AA solution was then neutralized by isostoichiometric NaOH. All solutions were added to a 500-ml round-bottom three-necked flask, and a certain amount of PEGMA was added into the mixture. The monomers’ molar ratio, namely, nAM:nAA:nMDSA:nPEGMA, was signed as x/y/z/V (x + y = 10) to label the sample. Next, the reaction solution was placed into a water bath at 70°C and bubbled with N2 under stirring at least for 30 min to exclude dissolved oxygen. Subsequently, 10 ml of aqueous solution of potassium persulfate (0.57% of the total monomer mass) was added to the reaction mixture to initiate free radical polymerization. The reaction mixture was stirred under N2 atmosphere for 3 h to form a viscous copolymer solution.
Characterization
For the measurements of 1H NMR spectroscopy and FT-IR spectroscopy, the copolymer samples were precipitated and washed with anhydrous ethanol to remove water, unreacted monomers, and initiator, followed by a drying under vacuum at 50°C for 10 h. 1H NMR spectra were recorded on a Bruker AV 500 MHz spectrometer in D2O at 25°C. FT-IR spectra were measured on a Bruker Vertex 70 spectrometer according to the KBr-disk method between 4000 and 400 cm−1. Morphology observation of the copolymer solutions was performed on a JSM-6700F scanning electron microscopy (SEM) with a voltage of 5.0 kV, in which the copolymer solutions (2.5wt%) were first dropped onto quartz sheets, quickly frozen in liquid nitrogen, and then freeze-dried before being coated with gold.
Preparation of Salt Solutions and Viscosity Measurements
In order to prepare solutions for viscosity measurement, the as-obtained 10 wt% copolymer solution was diluted with water and continually stirred to obtain a homogeneous solution of 5 wt% copolymers. Then, different amounts of salts were dissolved in deionized water to prepare synthetic brines, in which the molar ratio of Na+/Ca2+/Mg2+ was fixed at 25.3/1/1.6. Thereafter, 50 ml of copolymer solution (5 wt%) was mixed with 50 ml of synthetic brines to obtain a series of copolymer solutions with different salinities from 1 × 104 to 20 × 104 mg/L of the total dissolved solids (TDS). All viscosity measurements were carried out on a Rheolab QC (Anton Paar, Austria) rotational rheometer using CC39 concentric-cylinder testing cup between 25 and 90°C by ascending shear rate ramps from 0.1 to 100 s−1. The shear viscosity at different temperature was recorded at a fixed shear rate of 100 s−1.
RESULTS AND DISCUSSION
FT-IR and NMR Characterization
The free radical polymerization of AM, AA, sulfobetaine methacrylate, and poly(ethylene glycol) methacrylate was initiated by commonly used potassium persulfate. The as-obtained copolymer samples of HPAM, zwitterion-modified HPAM (z-HPAM), PEG-modified HPAM (p-HPAM), and zwitterion/PEG-modified HPAM (zp-HPAM) were characterized by 1H NMR spectra, as shown in Figure 1A. For all samples, the peak at 4.68 ppm is due to residue solvent water, while the peaks at 1.56, 1.68, 2.13, and 2.25 ppm are ascribed to the skeleton of acrylate and acrylamide. The characteristic peaks at 4.44, 3.97, 3.14, and 2.94 ppm reveal the presence of zwitterionic sulfobetaine groups in the z-HPAM and the zp-HPAM (Chang et al., 2006; Han et al., 2013), while in the p-HPAM and the zp-HPAM, the peaks at 3.62 and 3.30 ppm correspond to the O-CH2 and O-CH3 unit of PEG, respectively. In the FT-IR spectra of these samples (Figure 1B), the typical peaks at 3,425 and 3,197 cm−1 are attributed to N-H bonds, while those at 2,860 and 2,925 cm−1 are ascribed to CH2 groups, and that peak around 1,654 cm−1 represents carbonyl groups in all samples. The characteristic peaks at 1,041 and 1,190 cm−1 in the z-HPAM and the zp-HPAM are caused by the symmetric stretching vibration of sulfonate groups from the zwitterionic units (Zhao et al., 2010), while that broad peak at 1,125 cm−1 in the p-HPAM and the zp-HPAM is evidence of C-O-C groups in the PEG units. All these results demonstrate that the designed copolymers have been successfully synthesized by the free radical polymerization.
[image: Figure 1]FIGURE 1 | 1H NMR spectra (A) and FT-IR spectra (B) of HPAM (nAM/nAA = 9/1), z-HPAM (nAM/nAA/nMDSA = 9/1/1), p-HPAM (nAM/nAA/nPEGMA = 9/1/0.14), and zp-HPAM (nAM/nAA/nMDSA/nPEGMA = 9/1/1/0.14).
SEM Characterization
The freeze-dried samples of HPAM, z-HPAM, p-HPAM, and zp-HPAM solutions were observed by SEM to investigate the microscopic structure of these copolymers in solution, as shown in Figure 2. It is found that the HPAM sample (Figures 2A–C) shows an irregular spatial network, which should be attributed to the aggregation and entanglement caused by the hydrogen-bond interaction between the amide and carboxyl groups in the polymer chains. The z-HPAM sample (Figures 2D–F) displays a more compact network and the pore size in the network is significantly reduced; the reason should be ascribed to the additional intermolecular electrostatic crosslinking via the ion pairing of two zwitterionic groups attached on different polymer chains. However, an ordered structure can be found in the sample of p-HPAM (Figures 2G–I), which should be related with the “comb-like” structure of the PEGMA segments in the copolymer skeleton, because the additional hydrogen-bond interaction between the PEG units and amide groups in the p-HPAM sample can facilitate the formation of the ordered structure. Comparing Figures 2G–I and Figure 2J–L, the network structure of the later zp-HPAM sample is more ordered than that of the p-HPAM, and the pore size of the zp-HPAM network is much smaller than that of the p-HPAM, which may mean more crosslinking sites in the spatial structure. We think that such a dense and ordered structure reveals that the zp-HPAM chains have more spatial crosslinking sites in the solution, and thus forming more uniform spatial distribution.
[image: Figure 2]FIGURE 2 | SEM images of freeze-dried HPAM (nAM/nAA = 9/1) (A,B,C), z-HPAM (nAM/nAA/nMDSA = 9/1/1) (D,E,F), p-HPAM (nAM/nAA/nPEGMA = 9/1/0.14) (G,H,I), and zp-HPAM (nAM/nAA/nMDSA/nPEGMA = 9/1/1/0.14) (J,K,L).
In aqueous solution, the HPAM sample exhibits a loose spatial network through the hydrogen bonding interaction of the amide and carboxylate, but in the z-HPAM sample, the additional crosslinking effect from the zwitterionic units promotes a formation of a denser network structure. However, for p-HPAM and zp-HPAM samples, the presence of PEG units strengthens the hydrogen bonding interaction and promotes the association of polymer chains to form ordered structures. The enhanced hydrogen bonding by the PEG units and the electrostatic crosslinking by the zwitterionic units in the zp-HPAM sample help to form a more uniform and stable spatial network, which will be beneficial to maintain the system viscosity under the harsh conditions.
Viscosity of HPAM and Zwitterion-Modified HPAM
The homogeneous copolymer solutions with a concentration of 2.5 wt% were used to measure the rheology properties in pure water and the synthetic brines, and the apparent viscosity of these solutions was recorded at the fixed shear rate of 100 s−1. Figure 3A shows the apparent viscosity change of the HPAM and the z-HPAM at 25oC under different salinity. It is found that the viscosity of the HPAM rapidly drops from 105 mPa s to 70 mPa s when the salinity exceeds 1 × 104 mg/L. However, after adding 10% MDSA to AM/AA in copolymerization, the obtained z-HPAM is found to be more viscous than the HPAM, with a viscosity value between 140 and 190 mPa s. It is worth noting that changing the AM/AA molar ratio from 9/1 to 9.5/0.5 has little effect on the solution viscosity at different salinities. The viscosity of the z-HPAM solution decreases first and then gradually increases with the salinity increasing. The final viscosity under the highest salinity (20 × 104 mg/L) is similar to that value in pure water, which is better than the sufitiobetaine-modified HPAM as reported by Gou et al. (2015a). The salt thickening of the z-HPAM under high salinity can be ascribed to the following possible reasons: (1) The “salting-in” effect of zwitterionic units can overcome the viscosity reduction of the HPAM skeleton by the “salting-out” effect (Mary et al., 2007; Yang et al., 2015; Xiao et al., 2018; Li et al., 2020). The modified HPAM with zwitterionic betaine groups were found to have a larger hydrodynamic diameter in salt solution than in pure water, because the better solubility of zwitterionic betaine groups in salt solution can partially offset the coiling of polymer chains (Zhu et al., 2017). (2) The intermolecular ion pairing of the zwitterionic ions attached on different polymer chains can generate electrostatic crosslinking sites between different polymer chains. (3) The intermolecular crosslinking sites can be formed by the bridging of the divalent cations (Ca2+ and Mg2+) in the synthetic brine (Zhu et al., 2017; Bai et al., 2021). Figure 3B shows the change in the viscosity of the z-HPAM (nAM/nAA/nMDSA = 9/1/1) with respect to salinity at different temperatures. The viscosity in the highest salinity solution is found to be approximately 70% of that value in pure water between 35oC and 75oC, whereas at 90oC, the viscosity value increases under higher salinities. Interestingly, the viscosity value at 90oC under 20 × 104 mg/L salinity reaches 42.8 mPa s, which is about 1.6 times the value at 90oC in pure water.
[image: Figure 3]FIGURE 3 | Solution viscosity change of HPAM (nAM/nAA = 9/1) and z-HPAM (nAM/nAA/nMDSA = 9/1/1 or 9.5/0.5/1) to salinity (A), that of z-HPAM (nAM/nAA/nMDSA = 9/1/1) to salinity (B), and that of HPAM (nAM/nAA = 9/1) (C) and z-HPAM (nAM/nAA/nMDSA = 9/1/1) (D) to temperature.
Figures 3C,D show the viscosity change of the HPAM (nAM/nAA = 9/1) and the z-HPAM (nAM/nAA/nMDSA = 9/1/1) with temperature at different salinities. It is clear that the viscosity of HPAM in pure water or in the synthetic brines gradually decreases to about 10 mPa s as the temperature rises to 90oC (Figure 3C), and the viscosity retention rate at 90oC changes in a range of 10.7%–13.8% of the corresponding value at 25°C under different salinities. The viscosity under the harsh condition (i.e., 90oC, 20 × 104 mg/L salinity, the same below) only retains 9.6% of the value under the normal condition (i.e., 25oC in pure water, the same below). For the z-HPAM sample (Figure 3D), the viscosity data similarly show a decrease with increasing temperature. From 35oC to 75oC, the viscosity of the z-HPAM at higher salinities (10–20 × 104 mg/L) is lower than that at lower salinity cases (0–5 × 104 mg/L), but at 90oC, the viscosity at the highest salinity is greater than that of low salinity. The viscosity retention rate at 90oC gradually increases from 14.1% to 23.6% of the value at 25oC under different salinities from 0 to 20 × 104 mg/L. Such viscosity retention values of the z-HPAM at 90oC are much larger than those of the HPAM at 90oC, indicating an enhanced tolerance to high temperature under the harsh condition. In addition, the viscosity retention rate under the harsh condition is 22.9% of that under the normal condition.
Table 1 shows the viscosity data of the z-HPAM with different zwitterion content at 90oC under different salinities. Obviously, the viscosity of z-HPAM decreases first and then increases at different salinities, which should be attributed to the “salting-in” and “electrostatic crosslinking” effects of zwitterionic units (Li et al., 2020). Noticeably, the viscosity value obviously decreases at any salinity when the zwitterion content is reduced. When the zwitterion content is 5% relative to AM/AA (nAM/nAA/nMDSA = 9/1/0.5), the z-HPAM sample shows viscosity values similar to those of the HPAM, and when the zwitterion content is 10% (nAM/nAA/nMDSA = 9/1/1), the viscosity is much larger than that of the HPAM. Therefore, we think the content of 10% zwitterionic monomer to AM/AA (nAM/nAA/nMDSA = 9/1/1) is effective for enhancing viscosity under high salinities, and the presence of zwitterionic units can also improve the tolerance to high temperature.
TABLE 1 | Viscosity (mPa·s) of HPAM and zwitterion-modified HPAM at 90°C.
[image: Table 1]Viscosity of PEG-Modified HPAM
The polymers of PEG-containing acrylates were reported to have a thermally triggered response to temperature rising (Han et al., 2003; Ali and Stöver, 2004; Li et al., 2007), and the dynamic simulation demonstrated that the HPAM incorporated with PEG-containing units should have higher viscosity and stronger salt resistance (Yao et al., 2012; Zhang et al., 2015). In this work, poly(ethylene glycol) monomethyl ether acrylate (PEGMA) with a long PEG tail was used to modify HPAM. It was found that the viscosity of the synthesis solution was greatly increased when adding PEGMA in the copolymerization. When the molar content of PEGMA to AM/AA reached 2.0%, the resulting p-HPAM solution after the polymerization reaction showed typical viscoelasticity, and it was difficult to obtain a homogenous copolymer solution through diluting and stirring. In our experiment, a relatively homogenous solution of the p-HPAM was obtained when the PEGMA content was 1.4% (i.e., nAM/nAA/nPEGMA = 9/1/0.14). The rheological results of this p-HPAM sample are shown in Figure 4A. The viscosity values at different conditions are relatively large, ranging from 350 to 880 mPa s. As the salinity increases, the sample viscosity increases at 5 × 104 mg/L salinity, but gradually decreases when the salinity increases from 10 × 104 to 20 × 104 mg/L. The viscosity values at the highest salinity are about 80%–90% of those values in pure water at a same temperature. From another view, the viscosity data can be rearranged according to the temperature change (Supporting information, Supplementary Figure S1A). It is found that the p-HPAM solution at any salinity shows a viscosity decrease with increasing temperature. Under the same salinity, the viscosity values at 90oC (between 347 and 433 mPa s) are about half of the values at 35oC (between 693 and 787 mPa s). The viscosity retention under 20 × 104 mg/L salinity at 90oC is about 44% of the value in pure water at 35oC.
[image: Figure 4]FIGURE 4 | Solution viscosity change of p-HPAM (nAM/nAA/PEGMA = 9/1/0.14) (A) and (nAM/nAA/PEGMA = 9/1/0.12) (B) to salinity at different temperature.
In addition, another p-HPAM sample with a lower PEGMA content (nAM/nAA/nPEGMA = 9/1/0.12) was prepared and characterized by the rheological properties. The solution viscosity values to salinity change are shown in Figure 4B (the rearranged data to temperature change are shown in Supplementary Figure S1B). The viscosity of this sample ranges from 20 to 225 mPa s under all measurement conditions, which is obviously smaller than those of the last p-HPAM sample. The viscosity retention rate of this sample under the harsh condition is only 16% of the value in pure water at 35oC and only 10% of the value in pure water at 25oC. Thus, the PEGMA content in the p-HPAM shows a great influence on the viscosity of the sample and its tolerance to the environmental salinity and temperature. Moreover, based on the comparison of Figures 4A,B, the p-HPAM (nAM/nAA/nPEGMA = 9/1/0.14) has better salinity tolerance than the sample with lower PEGMA (nAM/nAA/nPEGMA = 9/1/0.12).
Viscosity of Zwitterion/PEG-Modified HPAM
Zwitterion-modified HPAM (z-HPAM) is found to have better rheological properties at high salinity and high temperature than the unmodified HPAM. Similarly, the modified HPAM by PEG units (p-HPAM) exhibits better viscosity retention than the unmodified HPAM at high salinity and high temperature. If both zwitterionic units and PEG units are incorporated into the HPAM skeleton together, we believe that the obtained zwitterion/PEG-modified HPAM (zp-HPAM) may have a synergistic effect on the rheological properties at high salinity and high temperature. Therefore, the zp-HPAM samples were prepared, in which the molar amount of MSDA relative to AM/AA was fixed at 10% and that of PEGMA was 1.4%, 1.0%, and 0.6% for comparison. The viscosity data of these samples are plotted with salinity change (Figures 5A–C) and temperature change (Supplementary Figures S2A–C), respectively. For the sample containing 1.4% PEGMA, the measured viscosity varies from 70 to 1,200 mPa s under all measurement conditions. When the temperature rises from 25oC to 75oC (Figure 5A), the solution viscosity first decreases along with the salinity increase until the salinity reaches 10 × 104 mg/L; then, as the salinity rises from 10 × 104 mg/L to 20 × 104 mg/L, the solution viscosity increases instead. The viscosity at 20 × 104 mg/L salinity maintains more than 70% retention of the value in pure water at a same temperature. However, at 90oC, the solution viscosity is relatively stable under different salinities. Moreover, it is clear that the solution viscosity obviously decreases with the temperature increasing from 25oC to 90oC (Supplementary Figure S2A). The viscosity curve at low salinity (1 × 104 mg/L and 5 × 104 mg/L) or the highest salinity (20 × 104 mg/L) is above the viscosity curve at middle salinity (10 × 104 mg/L and 15 × 104 mg/L), which indicates that the sample solution has a lower viscosity under the middle salinity.
[image: Figure 5]FIGURE 5 | Solution viscosity change of zp-HPAM with nAM/nAA/nMDSA/nPEGMA of 9/1/1/0.14 (A), 9/1/1/0.10 (B), 9/1/1/0.06 (C), and 9/1/0.5/0.12 (D) to salinity at different temperature.
For the sample with 1.0% PEGMA, the viscosity value varies between 30 and 430 mPa s under all measurement conditions (Figure 5B), which is obviously lower than the last sample. Interestingly, under low salinity from 0 to 5 × 104 mg/L, the sample viscosity gradually increases. Then, with the salinity rising from 10 × 104 mg/L to 20 × 104 mg/L, the sample viscosity decreases in turn. Noticeably, at any same temperature, the viscosity of the sample under 20 × 104 mg/L is greater than that in pure water. Moreover, the sample in pure water or under a salinity of 1 × 104 mg/L shows a gradual decrease in viscosity from 25 to 90oC (Supplementary Figure S2B). However, as the salinity is above 5 × 104 mg/L, the sample viscosity increases first between 25°C and 35°C, and then decreases between 35°C and 90°C. It is also noticeable that the viscosity curves under the middle salinity (from 5 × 104 mg/L to 15 × 104 mg/L) are above those under other salinity cases (0, 1 × 104 mg/L and 20 × 104 mg/L). The final viscosity under the harsh condition is 39.7 mPa s, a 20% retention rate of the value under the normal condition.
Figure 5C and Supplementary Figure S2C show the viscosity data of the sample with 0.6% PEGMA. It is found that the measured solution viscosity varies between 16.5 and 170 mPa s, which is lower than the last two samples. In pure water, the sample solution viscosity varies between 170.2 and 35.1 mPa s at different temperatures (Figure 5C), but when the salinity reaches 1 × 104 mg/L, the viscosity drops sharply to about a half of that in pure water. Then, as the salinity increases, the solution viscosity slowly increases. When the salinity reaches 20 × 104 mg/L, the viscosity is about 60% of that in pure water at the same temperature. Moreover, the solution viscosity gradually decreases with increasing temperature under all salinities (Supplementary Figure S2C). The final viscosity under the harsh condition remains only 12% of that under the normal condition.
Comparing the curves in Figures 5A,B, the sample with 1.4% PEGMA has a higher viscosity in pure water, and the viscosity change shows concave curves with the increase of the salinity (Figure 5A), whereas the sample with 1.0% PEGMA has a lower viscosity in pure water, and the viscosity change shows convex curves with the salinity increasing (Figure 5B). Considering that the high viscosity of the sample with 1.4% PEGMA under low salinity will cause difficulty for fluid pumping in practices, the sample with 1.0% PEGMA is considered as the best one. Moreover, all three samples show a basic downward trend with the temperature increasing (Supplementary Figures S2A–C), but the viscosity of the zp-HPAM samples with 1.4 and 1.0% PEGMA drops sharply when the temperature increases from 75 to 90oC, which implies rapidly lowered viscosity tolerance at 90oC. Obviously, the significant difference in the salinity and temperature resistance of these zp-HPAM samples should be attributed to the different PEGMA content, which will seriously affect the synergistic interaction of the zwitterion units and the PEG units.
It should be noted that the lowered tolerance of the zp-HPAM samples at 90oC (Supplementary Figures S2A,B) should be ascribed to the presence of the zwitterionic units because the p-HPAM samples (Supplementary Figures S1A,B) have exhibited relatively good environment tolerance at 90oC. So, we think that the environmental tolerance of the zp-HPAM at 90oC may be improved if lowering the zwitterion content. Therefore, the ratio of nAM/nAA/nMDSA/nPEGMA in a new zp-HPAM sample was optimized to be 9/1/0.5/0.12. Figure 5D and Supplementary Figure S2D show the rheological properties of this zp-HPAM sample. At any temperature, the viscosity decreases first and then increases with the salinity increasing (Figure 5D) and the corresponding viscosity retentions under 20 × 104 mg/L salinity rise to 53%–73% of those values in pure water. In pure water, the sample viscosity retention at 90oC is about 38% of that value at 25oC (Supplementary Figure S2D), which is comparable with the hydrophobically associating polyacrylamide under similar conditions (Zheng and Huang, 2019). Though the viscosity of the sample in the synthetic brines gradually decreases with the temperature increasing, the final viscosity at the harsh condition remains 170 mPa s, a 29% retention of the value under the normal condition. This retention rate can be considered as a significant value for the HPAM-based fluid systems under the harsh condition.
CONCLUSION
The copolymers of HPAM, zwitterion-modified HPAM (z-HPAM), PEG-modified HPAM, and zwitterion/PEG-modified HPAM (zp-HPAM) were prepared by the free radical polymerization. The rheological properties of these copolymers in the aqueous solutions were studied under different salinities and temperatures. The following points were mainly concluded: (1) The viscosity of the HPAM under the harsh condition was only 9.6% of the value under the normal condition, while the z-HPAM significantly enhanced the viscosity retention to 22.9% under the harsh condition due to the salting-in effect and the electrostatic crosslinking by the divalent cations and the zwitterion units. (2) The PEG units in the p-HPAM samples improved the salinity and temperature resistances because they could strengthen the hydrogen bonding between the polymer chains and form a spatially ordered structure. (3) The zp-HPAM samples with the zwitterion and PEG units showed a complex impact on the rheological properties, the optimized zp-HPAM sample under the harsh condition exhibited a viscosity value of 170 mPa s and a viscosity retention rate up to 29% of the value under the normal condition. The good salinity and temperature tolerances of the zp-HPAM samples should be attributed to the synergistic effects of the zwitterion and PEG units. The enhanced rheological properties of the zp-HPAM under the harsh condition should be significant for the enhanced oil recovery in the water-soluble polymer flooding.
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CuSbS2, as a direct bandgap semiconductor, is a promising candidate for fabricating flexible thin-film solar cells due to its low grain growth temperature (300°C–450°C). Uniform and highly crystalline CuSbS2 thin films are crucial to improving device performance. However, uniform CuSbS2 is difficult to obtain during electrodeposition and post-sulfurization due to the “dendritic” deposition of Cu on Mo substrates. In this study, Sb/Cu layers were sequentially pulse electrodeposited on Mo substrates. By adjusting the pulse parameters, smooth and uniform Sb layers were prepared on Mo, and a flat Cu layer was obtained on Sb without any dendritic clusters. A two-step annealing process was employed to fabricate CuSbS2 thin films. The effects of temperature on phases and morphologies were investigated. CuSbS2 thin films with good crystallinity were obtained at 360°C. As the annealing temperature increased, the crystallinity of the films decreased. The CuSbS2 phase transformed into a Cu3SbS4 phase with the temperature increase to 400°C. Finally, a 0.90% efficient solar cell was obtained using the CuSbS2 thin films annealed at 360°C.
Keywords: CuSbS2, pulse electrodeposition, Sb/Cu layer, post-sulfurization, thin-film solar cell
INTRODUCTION
CuSbS2 is a direct bandgap material, which can be adjusted between 1.4 and 1.6 eV (Medina-Montes et al., 2018; Pal et al., 2020), and its optical absorption coefficient is greater than 105 cm−1 (Vinayakumar et al., 2019). Its grain growth temperature is within 300°C–450°C (Yang et al., 2014; Riha et al., 2017), which is lower than those of Cu (In, Ga) Se2 and Cu2ZnSnS4. It is an excellent alternative material for flexible photovoltaic devices due to its low grain growth temperature. Various techniques, such as spray pyrolysis (Ramos Aquino et al., 2016; Wan et al., 2019; Zhou et al., 2021), ink (Banu et al., 2016; Banu et al., 2019), chemical bath deposition (Macías et al., 2017; Loranca-Ramos et al., 2018), sputtering (de Souza Lucas et al., 2016; Kang et al., 2018), evaporation (Rabhi et al., 2009; Wan et al., 2016), and electrodeposition (Septina et al., 2014; García et al., 2020), have been employed to fabricate CuSbS2 thin films. Wan et al., (2016) fabricated stoichiometric CuSbS2 thin films and Mo/CuSbS2/CdS/ZnO/ZnO: Al/Ag structure solar cells via a two-stage co-evaporation, achieving a 1.9% efficiency with a 520-mV open-circuit voltage. Macías et al., (2017) fabricated CuSbS2 thin films via a chemical bath method and treated the films at 380°C, achieving an encouraging efficiency of 0.6%. Zhang et al.(2019) fabricated Mo/CuSbS2/CdS/ZnO/Al structure cells via a one-step sputtering method and obtained a photovoltaic conversion efficiency of 2.55% with a 622-mV open-circuit voltage. The best efficiency of 3.22% was obtained by Banu et al., (2016).
Compared with other deposition methods, electrodeposition has the advantages of low equipment cost, simple operation, and high material usage rate (Lincot et al., 2004; Bhattacharya et al., 2012; Oliva et al., 2013; Vauche et al., 2016). Therefore, fabricating CuSbS2 thin films via electrodeposition has been favored by researchers. The highest efficiency of CuSbS2 thin films fabricated via electrodeposition is 3.13% (Septina et al., 2014), which is far lower than the maximum theoretical conversion efficiency of 22.9% (SLME) (Yu et al., 2013). The main factor limiting the further improvement of CuSbS2 thin-film solar cells are 1) rough electrodeposited metal precursors lead the thickness and composition distribution to be nonuniform (Yuan et al., 2009; Gao et al., 2020)and 2) secondary phases, such as Sb2S3, Cu12Sb4S13, and Cu3SbS4, easily form during annealing (Kang et al., 2018; Pal et al., 2020).
Zhang et al. (2016) have demonstrated the crystallinity of CuSbS2 thin films fabricated by electrodepositing Mo/Cu/Sb metal layers followed by sulfurizing in 20% H2S + Ar atmosphere for 1 h at 450°C. However, the surface roughness of the Mo/Cu/Sb metal layers was large, which further deteriorated the uniformity of CuSbS2 thin films. Although Bi et al. (2016) eliminated the dendritic morphology of Cu on Mo via a pulse current electrodeposition method, the problem of dendritic clusters appeared again after the Cu thickness was reduced. To fabricate dendritic-cluster-free and smooth Cu films via electrodeposition, numerous studies have been conducted (Norkus et al., 2005; Moffat et al., 2007; Lee et al., 2012). Among them, adding organic additives in the electrodepositing solution could help reduce the surface roughness of Cu films and improve their flatness (Long et al., 2006; Favry et al., 2008). However, organic additives could easily be incorporated into the films as impurities, which would deteriorate the properties of the devices.
In this study, to solve the problem of rough metal precursors on Mo substrates, first, a smooth Sb layer was electrodeposited on a Mo substrate, and then, a Cu layer was electrodeposited on the Sb layer. A compact, flat, and uniform Sb/Cu layer was fabricated on a Mo substrate using the pulse current electrodeposition method. The metal stacking layer with the Sb/Cu atomic ratio of 1.7 was employed to fabricate CuSbS2. In addition, the influences of temperature on structures, compositions, phases, and morphologies of CuSbS2 thin films were systematically studied. Ultimately, 0.90% efficient CuSbS2 solar cells were fabricated with a 13.58-mA/cm2 current density.
MATERIALS AND METHODS
Preparation of the Sb/Cu Precursor
Mo back contact layer (1 μm) was fabricated on a clean soda-lime glass (SLG) via DC magnetron sputtering. Before the electrodeposition process, the fabricated SLG/Mo substrate was ultrasonically cleaned in alcohol for 30 min, followed by cleaning with deionized water to obtain a clean, oil-free Mo substrate. Afterward, Sb and Cu metal layers were fabricated on the Mo substrate via pulse electrodeposition at room temperature. An Sb solution was prepared using 0.3-M SbCl3 and 2.2-M HCl, whereas a Cu solution was prepared using 0.8-M CuSO4 and 0.76-M H2SO4. The diagram of the square wave pulse is shown in Supplementary Figure S1. There are three independent parameters: pulse current density (im), pulse on time (Ton), and pulse off time (Toff) in pulse electrodeposition. Toff is beneficial to recover ion concentration near a cathode and improve the coating quality. The Ton/Toff ratios of the electrodeposited Sb film were set to 1:1, 1:3, and 1:5; the pulse current densities were 31.25, 62.5, and 125 mA/cm2; and the pulse frequency was 10,000 Hz. The Ton/Toff ratio of the electrodeposited Cu film was 1:3, the pulse current density was 62.5 mA/cm2, and the pulse frequency was 10,000 Hz. The deposition charge densities of the Sb layer were varied from 0.5 to 1.275 C/cm2. The pulse working conditions were provided by GKPT-FB4-24 V/10 A pulse/DC power supply manufactured by Shenzhen Shicheng Company, China.
Sulfurization of the Metal Precursor
CuSbS2 thin films were fabricated by annealing Mo/Sb/Cu precursors in a double temperature quartz tube furnace. The alloyed precursor and 1-g sulfur powder (excess) were, respectively, placed in different temperature zones of the double temperature quartz tube furnace. The sulfur source temperature was maintained at 260°C with a 10°C/min heating rate. First, the metal stacks were annealed at 320°C in Ar atmosphere for 10 min and then sulfurized at 300°C–400°C for another 30 min. After free cooling to room temperature, the CuSbS2 thin films were removed from the furnace.
Preparation of Devices
CuSbS2 thin-film solar cells were prepared with the traditional structure of Mo/CuSbS2/CdS/i-ZnO/ZnO: Al/Ni/Al. A CdS buffer layer of 50 nm was prepared via the chemical water bath method on CuSbS2 thin films. The i-ZnO thin films with approximately 50-μm thickness were deposited on CdS thin films by AC magnetron sputtering; then, the Al-ZnO thin films with 500–800 nm thickness were deposited by DC sputtering. Finally, a Ni layer of 50 nm and an Al layer of 1 μm were deposited by electron beam evaporation as the collector. The effective area of the cell was 0.12 cm2.
Characterization
The structure of the CuSbS2 thin films was analyzed using X-ray diffractometry (XRD, Rigaku Smart Lab) and Raman spectrometry (Raman, Renishaw). The excitation wavelength of the Raman spectrometer was 532 nm. The surface roughness of the films was observed via atomic force microscopy (AFM, Dimension ICON). The morphology of the films and the elemental composition and distribution (EDS) of the samples were observed via field emission scanning electron microscopy (FE-SEM, Quanta FEG 250). The element composition and chemical states of the films were measured via energy-dispersive X-ray spectrometry (XPS, ESCALAB250Xi). The J−V characteristics of CuSbS2 solar cells were measured under a standard AM_1.5 spectrum using a solar simulator; the illumination intensity was 1000 WM−2.
RESULTS AND DISCUSSION
Characteristics of the Sb/Cu Metal Precursors
Figure 1 shows the SEM images of Cu and Cu/Sb deposited on the Mo substrate. From Figure 1A, a “dendritic” morphology was formed by directly depositing the Cu layer on the Mo substrate. It was because the growth of Cu on Mo showed a three-dimensional island mode (Mercier et al., 2013). The growth rate of the Cu nucleus tended to be higher than the nucleation rate, inducing Cu to form a dendritic morphology (Budevski et al., 2000). The Sb layer electrodeposited on such a rough Cu underlayer usually resulted in a coarse Cu/Sb layer with bulging clusters on the Sb surface (Figure 1B). The non-uniform composition distribution of the rough Cu/Sb precursor tended to form copper-rich and -poor phases during annealing, which would increase the leakage current of the device and deteriorate its performance (Oliva et al., 2013; Kwon et al., 2014).
[image: Figure 1]FIGURE 1 | SEM images of the (A) Mo/Cu and (B) Mo/Cu/Sb layers.
To eliminate the “dendritic” morphology, the Mo/Sb/Cu stack was employed to obtain a flat and uniform metal precursor. Figure 2 shows the SEM images of the Sb layer on Mo prepared via the pulse current electrodeposition method. In Figures 2A–C, the Ton/Toff ratio was set to 1:1, 1:3, and 1:5, with the pulse current density of 62.5 mA/cm2; small spherical grains can be observed. The size of the spherical grains was relatively non-uniform with the Ton/Toff ratio of 1:1. The spherical grain size tended to be uniform with the decrease in the Ton/Toff ratio, and the surface of Sb films became smooth and compact. When the ratio decreased to 1:5, the Sb grains became nonuniform again. It might be because the decreased Ton/Toff ratio increased the peak current density, which led the growth rate of the Sb nucleus to be higher than the nucleation rate (Grujicic and Pesic, 2002).
[image: Figure 2]FIGURE 2 | FE-SEM images of the Sb film on the Mo substrate deposited with (A–C) Ton/Toff ratios of 1:1, 1:3, and 1:5, respectively, and a pulse current density of 62.5 mA/cm2; (D–F) pulse current densities of 31.25, 62.5, and 125 mA/cm2 and a Ton/Toff ratio of 1:3.
Figures 2D–F show the FE-SEM images of Sb deposited with different pulse current densities: 31.25, 62.5, and 125 mA/cm2. The Ton/Toff ratio was set to 1:3. The Sb surface was covered with a layer of insect-like particles with a pulse current density of 31.25 mA/cm2. It might be because the Sb film was not fully nucleated and grew up when the current density was too low. When the pulse current density increased to 62.5 mA/cm2, a uniform and compact Sb film was obtained. However, an uneven surface appeared when the pulse current density increased to 125 mA/cm2, which might be due to the concentration polarization near the surface of Sb film at high pulse current density. Finally, a uniform, flat, and compact Sb film could be fabricated on the Mo substrate with a Ton/Toff ratio of 1:3 and a pulse current density of 62.5 mA/cm2.
The Sb film deposited with a pulse current density of 62.5 mA/cm2 and Ton/Toff of 1:3 (Figure 2B) was chosen as the substrate to deposit the Cu layer. The Cu was deposited with a pulse current density of 62.5 mA/cm2 and a pulse frequency of 10,000 Hz. Figure 3 shows a smooth, compact Cu layer without any dendritic clusters being obtained.
[image: Figure 3]FIGURE 3 | SEM image of the Mo/Sb/Cu layer.
Figure 4 presents the AFM images of Mo/Cu, Mo/Cu/Sb, Mo/Sb, and Mo/Sb/Cu layers. The average roughness (Ra) of each layer was calculated using an atomic force microscope assistant software (Table 1). The average roughness (Ra) of Mo/Cu (96 nm) was larger than that of Mo/Sb (21.8 nm). As the underlying layer, the surface roughness of the Mo/Cu/Sb layer (112 nm) was larger than that of the Mo/Sb/Cu layer (30.4 nm), indicating that the uniformity of Mo/Sb/Cu was higher than that of Mo/Cu/Sb. Therefore, the new structure of Mo/Sb/Cu was chosen as the metal precursor to fabricate CuSbS2 absorbers.
[image: Figure 4]FIGURE 4 | AFM diagrams of the (A) Mo/Cu, (B) Mo/Cu/Sb, (C) Mo/Sb, and (D) Mo/Sb/Cu layers.
TABLE 1 | Surface roughness of the Mo/Cu, Mo/Cu/Sb, Mo/Sb, and Mo/Sb/Cu layers.
[image: Table 1]Analysis of the Composition, Phase, and Morphology of the CuSbS2 Thin Film
Sb2S3 is easy to evaporate in the sulfurization process due to its high saturated vapor pressure, resulting in the loss of Sb elements. Therefore, the Sb/Cu metal-stack layers with an atomic ratio of 1.7 were sulfurized to prepare CuSbS2 absorbers. Figure 5A shows the XRD patterns of the CuSbS2 thin films annealed at 300, 320, 340, 360, 380, and 400°C for 30 min. The sample sulfurized at 300°C detected the CuSbS2 chalcostibite compound (JCPDS No. 44-1417) and weak diffraction peaks of Sb2S3 (JCPDS No. 42-1393) and Cu2−xS. The CuSbS2 phase was generated by the reaction of Cu and Sb chalcogenides. Cu was completely transformed into Cu-S at 200°C, whereas Sb reacted with S to form Sb2S3 at approximately 300°C. When the temperature was sufficiently high (300°C), the binary sulfides of Cu and Sb reacted to form the CuSbS2 ternary compound. The specific reaction equations are as follows (Colombara et al., 2012):
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With the increase in temperature, the intensity of the Sb2S3 secondary phase decreased and the crystallinity of CuSbS2 thin films improved. In the temperature range of 320°C–340°C, the films mainly comprised CuSbS2 and Sb2S3 phases. However, the diffraction peak intensity of CuSbS2 gradually increased with the temperature increase, whereas the intensity of the Sb2S3 peak gradually decreased. At 360°C, the typical bimodal structure of the CuSbS2 phase was observed in the range of 28°–31°. In addition, the CuSbS2 thin film showed the (301) preferred orientation. No other obvious secondary phases were observed, indicating that the film was relatively pure. Sb2S3 might have evaporated during high-temperature sulfurization due to its relatively high saturated vapor pressure (Colombara et al., 2011; Colombara et al., 2012). When the temperature increased to 380°C, the diffraction peak of CuSbS2 began to decrease; the preferential orientation of the CuSbS2 thin films changed from (301) to (410). When the annealing temperature increased to 400°C, the films became Cu-rich due to the loss of a large amount of Sb, and the CuSbS2 phase transformed into the Cu3SbS4 phase (JCPDS No. 35-0581). CuSbS2 tended to decompose into Cu3SbS4 and Sb2S3. The diffraction peak of Sb2S3 was not detected, because Sb2S3 evaporated due to its low melting point. The decomposition reaction was as follows:
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[image: Figure 5]FIGURE 5 | (A) XRD patterns and (B) Raman spectra of CuSbS2 thin films sulfurized at different substrate temperatures: 300°, 320°, 340°, 360°, 380°, and 400°C.
Figure 5B presents the Raman spectra of films annealed at different sulfurization temperatures. Raman vibration peaks at 249, 317, and 339–332 cm−1 all corresponded to the CuSbS2 phase, as reported previously (Vinayakumar et al., 2017; Chalapathi et al., 2018). Moreover, the Raman peak at 471 cm−1 of the film sulfurized at 300°C corresponded to the Cu2−xS phase (Hurma and Kose, 2016), which agreed with the XRD results. Besides, the Raman peak at 271 cm−1 of the films sulfurized in the temperature range of 300°C–340°C corresponded to the Sb2S3 secondary phase (Efthimiopoulos et al., 2016). No Cu2−xS phase was detected in the films annealed in the temperature range of 320°C–340°C, indicating that Cu2−xS and Sb2S3 had reacted completely to form CuSbS2. At 360°C, there was a prominent peak at 332 cm−1, which corresponded to CuSbS2. With the increase in the crystallization degree, the secondary peaks at 317 cm−1 disappeared and only the main peak located at 332 cm−1 remained. At 400°C, a shoulder at 322 cm−1 appeared due to the existence of the Cu3SbS4 phase (Chalapathi et al., 2018).
The elemental compositions of the films at different annealing temperatures were determined via EDS (Table 2). The compositions of Cu, Sb, and S were very sensitive to the annealing temperature. The films were rich in copper and poor in antimony due to the high volatility of Sb2S3. The Cu/Sb ratio was approximately 2.5 in the temperature range of 300°C–340°C, and the ratio decreased with the increase in temperature. This is because Sb was not fully sulfurized into Sb2S3 and did not fully participate in the reaction to generate CuSbS2. When the temperature increased to 360°C, CuS and Sb2S3 fully reacted to produce CuSbS2, the film showed only a slight Cu-rich composition and the Cu/Sb ratio of the film decreased to 1.06. Sb loss was significant when the temperature further increased to 400°C. The Cu/Sb ratio increased to 2.81 at 400°C, which should be due to the decomposition of the membrane into Cu3SbS4.
TABLE 2 | Elemental compositions of thin films annealed at different temperatures measured via EDS.
[image: Table 2]Figure 6 shows the FE-SEM images of the films sulfurized at different temperatures. The morphologies of the CuSbS2 thin films changed with the increase in temperature. As shown in Figure 6A, fine grains and white rod-shaped grains were observed on the film surface. EDS analysis showed that the white rod-shaped grains were Cu- and S-rich phases. In the temperature range of 320°C–340°C, grains began to aggregate and grow up. With the increase in temperature, the grain sizes increased. In the temperature range of 360°C–380°C, micron-sized rod-like grains were formed and the crystallization degree and compactness of CuSbS2 thin films improved. Notably, the surface morphology of the film changed significantly with the increase in temperature due to the low reaction and formation temperature of CuSbS2. However, further increasing the growth temperature to 400°C, the pores formed on the film surfaces. Combined with the XRD and Raman analyses, this phenomenon might be due to the decomposition of the CuSbS2 phase—where a large amount of Sb loss destroyed the completeness of the film. A relatively pure CuSbS2 thin film could be obtained in the temperature range of 360°C–380°C.
[image: Figure 6]FIGURE 6 | FE-SEM images of the CuSbS2 thin films annealed at different temperatures: (A) 300°C, (B) 320°C, (C) 340°C, (D) 360°C, (E) 380°C, (F) 400°C.
Figure 7 shows the cross-sectional FE-SEM images of the films sulfurized at 360 and 380°C. The thickness of the films was approximately 1.2 μm without fine-grain layers at the bottom of the film. At 360°C, the adhesion between the annealed Mo and CuSbS2 thin films was good and columnar large grains were formed. The CuSbS2 grain sizes increased with the increase in the sulfurization temperature to 380°C. Compared with the films prepared at 380°C, the films prepared at 360°C were more uniform and denser. The crystallinity of the CuSbS2 thin films annealed at 360°C was high and more suitable to prepare CuSbS2 devices.
[image: Figure 7]FIGURE 7 | Cross-sectional SEM images of CuSbS2 thin films annealed at (A) 360°C and (B) 380°C.
XPS Analysis of the CuSbS2 Thin Films
XPS was employed to measure the chemical states of elements in the CuSbS2 thin films sulfurized at 360°C (Figure 8). From Figure 8A, the main elements of CuSbS2 thin films were Cu, Sb, and S, indicating no additional doping element in the CuSbS2 thin film. As shown in Figures 8B–D, the binding energies of Cu 2p1/2 and 2P3/2 were 931.9 and 951.7 eV, respectively, with an interval of 19.8 eV, which agreed with the reported binding energies of Cu+ in CuSbS2 (Wan et al., 2016). The binding energies of Sb 3d5/2 and 3d3/2 were 529.6 and 539.0 eV, respectively, with an interval of 9.4 eV, which agreed with Sb3+ (Vinayakumar et al., 2017). The peak at 532.1 eV corresponded to the oxygen adsorbed on the thin film. The binding energies of S 2p3/2 and 2p1/2 were 161.4 and 162.6 eV, respectively, with an interval of 1.2 eV, which corresponded to the binding energies of S2− in CuSbS2 (van Embden et al., 2020). The results agreed with the chemical states of standard CuSbS2, which proved the pure phase CuSbS2 thin films to be prepared at the annealing temperature of 360°C.
[image: Figure 8]FIGURE 8 | XPS of the CuSbS2 thin films prepared at 360°C. (A) Survey, (B) Cu 2p core level, (C) Sb 3 days core level, and (D) S 2p core level.
The CuSbS2 thin films annealed at 360°C and 380°C were selected to prepare solar cells. The J–V curves of the CuSbS2 thin-film solar cells are shown in Figure 9. The device parameters are listed in Table 3. The photovoltaic conversion efficiency (η) of the device, based on the CuSbS2 thin films annealed at 360°C, was 0.90% with an open-circuit voltage (Voc) of 0.21 V, a current density (Jsc) of 13.58 mA/cm2, and a filling factor (FF) of 31.77%. However, the photovoltaic conversion efficiency of the device, based on the CuSbS2 film annealed at 380°C, was only 0.36% with an open-circuit voltage(Voc) of 0.10 V, a current density of 11.75 mA/cm2. The CuSbS2 thin films annealed at 360°C were more compact than those annealed at 380°C (Figures 6D,E). The voids in the CuSbS2 thin films could influence carrier transportation, which would reduce the current density. Combined with the XRD analysis, the crystal-preferred orientation of the CuSbS2 thin films changed from (301) to (410) with an increase in annealing temperature. Based on the analysis of the Cu (In, Ga) Se2-preferred orientation (Kim et al., 2018), the changed-preferred orientation of CuSbS2 might induce different defect densities, which would influence the open-circuit voltage. In addition, the band structure diagram of CuSbS2 thin film solar cells is shown in Supplementary Figure S2.
[image: Figure 9]FIGURE 9 | J–V curves of the CuSbS2 thin-film solar cells based on absorbers annealed at 360° and 380°C for 30 min.
TABLE 3 | Device parameters of the CuSbS2 thin-film solar cells based on absorbers annealed at 360°C and 380°C for 30 min.
[image: Table 3]CONCLUSION
In this study, Sb/Cu metal layers were prepared on Mo substrates via the pulse current electrodeposition method. By adjusting the pulse parameters (Ton/Toff of 1:3, a pulse current density of 62.5 mA/cm2, and a pulse current frequency of 10,000 Hz), a compact and uniform Sb layer was prepared on the Mo substrate. With this uniform Sb underlayer, dense, uniform, and smooth Cu layers without dendric clusters were realized. A two-step sulfurization process was employed to fabricate CuSbS2 absorbers. The influences of annealing temperature on the composition, phase, and morphology of CuSbS2 thin films were studied. A compact and relatively pure CuSbS2 thin film was fabricated at 360°C. Finally, a 0.90% efficiency of CuSbS2 thin-film solar cell was obtained with an open-circuit voltage of 0.21 V, a short circuit current density of 13.58 mA/cm2, and an FF of 31.77%.
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The formation and evolution of the corrosion scales on the super 13Cr stainless steel (SS) surface after exposure in a formate completion fluid with the presence of various aggressive substances was investigated. The results indicate that the formation of Fe3O4 covered the surface of super 13Cr SS as the inner layer accompanied with outer scattered FeS. The corrosion rate was below 0.07 mm/year after 120 h of exposure in the formate fluid at 180°C under N2 environments; the presence of aggressive substances such as sulfide and CO2 in the formate fluid promoted the proceeding of anodic dissolution in the early period, and the ingress of CO2 progressively increased the general corrosion rate to 1.7 mm/year. For CO2-containing conditions, the formation of FeCr2O4 and Cr(OH)3 was detected in the inner corrosion product layers, and the precipitation of “sheet”-shaped iron carbonate (FeCO3) was detected as the outer layer. The accumulation rate of corrosion products increases by two orders of magnitude with the ingress of CO2, corresponding to thicker corrosion products, but the dissolution rate is still three orders of magnitude higher than when CO2 was absent.
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INTRODUCTION
The exploitation and production of ultra-deep reservoirs for future energy supply have been highlighted as a practical strategy to achieve the effective application of fossil energy. The Tarim Basin, where exists abundant natural gas in the depth between 6,500–8,000 m, has been constructed with 52 wells in Kuqa from 2012 (Liu et al., 2019a). Due to the high pressure (115–140 MPa), high temperature (170°C–190°C), and complex corrosive medium, the corrosion issues of highly dense brine-based completion fluids on tubing and casing materials in ultra-deep high-temperature wells have become a research hot spot in the course of oil and gas exploitation (Yue et al., 2020a; Li et al., 2020; Zhao et al., 2020). The considered competition fluids are mainly the bromine salt completion fluids (KBr, ZnBr2, and CaBr2) (Liu et al., 2014; Liu et al., 2019b) and/or formate brines (NaCOOH, KCOOH, and CsCOOH) (Bungert et al., 2000; Leth-Olsen, 2004; Zhu et al., 2011b). In the past decades, one of the major issues is the localized corrosion by using bromine salts due to the presence of Br− (Hoar and Jacob, 1967; Refaey et al., 2005). Recently, formate brines with filtrate viscosity and low-water activities are more potential to be a safe option for the deep wells (the average depth >6,000 m), and also the operating temperature can be over 150°C (Howard and others, 1995; Bungert et al., 2000). Clarke states that the formate brines have many advantages during drilling and completion processes at a temperature up to 160°C, such as preventing the thermal degradation for the conventional drilling and completion fluid polymers (Clarke-Sturman and Sturla, 1988). Among formate brines, KCOOH solution has been widely used as the alternative option for such arduous conditions based on its large solubility and low corrosivity (Leth-Olsen, 2004).
Tubing materials experienced low-corrosion risk in formate brines at a high temperature of 180°C (Li et al., 2018), compared with that of immersing in the CO2-saturated formation water (Zhu et al., 2011a, 2015a; Hua et al., 2019a). However, corrosion control of the tubing material during the completion period remains an obstinate issue for corrosion engineers due to the intrinsically complicated corrosion processes, especially in the presence of sulfide impurity or CO2 ingress under such harsh environments. The sulfides were introduced as an impurity by the synthesis of KCOOH where it is inevitable to exit sulfides in the industrial-grade purification process of CO from the exhaust gas (Teng et al., 2016). The CO2 influx in annulus protection fluids will react with formate brines and form trace amounts of formic acid, which acts as a catalyst in the reactivity of formate (Bungert et al., 2000) and promotes the corrosion process on the material surface (Yang et al., 2019). Sekine et al. (Sekine and Chinda, 1984) stated that the formic acid can be corrosive with an increasing content of KCOOH in the solution due to the dissolved KCOOH increased the solution electrical conductivity. Recently, materials such as super 13%Cr martensite stainless steel (S13Cr) has been considered as a tubing and casing material for such hash conditions based on its good corrosion resistance, low cost, and excellent mechanical properties. Along with the growing understanding of the influence of aggressive substances on the corrosive of formate brines (Bungert et al., 2000; Howard et al., 2009), further study of the corrosion behavior of S13Cr immersed in the formate brines as well as the evolution of the corrosion scales on the surface is urgently pressed. It has been reported that both Fe and Cr elements in the matrix significantly contributed to the corrosion-resistant stainless steel (SS) in an acidized KCOOH solution by comparing the polarization curves between pure metal and 304 SS; Ni promotes the stability of the passive film on the surface as well as the mechanical property (Sekine and Chinda, 1984). Hakon (Leth-Olsen, 2004) found that the formation of the corrosion product scales on 13Cr SS in formate fluids did not act as an effective barrier against corrosion, showing high-corrosion rates after several weeks of exposure, and the surface was covered by nonuniformed crystalline FeCO3, especially at 180°C (Leth-Olsen and others, 2005). Although the formation of the FeCO3 layer plays a dominant role in retarding the corrosion rate, the corrosion resistance of S13Cr SS corresponds to a complicated corrosion product scales formation and evolution process, and that the amorphous/nanocrystalline inner layer provides better corrosion protection than outer FeCO3 precipitation21–25 under the ultra-deep well conditions [temperatures beyond 180°C (Zhao et al., 2018; Yue et al., 2020a, 2020b, 2020c; Zhao et al., 2021a)]. The systematic study on the formation and evolution of the corrosion product scales on the S13Cr SS surface immersed in a formate fluid under HTHP condition, especially with the presence of aggressive substances such as sulfide or CO2 is rare.
It has been reported that the formation of the corrosion products under a CO2–H2S coexistence environment was related to H2S and CO2 concentration (Banaś et al., 2007; Pessu et al., 2017; Li et al., 2021). Having acidic media such as CO2 and H2S can promote the ionic conductivity in the solution (Vedage et al., 1993; Zhao et al., 2021b). Ding et al. (2013) discovered that the anodic dissolution was accelerated by high-H2S/CO2 partial pressures where both H2S and CO2 reduced the stability of the corrosion product scales (He et al., 2009). The composition of corrosion products may vary as H2S concentration increases. The corrosion products have been reported to become more complicated (generating several FeS compounds in addition to FeCO3), indicating porous in feature and results in less corrosion protection (Vedage et al., 1993). If the pCO2/pH2S ratio is between 20 and 500, there is a possibility that the iron sulfide layer covers the surface locally, and pitting corrosion dominates degradation due to the galvanic corrosion between covered and bare surfaces, which is usually improved by adding inhibitors (Xu et al., 2018; Askari et al., 2021; Hamza et al., 2021).
This article complements the literature gaps by systematically investigating the corrosion behavior of S13Cr immersed in a formate fluid via studying the influence of sulfide or CO2 on the corrosion product kinetics. The weight-loss method is implemented to review the extent of general corrosion, and the nature and morphology of the corrosion products are identified using a combination of scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and Raman spectroscopy in order to identify the role CO2 plays on the corrosion product scale composition and morphology. This article mainly discussed the corrosion risk caused by potential aggressive substances (sulfide and CO2 ingress) that may be introduced in the formate fluid as the application in the oil and gas industry and revealed the surface interaction mechanisms on the corrosion product scale of S13Cr SS at severe annulus environments.
EXPERIMENTAL PROCEDURE
Material Preparation
The material used was an API-P110 grade S13Cr (UNS S41425) SS with heat-treated through normalization and tempering at 980°C and 590°C, respectively. The chemical composition (wt%) of the material is listed in Table 1. Coupon specimens for immersion tests were machined to the dimension of 30 mm × 13 mm × 3 mm. Before each test, the specimens were ground to 1,200 grit using silicon carbide paper, then rinsed with deionized water and acetone, and dried.
TABLE 1 | Elemental composition of super 13Cr SS (wt%).
[image: Table 1]Test Methods
The test solutions simulated the composition of the completion fluid from the Tarim field (1.5 g/ml in density) containing potassium formate (>97.1%) and deionized water. The chemical composition is listed in Table 2. The formate completion fluid usually uses CO purified from industrial tail gas as a synthetic raw material, containing sulfide due to the existence of a certain amount of K2S in KCOOH. The solution was de-aerated by saturating with N2 (gas in 1–1) or CO2 (gas in 1–2) in a separate container overnight before testing. The dissolved oxygen was detected using optical oxygen luminescent sensors (HACH, K1100) to ensure the O2 content within the solution was below 5 ppb. All lines to the autoclave were purged with high pressure N2/CO2 and evacuated by lines 2 and 4 to remove the O2 content within the system. The prepared, de-aerated brine was carefully transferred from the sparging vessel into the closed autoclave containing the test specimens at an ambient pressure and temperature. Then, the autoclave was pressurized and stabilized at 10 bar N2 or CO2 at 25°C, respectively. The solution was heated to 180°C, and the final pressure was 26 bar under an N2 condition and 34 bar under a CO2 condition, as shown in Table 3. The immersion time for corrosion tests began once the solution temperature reached 180°C in the autoclave (Supplementary Figure S1).
TABLE 2 | Chemical composition of formation water.
[image: Table 2]TABLE 3 | Test matrix for corrosion tests under different conditions.
[image: Table 3]A 316L SS static autoclave was utilized to conduct all the weight loss tests as schematically shown in Figure 1. For mass loss experiments, three coupons were mounted on a designed PEEK holder and fully immersed in the test solution. All tests were performed at 180°C with an N2 or CO2 partial pressure of 10 bar at 25°C, and the volume to surface ratio was kept at approximately 30 ml/cm2 (three samples within the autoclave).
[image: Figure 1]FIGURE 1 | Schematic diagram of the high-temperature and high-pressure autoclave and the location of mass loss samples.
The original weight (m0) of coupons was measured before the test, while the final weight (m1) was obtained after the removal of corrosion products (ASTM G1-03 standard) (Metals, 2011). The corrosion rate (CR) was reported in mm/year according to the obtained weight loss via Eq. 1:
[image: image]
where t represents the immersion time in hours, [image: image] is steel density in g/cm3, and A is the exposed surface area in cm2.
The thermodynamically stable states for S13Cr SS were evaluated by the Pourbaix diagram using OLI software(4). The equilibrium of the aqueous and vapor phase was calculated using Stream Analyzer. Custom was selected as the type of calculation, and the volume of the total inflow was fixed. For thermodynamic calculation, the calculated stream was used in the Corrosion Analyzer. An alloy containing 12% Cr and 88% Fe was selected as the contact surface. In order to determine the total metal cation concentration, metal activities were changed, and the thermodynamics after the mass loss was calculated by iterating over Stream Analyzer.
Surface Analyses
The coupons after immersion tests were scanned using a scanning electron microscope equipped with an energy-dispersive X-ray detector (SEM/EDS), and X-ray diffraction (XRD) and Raman spectroscopy were performed on the surface to determine the morphology and chemical composition of the crystalline and amorphous corrosion products formed on the surface. The crystalline corrosion product was scanned over a 2-theta range from 10–90o at 0.033°/s on an area of 10 mm × 10 mm using a D8 Advance instrument (Bruker) with Cu Kα radiation; while the surface heterogeneities at the microscopic scale of the corrosion product was detected by confocal Raman microscopy using a LabRAM HR Evolution instrument (HORIBA) with a wavelength of 473 nm combined with a confocal imaging mode to focus on the injection area using the spot size of 1 μm access to frequencies from 200 to 1,200 cm−1. The pit depth was measured by laser scanning confocal microscope (LSCM) measurements after removing the corrosion products according to the standard G46-94 (Metals, 2011, 46). An average pit depth from the 10 deepest pits was used to evaluate the localized corrosion rate (LCR) by the following formula:
[image: image]
where h is the pitting depth in μm after removing corrosion products.
RESULTS
Figure 2 compares the general corrosion rates of S13Cr SS exposed to the formate fluid saturated with N2 or CO2 at 180°C and various immersion times. The highest corrosion rates were observed at the first 5 h under both N2 and CO2 saturated conditions at 180°C. It can be seen that the corrosion rate of S13Cr SS was high (21.94 mm/year) when CO2 was introduced into the formate fluid, in comparison with the value of 1.177 mm/year under the N2 condition. The average mass loss tended to increase with time prolonged; however the slope of the increasing curve decreased with time, which indicates the corrosion rates of S13Cr SS decreased with immersion time, showing a sharply reduction from 5 to 48 h. For a long immersion time of 120 h, the corrosion rate for S13Cr SS was maintained at 0.063 mm/year under the N2 condition, whereas a higher corrosion rate of 1.76 mm/year was recorded after the introduction of CO2.
[image: Figure 2]FIGURE 2 | Total mass loss and corrosion rates of S13Cr SS under the 180°C formate condition with N2/CO2 saturated after 5, 48, and 120 h.
The SEM morphology of the corrosion product scales formed on the S13Cr SS surface at various immersion times is given in Figure 3. For the condition with N2, the polishing marks were still visible on the surface after 5 h of exposure (Figure 3A). It is interesting to note that the corrosion products with a “spherical” shape were observed after 48 h of exposure (Figure 3B) and increased in number after 120 h (Figure 3C). The EDS results in Supplementary Figure S2 indicate that the scattered corrosion products were sulfur-rich. Figures 3D–F show the microscopic morphology of S13Cr SS in the formate solution saturated with CO2 at various immersion times and 180°C, indicating the corrosion product scales covered the entire surface with time prolonged. It is noted that the spherical corrosion products rapidly precipitated and are visible on a cracked corrosion product layer after 5 h of exposure, as shown in Figure 3D. The higher magnification showed that the spherical products present a spherical-shaped structure in morphology. After 48 h of exposure, the presence of “sheet”-shaped corrosion products randomly covered the inner layer, as shown in Figure 3E. At 120 h, the sheet-shaped corrosion products gathered into clusters and fully covered the surface, as shown in Figure 3F.
[image: Figure 3]FIGURE 3 | SEM morphology of the corrosion products formed on S13Cr SS exposed to the 180°C formate fluid with (A–C) N2 and (D–F) CO2 saturated.
Figure 4 illustrates the XRD patterns of the corrosion product scales formed on the surface of S13Cr SS at various immersion times. In the absence of CO2, as shown in Figure 4A, no crystalline corrosion products were detected after 5 h of immersion time at 180°C. The peaks of FeS at (100), (101), and (111) were detected for the samples immersed in the solution after 48 h which corresponded to a disordered tetragonal mackinawite structure as spherical MkB (Wolthers et al., 2003) and agreed with the spherical feature observed through SEM/EDS in Figure 3E.
[image: Figure 4]FIGURE 4 | XRD patterns of the corrosion scale formed on S13Cr SS under the 180°C formate condition with (A) N2 or (B) CO2 saturated after 5, 48, and 120 h.
Figure 4B illustrates the overall XRD patterns of the corrosion product scales of S13Cr SS in CO2-saturated formate fluids at various immersion times. The corrosion products are mainly FeCO3 when the samples were exposed to the CO2-saturated formate solution after 5, 48, and 120 h. However, both peaks for MkA (disordered sheet-like mackinawite) and MkB were detected in the first 5 h. Unlike spherical MkB, MkA has been reported to display sheet-like precipitated aqueous FeS clusters (Wolthers et al., 2003), which display a similar morphology with FeCO3 in the context of this study. The proportion of these two end-member phases was reported to highly depend on the pH value, and thus the formation of MkA at (101) instead of MkB at (101) can be related to the pH drop caused by CO2 infusion. It is also noted that an enhanced austenite peak located at 43.58° was detected, which suggests that the preferential dissolution of martensite took place on the surface in the early stages. However, neither the peaks of austenite nor martensite was detected after 120 h of exposure.
To identify the inner corrosion product layer, Raman spectroscopy was used to supplement XRD measurements. The Raman spectra in Figure 5 relate to three local scans conducted on the S13Cr SS surface at various immersion times. For 5 h (Figure 5A), there was no corrosion product scale detected on the surface. The spectrum in Figure 5B indicates that the peak at around 662 cm−1 is representative of Fe3O4, and the scan in Figure 5C indicates that the peaks corresponding to Fe(II)-S(-II) are located at 213, 282, 384, 485, and 595 cm−1 (Genchev and Erbe, 2016).
[image: Figure 5]FIGURE 5 | Raman spectra of the corrosion scale formed on S13Cr SS in the formate fluid at 180°C after (A) 5 h, (B) 48 h, and (C) 120 h immersion time.
The Raman spectra in Figure 6 relate to six local scans conducted on the corroded S13Cr SS surface exposed to the CO2-saturated formate fluids at various immersion times. The selected points were scanned on the outer layer and inner layer after 5, 48, and 120 h of immersion time. The spectrum in Figure 6A indicates that the peak at around 695 cm−1 is representative of FeCr2O4 (Anthony et al., 1990), and the scan in Figure 6B suggests the peaks corresponding to FeCr2O4 and Cr(OH)3. For the sample exposed to 120 h (Figure 6C), the corroded sample surface was covered with Cr(OH)3 which is located at 707 cm−1 (Zhu et al., 2015b). The composition of the inner layer cannot be detected by XRD from 5 to 120 h, indicating the amorphous feature of this layer.
[image: Figure 6]FIGURE 6 | Raman spectra of the corrosion scale formed on S13Cr SS after (A,D) 5 h, (B,E) 48 h, and (C,F) 120 h immersion time under CO2-saturated formate condition at 180°C.
Figures 6D,E,F illustrate the conducted Raman spectra on the outer crystalline corrosion product layer. The results indicate that the “spherical”-like and “sheet”-like (scattered/cluster) corrosion products correspond to the mixture of FeCO3 and FeS, respectively; the strong peaks of FeCO3 are located at 187, 292, 730, and 1,087 cm−1 (Ondrus et al., 2003), and the weak peaks of FeS are located at 213 and 384 cm−1 (Genchev and Erbe, 2016). It should be noted that fewer peaks of FeS were detected on the outer surface of S13Cr SS, which could be related to the domination of forming FeCO3 or the transformation from MkB to MkA.
Figure 7 illustrated the cross-sectional of corrosion product scales formed on the surface of S13Cr SS after 120 h under an N2/CO2-saturated formate condition at 180°C. As shown in Figure 7A, the thickness of the Fe3O4 layer was approximately 2.7 μm after 120 h of immersion in the formate fluid. The enrichment of S can be detected in the outer part of the corrosion product scale, which indicates the precipitation of FeS with time, consistent with the observation from top view. Figure 7B showed the corrosion product scale thickened to a thickness of 20 μm for CO2-saturated condition at 120 h. The enrichment of Cr within the corrosion product scale can be related to the formation of FeCr2O4 and Cr(OH)3, which is in agreement with the inner layer feature observed through Raman spectra in Figure 6. Besides, the enrichment of S was detected in the inner layer of the corrosion product, which can be resulted in the preferential precipitation of FeS in the early period. It should be noted that the EDS detection cannot separate S and Mo during line scan; therefore, the distribution of S within a film can be interfered with by Mo in the matrix.
[image: Figure 7]FIGURE 7 | Cross section of the corrosion scale formed on S13Cr SS exposed to the formate fluid in (A) N2 and (B) saturated CO2 after 120 h at 180°C.
The SEM images of corroded S13Cr SS samples after removing the corrosion products were observed in Figure 8. Compared to the condition with the infusion of CO2, S13Cr suffered slight corrosion in the N2-saturated formate fluid from 5 to 120 h. The polish marks were still visible; however, they became shallow as the immersion time prolonged. In the CO2-saturated condition, the corrosion product scale can be detected at 5 h (Figure 4 and Figure 6), and the surface of S13Cr SS was significantly corroded as shown in Figure 8B. As shown in Figure 8D, the localized attack can be observed on the surface of S13Cr after 48 h of immersion in the CO2-saturated formate fluid. After 120 h, the few localized corrosion developed to a more severe attack (Figure 8F).
[image: Figure 8]FIGURE 8 | SEM images of corroded S13Cr SS samples exposed under the 180°C formate condition with (A–C) N2 and (D–F) CO2 saturated after removing the corrosion products.
The localized corrosion rate of S13Cr SS immersed in CO2-saturated formate fluids was calculated based on the analysis of LSCM measurements on the surface. The highest localized corrosion rate of 0.8 mm/year was determined in the first 48 h. From 48 to 120 h, the development of the pit grew slowly, and the localized corrosion rate declined to 0.45 mm/year after 120 h (note that the error bars were derived from the depth difference of the top ten pits, and the higher value at 48 and 120 h indicates the inhomogeneous development of pitting corrosion), which can be related to the formation of Cr(OH)3 and FeCO3 covering the surface and blocking the aggressive ions such as S (Figure 9).
[image: Figure 9]FIGURE 9 | Localized corrosion rate and pitting profilometry of corroded S13Cr SS samples after removing the corrosion products.
DISCUSSION
The Formation of the Corrosion Product Scales in Thermodynamics
The formation of the thermodynamically stable corrosion scales on the surface can be predicted via Pourbaix diagrams by Corrosion Analyzer in the OLI system. Figure 10 shows the conducting Pourbaix diagram for Cr and Fe in simulated completion fluids (formate saturated with N2); a total metal cation concentration of 10–5 mol/l was considered (12% Cr cations and 88% Fe cations) at 180°C (Zhao et al., 2019; Yue et al., 2020c). It is acknowledged that the cathodic process contains the following reactions (Yue et al., 2017) and is provided as the navy dash line [a] in Figure 13:
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Where reaction (Eq. 3) can be negligible under the pH beyond 10.5, and concentration of HCOOH is negligible as it can be deduced from its pKa [4.40 in diluted solutions at 180°C (HwaáKim et al., 1996)]. Therefore, reaction (Eq. 5) dominates the cathodic reactions in this case.
[image: Figure 10]FIGURE 10 | Pourbaix diagram for S13Cr SS under the formate condition with the presence of sulfide at 180°C.
The initial corrosion rate was relatively high under such high-temperature conditions, which can be attributed to the fast metal dissolution in the absence of the protective layers (solid/insoluble products), and the results are in agreement with our previous research (Yue et al., 2020a; Yue et al., 2020b; Yue et al., 2020c):
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The corrosion rates were reduced sharply after 48 h, accompanied by the detection of the inner Fe3O4 layer, suggesting that the inner Fe3O4 layer plays a major role in blocking the ion transportation and retarding the corrosion process at the material interface. According to the Pourbaix diagram, the formation of Fe3O4 becomes thermodynamically favorable in formate fluids at 180°C and pH 10.55, suggesting the oxidation of the anion HFeO2- (Eq. 7):
[image: image]
For S13Cr SS, the formation of Cr2O3 is expected by reaction (Eq. 8) which coexists with Cr(OH)3 (reaction Eq. 9) in aqueous. However, neither was detected from the Raman analyses and suggests that the amount of Cr2O3 and Cr(OH)3 may be neglected compared to magnetite in the current system so these products may not be detected.
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The dissolution of the substrate in the early period by reaction (Eq. 6) causes a reduction of pH and subsequently drives the formation of FeS by the following reaction when the interface pH value reaches 10.2:
[image: image]
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where reaction (Eq. 10) is considered as the formation of FeS via precipitation, while the reaction (11) represented the solid reaction for FeS (Rickard, 1995; Liu et al., 2017).
For the environment containing CO2, as shown in Figure 11, the hydrogen evolution reaction line (navy dash line [a]) indicates a positive shift, which can be related to the change in the ion activity induced by CO2. The presence of CO2 can dissolve in the formate solution and hydrate to form H2CO3 through the following reactions (Ikeda et al., 1983):
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[image: Figure 11]FIGURE 11 | Pourbaix diagram for S13Cr SS under the formate condition with the presence of CO2 and sulfide at 180°C after (A) 0 and (B) 5 h of mass loss (0.098 g mass loss per sample).
The weak acid H2CO3 in the formate solution can be dissociated in two steps, as shown in reactions (Eq. 14) and (Eq. 15) (Nesic et al., 1996b). It is noted that the formation of H2CO3 causes a reduced pH to 6.8 and can further react with formate ions to form HCOOH via reaction (Eq. 16) (Bungert et al., 2000).
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The cathodic reactions in the CO2-saturated formate solution include not only the reactions (Eqs 3–5) but also the following reactions (Kahyarian and Nesic, 2020):
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The reactions (Eq. 4), (Eq. 18), and (Eq. 19) are subsequently accelerated, indicating the fast metal dissolution process at the material interface under the CO2-saturated condition compared to that of the N2-balanced condition. The following anodic reaction is considered in the early stage as shown in Figure 11A:
[image: image]
It is noted that the surface is covered by scattered FeS, suggesting that FeS becomes thermodynamically stable under the current experimental conditions. According to the constructing Pourbaix diagram, as shown in Figure 11A, the FeS phase becomes thermodynamically stable at pH 7.0, which indicates the formation of FeS at high pH. The following reactions are derived by the pH rise:
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Besides, reactions (Eq. 22) and (Eq. 23) can also occur based on the potential drive as the pH increase to 7.
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After 5 h of mass loss, the increase in mass loss with immersion times made FeCr2O4 thermodynamically stable for Cr in solid-state (the calzo phase in Figure 11B) according to the following reactions (Hua et al., 2019b) in the Pourbaix diagram:
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Besides, FeCO3 becomes the thermodynamically stable product after abundant cations in the aqueous, arising via both thermodynamic reactions (Eqs 26–29) (Nesic et al., 1996a) and transformation from FeS and FeCr2O4 derived by pH change according to reactions (Eqs 30–33):
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Although the reactions of corrosion products can be predicted by thermodynamics, it should be noted that the dominant reaction as the growth of corrosion products cannot be defined by thermodynamics and that is the limitation of using the Pourbaix diagram.
The Formation of the Corrosion Product Scales in Kinetics
The corrosion rate (CR) consists of the reaction rate from corrosion layer accumulation (CLAR) and the dissolution in the aqueous phase (DR) (Sun and Nešic, 2008), which can be calculated by the weight of coupons with the corrosion product (ma) according to Eq. 34 and Eq. 35 and is shown in Figure 12.
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where M is the mol mass of the main corrosion product, and V is the volume of solution. To simplify the calculation, the S13Cr SS is assumed to be dissolved into iron ions (56 g/mol).
[image: Figure 12]FIGURE 12 | CLAR and DR of S13Cr SS under the 180°C formate condition with N2/CO2 saturated after 5, 48, and 120 h.
According to the observation in Figure 3, fewer outer FeS/FeCO3 crystals accumulate on the surface at 5 h, which indicates that the CLAR mainly corresponded to the formation of the inner layer consisting of Fe3O4/FeCr2O4. It is interesting to note that the CLAR of both Fe3O4 and FeCr2O4 was 0.023 mol/hm2, suggesting that more metal dissolution was transferred into Fe [HCOO]2 in CO2-saturated formates than the formation of HFeO2− under N2 conditions.
Under the N2 condition, the DR decreased to the level below 1E-4 mol/hm2 at 48 h, indicating the protection of the inner layer as a barrier against active metal dissolutions. The reaction rate for the growth of the corrosion products decreased with exposure time and reached to the value of 2.7E-4 mol/hm2 after 120 h.
Under the CO2-saturated condition, the CLAR slightly increased after 48 h of immersion, which can be attributed to the formation of the outer layer consisting of FeCO3/FeS on the surface. The reduction in DR at 48 h, however, is still higher than CLAR, indicating the continuous releasing of metal ions from the substrate. As the immersion time prolonged, forming the fully covered outer layer to further block the flux of aggressive ions, resulted in a lower level of DR combined with an increased CLAR at 120 h. However, the CLAR in CO2-saturated conditions was two orders of magnitude higher than that in N2 conditions at 120 h, consistent with the results in Figure 7B where it shows a thicker corrosion product scale. Besides, the DR was still three orders of magnitude higher than that in the N2 condition at 120 h. These results suggest that the dissolution of metal into ions occurred under the protection of the double-layered corrosion product scale.
Although the multi-layered corrosion product scales covered and protected the surface of S13Cr SS under the CO2-containing condition, high DR suggests the presence of defects in the corrosion products consisting of FeS, Cr(OH)3, and FeCO3. The previous literature has reported that the formation of the FeCO3 and Cr(OH)3 on S13Cr SS was controlled by the dissolution–precipitation process and resulted in relatively high defections (Guo et al., 2012; Li et al., 2019b; Zhao et al., 2019). However, the formation of the compact structures for spinel products such as Fe3O4 and FeCr2O4 was considered to provide better corrosion protection than that of the precipitation type (Yue et al., 2020a, 2020b, 2020c; Liu et al., 2021). Besides, the outer corrosion products with sheet-shaped clusters characterized as a looser structure which may cause pore connectivity within the outer layer. Wang et al. (Li et al., 2019a; Wang et al., 2021) illustrated that the localized corrosion at CO2-containing environments was corresponding to the connected pores in the corrosion product scale. The fast kinetics resulted in the small pore sizes as the quicker formation of crystalline FeCO3. Therefore, the formation of the porous outer layer with high CLAR can induce the localized corrosion for S13Cr under CO2-saturated conditions. In contrast, the outer FeS scattered on the compact inner layer with low CLAR in the formate fluid without CO2, showing general corrosion after removal of the corrosion product layer (Figure 8).
The evolution of the double-layered corrosion products in CO2-saturated formate solutions is illustrated in Figure 13. As shown in Figure 13B, the formation of FeCr2O4 acts as the protective layer (in Figure 13A). The FeCr2O4 can be destabilized and gradually transferred into Cr(OH)3. Figure 13C illustrates the precipitation of Cr(OH)3 in the inner layer due to its extremely low solubility product constant (Xu et al., 2013; Liu et al., 2015). Consequently, a Cr-rich inner layer appears instead of a passive film on the surface when the CO2-saturated formate fluid was at 180°C. A Cr-rich inner layer can decrease the corrosion rate at low pH; however, it should be noted that the corrosion scale displayed porous with high defects because FeCO3/FeS grows irregularly and discontinuously, which allows anions to penetrate through the outer layer of corrosion product scales.
[image: Figure 13]FIGURE 13 | Schematic diagram of (A–D) the sequence of the formation of the outer and inner layers of the double-layered corrosion products and (E–F) the development of localized corrosion in CO2-saturated formate solution at 180°C.
Note that there were no Cl− ions present in the formate fluid, which indicates a relatively low localized corrosion risk. However, the hydrolysis of Cr3+ caused an acidified environment within the inner layer of corrosion products. When the pH dropped below 7.3 (Figure 11B), the oxide layer would dissolve. The hydrolytic action of dissolved Cr3+ would subsequently decrease the pH value and result in the development of localized corrosion, as shown in Figures 13D,E.
Figure 14 compares the measured corrosion rate in the formate fluid (tubing outer wall and casing) with those obtained from the literature both in formate fluid and formation water (tubing inner wall) (Leth-Olsen, 2004; Sunaba et al., 2014; Zhao et al., 2018; Qi et al., 2019; Yue et al., 2020b). It reveals that S13Cr shows a lower corrosion rate in the formate fluid than that in formation water. The high corrosion rates were only obtained in the CO2 infusion formate fluid (showing the same corrosion rate with CO2-saturated H2O), which indicates that CO2 is the governing factor in the ultra-deep downhole condition. It is noted that the highest corrosion rate occurred during the injection of lived acid, and the localized corrosion occurs at the defect of the corrosion product scale (Qi et al., 2019). The CO2 would ingress into completion fluid once the localized corrosion induced tubing perforation, which would cause a dramatic increase in the corrosion rate for S13Cr in completion fluid.
[image: Figure 14]FIGURE 14 | Comparison of measured uniform corrosion rates of S13Cr with data obtained from the literature under ultra-deep downhole conditions (180°C).
CONCLUSION
The research has focused on clarifying the influence of sulfide impurity and CO2 ingress on the corrosion of S13Cr SS as well as the evolution of the corrosion product scales under both CO2-free and CO2-saturated formate fluid conditions. From this work, the following conclusions can be drawn:
• Under N2-deoxygenated formate fluid conditions, the general corrosion rate of S13Cr SS reached 1.177 mm/year after 5 h and reduced to 0.067 mm/year after 120 h of exposure, compared to high corrosion rates of 21.94 and 1.76 mm/year for samples exposed to the CO2-saturated formate fluid condition after 5 and 120 h, respectively.
• A thin Fe3O4 layer was detected on S13Cr SS under N2-deoxygenated formate fluid conditions. The presence of sulfide in formate brine can result in the formation of disordered tetragonal mackinawite MkB after 120 h of exposure. With the ingress of CO2, the formation of the inner corrosion product layer on S13Cr SS was composed of FeCr2O4 after 5 h and then transformed to Cr(OH)3 with time prolonged. The acidification on the surface results in the formation of a combination of disordered mackinawite of MkA and MkB, accompanied by the formation of a unique FeCO3 morphology which presented as “sheet” crystalline after 48 h of exposure and developed into clusters after 120 h.
• For the system containing sulfide, the formation of FeS, Fe3O4, and HFeO2− became thermodynamically stable. The reaction rate of HFeO2− was higher in the first 5 h, whereas the accumulation for solid products as a barrier layer became favorable in kinetics after 48 h. Under CO2-saturated conditions, the formation of Fe [HCOO]2, FeS, FeCr2O4, Cr(OH)3, and FeCO3 became thermodynamically stable. Both the reaction rates for dissolution and corrosion layer accumulation are high from 5 to 120 h. The thicker corrosion product did not provide effective protection and induced localized corrosion after 48 h of exposure.
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Items Factors (A, B, C and D)

Foam content (%) Water-binder ratio (a.u.) Water Water
glass content (%) glass modulus (a.u.

Ki (ki) 0.354(0.118) 0.385(0.128) 0.310(0.103) 0311(0.104)
Ko (ko) 0.284(0.095) 0.237(0.079) 0.279(0.093) 0.259(0.086)
K (ks) 0.227(0.076) 0.243(0.081) 0.276(0.092) 0.295(0.098)
R 0.042 0.049 0011 0018
the optimal levels 3 2 3 2
the optimal combination AB2CD2

order of influencing factors B>A>D>C
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Item

Ky (ki)

Kz (ko)

Ks (ka)

R

the optimal levels

the optimal combination
order of influencing factors

Factors (A, B, C and D)

Foam content (%)

6166.0(2055.3)
5499.8(1833.3)
3680.6(1226.9)
8284
1

Water-binder ratio (a.u.) Water
glass content (%)
5202.3(1734.1) 4686.7(1562.2)
5517.6(1839.2) 5919.1(1973.0)
4626.5(1542.2) 4740.6(1580.2)
207.0 4108
2 1
ABC2Ds
D>A>C>B

Water
glass modulus (a.u.

5326.3(1775.1)
6736.2(2245.4)
3284.9(1095.0)
11504
1
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No.

bt e AR s L

Factors (A, B, C, and D)

Results

Foam content Water-binder ratio Water glass
(%) (au) content (%)
1 (0.30%) 1(035) 1.(10%)
1 2(045) 2 (20%)
1 3(055) 3 (30%)
2 (0.94%) 1 2
2 2 3
2 3 1
3 (1.58%) 1 3
3 2 1
3 3 2

Water glass
modulus (a.u)

1(1.0

212

3(1.4
3

1
2
2
3
1

Specific strength
(N-m/Kg)

2011.3
2997.5
1157.2
1519.9
19123
2067.6
1671.1
607.8

14017

Thermal conductivity

(W/(m-K)

0.165
0.088
0.101
0.126
0.081
0.077
0.094
0.068
0.065
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Test no

PRI RGN

COF1-1-1
CCF1-1-2

CCF1-2-2
CCF1-2-3
CCF1-3-1
CCF1-3-2
CCF1-3-3
CCF2-1-1
CCF2-1-2

CCF2-2-2
CCF2-2-3
CCF2-3-1
CCF2-3-2
CCF2-3-3

CCF3-2-2
CCF3-2-3
CCF3-3-1
CCF3-3-2
CCF3-3-3

Mass

22238333383 2332333333332333 338338438238

hily

0000000000000 00000000000000
booooRooeMMRMRRNNNRONN ST AL LaL L L2 000000000

Velocity (m/s)

15

15

15
3x10°
3x107°
3x10°

15
15
15

3x10°

3x10°
3x10°

15
15
15

3x10°

3x10°
3x10°

15
15
15

3x10°

3x10°
3x10°

Strain rate
(G

714
714
714
214 x10?
214 x 10?
214 x10?
476 x 107
476 x 107"
476 x 107
714
714
714
2.14x10%
214 x10%
2.14 x 10°
476 x 107
4.76x 10
476 x 107
714
714
714
2.14x10?
214 x 107
214 x 10°
476 x 107
476 x 10
476 x 107
714
714
714
2.14x10?
214 x10?
214 x10?
476x 10
476x 10
476 x 107"

Initial peak
force (kN)

3.490
3.837
4.054
6.504
5.083
5.942
1614
1.756
1.601
3.024
3.307
2.883
3913
4.014
3.547
1425
1672
1.453
1.377
1.401
1.268
1724
1.876
1.691
0.806
074

0.794
1.200
1.07

1214
1311
1.637
1.219
0.724
0.751
0.736
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Model components

Cortical bone
Cancellous bone
SF/nHAp composite cage
Titanium alloy cage

Young’s modulus (GPa)

12
0.1
129
110

Poisson’s ratio

0.29
0.29
0.29
0.29
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Cycle serial number

i e o LR i e

Equivalent viscous damping coeficient at each loading stage

SPRCW-1

18.963
14.661
10.064
11.507
14.182
12.409
14555
16.542
19.629
22.304

SPRCW-2

13.323
10.467
9.067

10.119
14.750
13.127
16.113
25.094

SPRCW-3

9.200
8.292
7.933
8.226
11.583
11.197
14.649
17.642
28.130

SPRCW-4

10.320
9.263
11.874
ra
12,744
11.503
12,152
13.119
20.990
24.705

Gracking

A=15mm

3mm
A=5mm
A=8mm
A=10mm
A=13mm
A=15mm
A=18mm
A=20mm
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Cycle serial number

i e o LR i e

Relative energy dissipation coefficient of each loading stage

SPRCW-1

1.191
0.921
0.632
0.723
0.891
0.780
0914
0.977
1.234
1.401

SPRCW-2

0.837
0.658
0.569
0.636
0.927
0.825
1.012
1577

SPRCW-3

0.578
0.521
0.498
0517
0.728
0.704
0.920
1.108
1.767

SPRCW-4

0.648
0.581
0.746
0.4853
0.801
0.723
0.764
0.824
1.32
1.552

Gracking

A=15mm

3mm
A=5mm
A=8mm
A=10mm
A=13mm
A=15mm
A=18mm
A=20mm
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Number
of test specimen

SPRCW -1
SPRCW -2
SPRCW -3
SPRCW -4

Yield displacement (mm)

2.787
2414
2616
3.005

Limit displacement (mm)

15.492
12.481
13.726
17.729

Ductility coefficient

5.569
5170
5.618
5.728

Relative value of
ductility coefficient

1.075
1
1.087
1.107
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Measurement point Test specimen No.

ag-3 SPRCW-1
SPROW-2
SPROW-3
SPROW-4
ag-8 SPROW-1
SPROW-2
SPROW-3
SPROW-4
ag-10 SPROW-1
SPROW-2
SPROW-3
SPROW-4

Note: The data in the table are the strain values obtained by forward loading in the first cycls of loading.

Horizontal displacement (mm)

15

703
475
278
480
13
-195
10
-3
223
30
109
228

3

1087
907
508
881
306
25
192
273
723
466
627
473

5

1383
1091
1345
1311
175
618
413
597
931
867
1023
643

8

1897
1221
1480
1885
1317
630
403
682
1226
1001
1104
842

10

Overflow
1424
1832
2385
1289
554

360

740
1575
963
Overflow
Overflow

13

Overflow
1981
1866
Overflow
1035
385

338

818
1646
899
Overflow
Overflow

15

Overflow
Overflow
Overflow
Overflow
1106
282

284

914
1154
702
Overflow
Overflow

18

Overflow
Overflow
Overflow
Overflow
1086
Overflow
281

990

818
Overflow
Overflow
Overflow
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Measurement point Test specimen No. Horizontal displacement (mm)

15 3 5 8 10 13 15 18
hg-3 SPRCW-1 134 299 488 507 701 833 946 1,392
SPRCW-2 17 260 896 944 1,085 1705 Overflow Overflow
SPRCW-3 184 397 657 869 743 981 1624 Overflow

SPRCW-4 105 169 373 412 603 908 122 1,225
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Measurement point

gb1

gb2

gb3

god

Test specimen No.

SPRCW-1
SPRCW-2
SPRCW-3
SPRCW-4
SPRCW-1
SPRCW-2
SPRCW-3
SPRCW-4
SPRCW-1
SPRCW-2
SPRCW-3
SPRCW-4
SPRCW-1
SPRCW-2
SPRCW-3
SPRCW-4

Horizontal displacement (mm)

Crack

14.22
Bad track
15.43
19.56
525
7.76
8.56
9.29
20.93
9.45
477
8.64
19.64
25.26
31.43
16.73

15

23.52
Bad track
29.41
28.44
8.32
30.63
33.21
29.33
26.34
20.62
28.36
18.18
25.05
32.83
3361
26.10

3

209
Bad track
98.01
57.20
28.28
54.06
56.59
49.93
53.41
29.65
58.60
32.80
32.81
125.12
44.36
45.09

5

30.06
Bad track
166.45
100.59
64.72
96.72
59.39
87.83
124.51
52.62
128.63
60.43
41.78
193.74
51.63
65.93

8

36.95
Bad track
95.99
167.56
394.95
164.03
79.99
106.68
284.34
190.12
192.30
141.48
67.87
11352
60.68
75.31

10

52.28
Bad track
99.22
182.85

111.99
116.19

280.21
332.74
200.14
104.56
268.90
96.88

99.63

13

161.11
Bad track
108.84
241.59

14213
174.37

217.27
199.42
33241
141.24
141.08

15

299.28
Bad track
195.87
366.78

21971
258.80

170.97
213.64
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Measurement point

gb1

gb2

gb3

gb4

Test specimen No.

Horizontal displacement (mm)

Crack 15
SPRCW-1 33.42 4323
SPRCW-2 Bad track Bad track
SPRCW-3 2254 57.94
SPRCW-4 2478 108.74
SPRCW-1 16.83 59.24
SPRCW-2 26.36 66.14
SPRCW-3 15.51 64.54
SPRCW-4 12.27 59.36
SPRCW-1 27.83 4397
SPRCW-2 52.13 52.93
SPRCW-3 25.09 127.68
SPRCW-4 24.12 75.91
SPRCW-1 32.90 73.88
SPRCW-2 25.26 32.83
SPRCW-3 2412 75.91
SPRCW-4 29.90 41.19

3

146.95
Bad track
138.69
14561
196.61
92.66
149.64
72.58
112,31
124.95
142.95
108.50
166.51
12512
108.50
120.09

Note: The data in the table are the strain values obiained by forward loading in the frst cycle.

5

305.29
Bad track
312
277.06
295.12
154.16
193.01
119.17
296.6
211.39
182.76
197.04
255.15
193.74
197.04
224.26

8

Bad track
267.02
314.07
308.07
308.27
272.70
141.44

293.44
279.06
277.66
313.43
283.29
277.66
242.82

10

Bad track
203.26

287.29
150.73

227.94
288.14

288.14
201.04

13

Bad track
227.77

219.71

325.74

15

Bad track
195.87
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Number of Measured strength
test specimen value of
150 mm cube
test specimen

(N/mm?)
SPROW - 1 552
SPRCW - 2 58.1
SPROW -3 588
SPRCW - 4 548

Design value
of concrete
strength (N/mm?)

25.68
27.08
27.36
255

Axial load
of test
specimen (KN)

826
869
879
820

Axial load
ratio in
test

0.16
0.16
0.16
0.16

Designed compression
ratio

04
0.4
04
0.4
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Steel type

2.2 mm section stee!
Q235A

965

98

Yield strength (MPa)

384.2
3028
419
3293

Uttimate strength (MPa)

4141
450.1
607.7
494.6

Elastic modulus (MPa)

212,491.7
202,043.2
254,663.6
201,135.0

Yield strain (uc)

1808
1495
1645
1637
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Number of test specimens

Formwork of shear walls

Upper loading beam

Lower loading beam

Walls wicthvmm

Walls thickness/mm

Net walls height/mm

Vertically arranged reinforcement in walls
Horizontally arranged reinforcement in walls
Ratio of horizontally arranged reinforcement
Vertically arranged reinforcement in walls
Ratio of vertically arranged reinforcement
Section of embedded colum/mm?

Height of edge column/mm

Vertically arranged reinforcement in embedded column
Ratio of reinforcement in embedded column
Gold-formed section steel in embedded column
Steel ratio of cold-formed section steel
Stimup in embedded column

Reinforcement ratio per unit volume
Dimension of steel plate

Thickness of steel plate

Location of steel plate

Height/mm

Widttvmm

Length/mm

Main reinforcement

Stimup

Height/mm

Width/mm

Length/mm

Main reinforcement

Stirup

SPRCW -1

800
120
1290
A65@200
AB.5@200
0276%
AB.5@160
0345%
120 x 160
1290
6A8
1.57%
[60x30x 2.2
1.32%
A65@100
097%
2050 x 80
6mm
Middle
300
300
900
4C20
AB@100

400
1600
8C20
A8@100

SPRCW -2

800
120
1290
AB5@200
AB.5@200
0276%
AB5@160
0345%
120 x 160
1290
6A8
1.57%
[60x30x2.2
1.32%
AB5@100
097%
2050 x 80
6mm
Middle
300
300
900
4020
AB@100
500
400
1600
8C20
AB@100

SPRCW -3

800
120
1290
AB.5@200
AB.5@200
0.276%
A6.5@160
0.345%
120 x 160
1290
6A8
1.57%

[60x30x 2.2

1.32%
A6.5@100
0.97%
2050 x 80
B6mm
Both sides
300
300
900
4C20
A8@100
500
400
1600
8C20
A8@100

SPRCW - 4

800
120
1290
A6.5@200
AB.5@200
0.276%
A6.5@160
0.345%
120x 160
1290
6A8
157%
[60x30x2.2
1.32%
A6.5@100
0.97%
2050 x 80
6mm
Both sides
300
300
900
4C20
A8@100
500
400
1600
8C20
A8@100
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46x10%s7 () 71457 () 214 x10°s™" (J)

COFO 26.35 36.64 39.08
CCF1 34.08 48.61 46.98
CCF2 25.47 27.82 26.90

CCF3 22.86 28.50 34.95
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Components
(Mam/Nan/Npsa)

91/
9/1/0.5
9/1/0.25
9/1/0

Salinity/10* mg/L

263
18.5
8.7
135

1 5 10
- 249 303
109 - 1.1
4.1 - 5.6
78 6.6 79

15

338

84

428
1.7
75
100
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Type of mixture

SSAM
LAM
Requirements

90
75
280

(%)

TSR (%)

Maximum bending tensile
strain at failure

(o)

2,235
1820
22000

Fatigue life (times)

16,607
13,793
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Test parameters Value

Prestress (N) 50
Loading frequency (Hz) 10
Loading waveform Sine wave
Test temperature ('C) 15
Stress ratio 05

The stress ratio is the ratio of the test pressure to the maximum pressure that the
specimen could bear.
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Mesh 16 132 95 4.75 2.36 1.18 06 03 0.15 0.075

size
(mm)

Passing mass (%) 100.0 96.0 68.9 46.2 300 20.3 142 29 7.0 5.0
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Type of Oil stone Void fraction Stability (kN) Flow value Bulk specific
mixture ratio (%) (%) (0.1 mm) gravity (gcm)

SSAM 5.1 40 11.3 28 2.753
LAM 4.7 4.3 10.0 33 2.498
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Aggregate type Particle size Apparent density Water absorption Crushing value Los Angeles

specification (mm) (gem™) (%) (%) abrasion value
(%)
Steel slag 10-15 3.416 23 90 10
5-10 3.455 27 - -
0-5 3.495 30 - -
Limestone 10-15 2.725 0.4 13.8 245
5-10 2.736 05 = =1

0-5 2.748 06 - -
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Dynamic elastic modulus

Confining Axial load Vibration Drainage conditions  Vibration loading Wave
pressure/kPa amplitude/N frequency/Hz times/time
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Interlayer
temperature/

250

Stacking direction

Welding direction

45" downward-sloping

Yield
strength/
MPa

347.3
345.6
343.3
342.25
345.3

Tensile
strength/
MPa

560.3
560.9
558.2
554.2
550.2

Elongation/
%

4483
49.52
39.56
4015
4164

Yield
strength/
MPa

365.1
3616
357.7
360.2
360.3

Tensile
strength/
MPa

682.8
567.7
574.6
562.4
567.7

Elongation/
%

60.37
57.38
4822
48.07
55.93

Yield
strength/
MPa

377.4
366.5
3446
343.7
3629

Tensile
strength/
MPa

570.4
564.1
567.6
560.9
560.5

Elongation/
%

4285
47.11
4454
38.12
4257
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Project

Shielding gas
Gas flow rate

Wire feeding speed

Mean voltage and mean current
Brazing speed

Travel angle

Electrode extension

Parameters

Argon (wt., 70%) +Helium (wt., 30%)
18 L/min
9.0 m/min
19.4V +210A
60 mvs
i
15 mm
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Curing ages
(d)

7

28

90

1st test

2nd test

3rd test

1st test

2nd test

3rd test

1st test

2nd test

3rd test

Dynamic strain
(10°mm)

1.025
1.462
2.165
3.182
3.589
4942
6.046
7.345
10.279
1212
0569
171
174
2832
3.829
4.947
6312
7.819
10.548
12.506
1579
0539
2057
2086
3943
395
6.617
7.861
9.008
11.339
0.55
1223
2109
332
3.666
4016
5.786
74
8.756
10.867
0.965
1.636
1.89
2942
3.395
4.063
6.047
7.259
8.388
11.162
1.459
1477
2337
3523
3.624
4.681
5.342
7.766
10.006
10521
1.116
1571
3.189
4113
4178
6.316
6.148
7.238
6.984
7.773
0.761
1.196
3593
3.762
3.903
6.719
6544
6917
747
7.685
1114
2183
1.432
3675
572
4628
7219
6.746
7.758
8272

Actual measurement
Eq (Mpa)

78.904
73.901
67.841
65.269
58.128
56.837
54.444
50.754
43671
41.183
78.48
74119
68.224
65.247
58.39
56.446
54.891
50.277
43.973
41.419
77.951
73.229
67.929
64.094
59.033
56.739
53.015
49.953
43.891
39.722
79.869
77.985
76.122
66.193
63.933
58.763
52.699
44.417
43.32
41.129
80.261
77.822
76.186
66.316
64.316
58.592
52.339
44.305
42.999
41.258
80.881
78.379
75.328
67.513
63.229
58.589
52.786
44.05
43.806
39.743
77.044
72.883
62.487
52.869
46.531
42.45
38.417
34.308
30.515
29.594
77.344
73.138
62.572
53.291
46.175
42,659
38.587
33.865
30.676
29.113
75.319
73014
61.151
52.615
46.306
42.691
38.22
35.628
30.663
31 445

Regression analysis
Eq (Mpa)

74.427
72.147
68.650
63.961
62.208
56.881
53.109
49.331
43.425
41.580
76.891
70.890
70.740
65.526
61.206
56.863
52.277
48.130
43.066
41.375
71.561
77.067
69.174
69.033
60.739
60.711
51.360
48.028
45.364
42.187
85.285
79.858
73.248
66.196
63.104
61.082
52.308
46.422
43.035
40.595
81.977
76.701
74.825
67.587
64.734
60.873
51.220
46.856
43814
40.529
78.038
77.901
71.645
63.957
63.353
57.501
54.281
45.368
41.174
40.759
74.376
70.620
58.239
51.853
51.422
38.633
39.541
33.939
356.182
31.442
77.391
73.707
55.386
54.220
53.261
36.520
37.426
35.517
32.835
31.841
74.393
65.758
71.755
54.818
41.930
48.509
34.030
36.382
31.510
29 263

Relative error
(%)

6.02
2.43
1.18
204
6.56
0.08
251
2.89
057
095
207
456
3.56
0.43
460
073
5.00
4.46
211
o1
8.94
497
1.80
715
281
654
322
401
3.25
584
635
234
3.92
1.53
131
3.80
075
432
0.66
131
209
1.46
1.82
1.88
065
375
2.18
5.44
1.86
1.80
364
061
514
5.56
0.20
1.89
2.75
290
639
2.49
359
3.20
729
1.96
951
9.88
284
1.09
1327
588
0.06
077
1297
1.7
1330
16.81
3.10
465
658
857
124
11.03
1478
402
10.43
11.99
1231
207
269
746
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Curing ages Amplitude (N) 1st test 2nd test 3rd test Mean value Standard deviation

(d) (mm) (mm) (mm) (mm) (%)
7 20 0.0048 0.0047 0.0059 0.0051 0.0544
40 0.0076 0.0078 0.0087 0.0080 0.0478
60 0.0211 0.0215 0.0204 0.0210 0.0455
80 0.0288 0.0288 0.0276 0.0284 0.0566
100 0.0332 0.0329 0.0339 0.0333 0.0419
28 20 0.0027 0.0022 0.0023 0.0024 0.0216
40 0.0043 0.0041 0.0033 0.0039 0.0432
60 0.006 0.0063 0.0061 0.0081 0.0125
80 0.0093 0.0093 0.0082 0.0089 0.0519
100 0.0118 0.0116 0.0129 0.0121 0.0572
90 20 0.0027 0.0028 0.0041 0.0032 0.0638
40 0.0047 0.005 0.005 0.0049 0.0141
60 0.0068 0.0071 0.0074 0.0071 0.0245
80 0.0114 0.0118 0.0125 0.0119 0.0455

100 0.0165 0.0168 0.0159 0.0164 0.0374
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OPS/images/fmats-08-731449/fmats-08-731449-t004.jpg
Cement content Cycles 1st test 2nd test 3rd test Mean value Standard deviation

(mm) (mm) (mm) (mm) (%)
1:20 100 0.018 0.0181 0.0173 0.0178 0.0356
200 0.018 0.0181 0.0185 0.0182 0.0216
300 0.018 0.0181 0.0193 0.0185 0.0591
400 0.019 0.019 0.0178 0.0186 0.0566
500 0.0184 0.0187 0.0193 0.0188 0.0374
600 0.0193 0.0188 0.0186 0.0189 0.0294
700 0.0194 0.019 0.0189 0.0191 0.0216
800 0.0194 0.019 0.019 0.0191 0.0189
900 0.0189 0.0184 0.0202 0.0192 0.0759
1,000 0.019 0.0189 0.02 0.0193 0.0497
1:25 100 0.0277 0.028 0.0281 0.0279 0.0170
200 0.0325 0.0322 0.034 0.0329 0.0787
300 0.036 0.0356 0.0373 0.0363 0.0726
400 0.0395 0.0392 0.0386 0.0391 0.0374
500 0.0413 0.0416 0.0413 0.0414 0.0141
600 0.0433 0.043 0.0434 0.0432 0.0170
700 0.0453 0.0456 0.0444 0.0451 0.0510
800 0.0468 0.0464 0.0464 0.0465 0.0189
900 0.0485 0.0482 0.0476 0.0481 0.0374
1,000 0.0492 0.0493 0.0501 0.0495 0.0403
1:30 100 0.0255 0.0255 0.0257 0.0256 0.0094
200 0.0268 0.0269 0.0274 0.0270 0.0262
300 0.0281 0.0284 0.0272 0.0279 0.0510
400 0.0282 0.0281 0.0295 0.0286 0.0638
500 0.0289 0.0289 0.0298 0.0292 0.0424
600 0.03 0.0301 0.029 0.0297 0.0497
700 0.0299 0.0304 0.0301 0.0301 0.0205
800 0.0306 0.0305 0.0307 0.0306 0.0082
900 0.0313 0.0315 0.0301 0.0310 0.0618

1,000 0.0309 0.0306 0.0825 0.0313 0.0834
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1:20
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200
300
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900
1,000
100
200
300
400
500
600
700
800
900
1,000
100
200
300
400
500
600
700
800
900
1,000

1st test
(mm)

0.0175
0.0182
0.0186
0.0183
0.0184
0.0189
0.0196

0.019
0.0195
0.0197
0.0232
0.0244
0.0263
0.0276
0.0283
0.0201
0.0292
0.0301
0.0302
0.0303
0.0276
0.0295
0.0317
0.0321
0.0324
0.0332
0.0339
0.0342
0.0348
0.0349

2nd test
(mm)

0.0175
0.0184
0.0186
0.0187
0.0185
0.0190
0.0192
0.0188
0.0195
0.0194
0.0229
0.0247
0.0267
0.0279
0.0286
0.0296
0.0293
0.0304
0.0305
0.0304
0.0276
0.0295
0.0315
0.0325
0.0325
0.0328
0.0336
0.0344
0.035

0.0347

3rd test
(mm)

0.0184
0.0181
0.0183
0.0188
0.0195
0.0188
0.0185
0.0195
0.0186
0.0188
0.0224
0.0256
0.0265
0.0267
0.028
0.028
0.0207
0.0293
0.0299
0.0311
0.0273
0.0304
0.0307
0.0318
0.0336
0.034
0.0339
0.0338
0.0335
0.0344

Mean value
(mm)

0.0178
0.0182
0.0185
0.0186
0.0188,
0.0189
0.0191
0.0191
0.0192
0.0193
0.0228
0.0249
0.0265
0.0274
0.0283
0.0289
0.0294
0.0299
0.0302
0.0306
0.0275
0.0298
0.0313
0.0321
0.0328
0.0333
0.0338
0.0341
0.0344
0.0347

Standard deviation
(%)

0.0424
0.0125
0.0141
0.0216
0.0497
0.0082
0.0455
0.0294
0.0424
0.0374
0.0330
0.0510
0.0163
0.0510
0.0245
0.0668
0.0216
0.0464
0.0245
0.0356
0.0141
0.0424
0.0432
0.0287
0.0544
0.0499
0.0141
0.0249
0.0665
0.0205
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Number Cement mass g: Diluent volume ml:

dry sludge mass g dry sludge mass g
1 1:20 1:20
2 1:20 1:30
3 1:20 1:40
4 125 1:20
5 1:30 1:20





OPS/images/fmats-08-731627/math_40.gif
2L R0k s 0fy) MNP 08D =P
B, = 267 sin B, Bamp > 1O





