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The early shrinkage-deformation and mechanical property evolution of gradient-structured composites in extreme environments are still insufficient. The paper prepared ordinary Portland cement-alkali-activated slag (OPC-AAS) and ordinary Portland cement-alkali-activated metakaolin (OPC-AAMK) gradient-structured composite by stacking cement and alkali-activated materials together. The effects of temperature difference cycling and wetdry cycling extremes on the early shrinkage strain and splitting strength of OPC-AAS and OPC-AAMK composites, as well as the structure of the bond interface and the micromorphology of the hydration products, were comparatively analyzed. The results demonstrated that the temperature difference cycling affected the early deformation and bond strength of the gradient-structured composite interfaces more significantly than the dry-wet cycling. The maximum expansion strains of OPC-AAS and OPC-AAMK were 1,130.88 μm and 1,399.25 μm, respectively, under the effect of temperature difference cycling; the splitting strengths of OPC-AAS and OPC-AAMK after three cycles of temperature difference cycling were reduced by 26.37% and 31.32%, respectively, compared with that after three cycles of wet-dry cycling. In addition, the OPC-AAS composites showed better interfacial bonding properties after extreme environmental cycling compared to the OPC-AAMK composites. The early splitting strengths under the two extreme environmental effects increased and then decreased, and the maximum splitting strengths of OPCAAS were 2.66 MPa and 3.65 MPa under the temperature difference cycling and dry-wet cycling, respectively, which were 5.14% and 35.69% higher than those of OPC-AAMK, respectively. Scanning electron microscopy (SEM) characterization analysis showed that the temperature difference cycling resulted in more severe product decomposition of the AAMK cementitious material, and obvious cracks and holes appeared at the bonding interface of OPC-AAMK. This study provides some references for the optimal design of the early shrinkage-deformation properties and mechanical properties of gradient-structured composites under extreme environments as well as the assessment of service life.
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HIGHLIGHTS

• The effects of temperature difference cycling and dry-wet cycling effects on the early shrinkage and deformation of gradient-structured composite were investigated.
• The effects of interfacial bonding properties and splitting strength of gradient-structured composite under extreme conditions were explored.
• Comparatively analyzed the influence of different gradient-structured composite by temperature difference cycling and dry-wet cycling.
1 INTRODUCTION
Concrete materials have the advantages of easy access to materials, high compressive strength, good compatibility, good moldability, and good combination with reinforcement and fibers and other reinforcements. They are widely used in municipal bridges, high-speed railways, ports, terminals, and other infrastructures, where cement is the main ingredient of concrete. It is also the most widely used cementitious material in constructing modern infrastructures (Othman et al., 2016; Meng et al., 2024; Ikumi et al., 2016). However, due to the characteristics of concrete itself, such as low tensile strength, poor crack resistance, brittleness, poor thermal insulation, self-weight, single function, etc., to a large extent, limiting the scope of its application, and the generation of cement released by the CO2 subconsciously change the human living environment.
With the development of society, people’s awareness of protecting the natural ecological environment has been gradually enhanced. The concepts of planted concrete (Liu et al., 2024a) and alkali activated concrete (Torelli et al., 2020; Liu et al., 2024b; Dai et al., 2024) have been proposed accordingly. Above all, alkali-activated concrete is an innovative, low-carbon and green building material that represents a promising new avenue for advancing sustainability in civil engineering (Benito et al., 2013). Compared to traditional Portland cement, alkali activated concrete requires only 41% of energy consumption and emits 20% of CO2 per ton. In addition, if industrial by-products such as slag, gangue or fly ash are utilized in the production of alkali activated concrete, carbon emissions and energy consumption can be further reduced (Davidovits, 2018). However, there are problems such as large shrinkage, easy to crack and so on, which limits the popularization and application of alkali-activated concrete (Gao et al., 2020; Matalkah et al., 2019). Especially with the increase in the level of ultra-high-rise, mega-span and intelligent buildings, the traditional cement-based concrete materials prepared using a single, uniform pouring method are increasingly showing their unsuitability. Therefore, many scholars have long been exploring methods and approaches to improve the performance of concrete and enhance the mechanical properties and service durability under extreme environments. The application of gradient structure concrete can effectively improve the comprehensive performance of cementitious materials, solve the problems of weaker interface, single function, lower tensile strength, and poor toughness (Yang Jiujun et al., 2001), and can extend the applicability of concrete in complex special engineering environments. Therefore, the application of functional gradient structure in the field of cement concrete materials has also attracted the attention of more and more researchers, making functional gradient concrete an important branch in structural engineering (Wang et al., 2020).
In recent years, there are many reports on the use of gradient composite to solve the problems of weak interface, poor toughness, low tensile strength and single function of cementitious materials (Yang Jiujun et al., 2001; Jiu-Jun et al., 2003; Qilong Li Birong and Guoliang, 1999; Ma et al., 2006; Qinghua and Shilong, 2009; Zhi-Hua et al., 2016; Wen et al., 2010; Wörner et al., 2016). Fang et al. (2013) prepared functional gradient concrete beams using ECC and normal concrete, and conducted experimental studies on the flexural properties of functional gradient concrete beams. The test results showed that during ultimate damage, localized debonding of layer boundaries would occur at the roots of individual cracks in some specimens, but it would not lead to serious stripping of the ECC layer from the concrete layer. It can be seen that the functional gradient concrete has a weak discontinuous zone at the interface between the ECC layer and the ordinary concrete layer, and the performance of its interlayer interface has an important influence on the bending damage pattern of the beam. ZiYu (2023) used Decorative Ultra High Performance Concrete (DUHPC) compounded with normal concrete (NC) to form gradient concrete. The effects of the gradient concrete casting time interval and strength on the bond performance of gradient concrete were investigated. The results show that with the shortening of the casting time interval and the reduction of the strength difference, the bonding performance of gradient concrete increases, and the more obvious the interfacial transition zone at the bond, the better the bonding performance. In addition, other scholars have investigated the effect of pores and their distribution at the interface on the interlayer strength (He et al., 2024a) and interlayer stress (He et al., 2024b) by 3D printing concrete technology. There has been much attention paid to the shrinkage-deformation and interfacial properties of cementitious composites. Chen et al. investigated the spatio-temporal autogenous shrinkage and cracking behavior of core concrete in full-scale CFST (Chen et al., 2024a), while also exploring innovative strategies for cement paste flowability control (Chen et al., 2024b). The mechanical properties and durability of composites under complex environments have been extensively studied, with research examining the chlorine resistance of concrete based on pouring interval time (Chen et al., 2024c) and the residual impact resistance of PVA fiber reinforced cement mortar after chloride erosion (Chen et al., 2024d). Furthermore, studies on the behavior of steel-reinforced recycled aggregate concrete-filled GFRP tubular columns (Tang et al., 2024) and the corrosion resistance of geopolymer concrete with BFRP bars in seawater (Chen et al., 2023) have provided valuable insights into composite performance under extreme conditions. Advanced detection methods, including 3D vision technologies and structural damage recognition robots (Li et al., 2024), as well as dual-frequency lidar systems for compressed sensing 3D imaging (Hu et al., 2024), have significantly enhanced the accuracy and efficiency of composite material analysis and monitoring (Jamal Jumaah et al., 2024).
In conclusion, for gradient-structured composite, the bonding performance of the interface is crucial to ensure the reliability of the structure, and if the interfacial bonding of the gradient-structured composite is not effective, it will lead to weaker bond strength and greater interfacial permeability, which is not favorable to the durability of the structure (Jun et al., 2019; Panda et al., 2019). Most of the studies have also shown that a variety of factors such as concrete rheological properties, interlayer casting time interval, etc. affect the interlayer bond of multilayer cast concrete (Latif Baloch et al., 2021; Xu et al., 2021; Keita et al., 2019; Dybeł and Kucharska, 2020; Navarrete et al., 2021), but no study has shown the effect of different service environment changes on the early interfacial bond strength and expansion and contraction properties of composites. It is well known that in the hot summer, during the day, the temperature of the structural surface itself is often higher than the environmental temperature, generally up to 60°C or more, and at night the temperature of the structural surface will be drastically reduced to the ambient temperature, which will form a large temperature difference cyclic effect at the bond interface, which will easily lead to the debonding of the bond interface of the specimen and its failure (Chen et al., 2021). Similarly, for the marine concrete buildings in the tidal splash zone, due to the alternating wet and dry effects are often eroded to a very serious degree (Ting et al., 2021).
Based on this, for the defects of gradient-structured composites in service under the above extreme environments, this study set up deformation monitoring and mechanical tests under three environments (ambient water, temperature difference cycling, and dry- wet cycling) using gradient-structured composites OPC-AAS and OPC-AAMK as test objects. The early shrinkage properties of the gradient structural composites in extreme environments and the early splitting strength at the bond interface were investigated, and the corrosion morphology of the composites in different extreme environments was analyzed by scanning electron microscopy (SEM) method. The results of the study provide some reference for the optimized design of the early shrinkage and deformation properties and mechanical properties of the gradient structure composites under extreme environments, as well as the accurate assessment of the service life of the composites.
2 EXPERIMENTAL STUDY
2.1 Materials and specimen preparations
P⋅II 42.5 R ordinary Portland cement (OPC) conforming to GB175-200 specifications was used in this paper. Slag that meets the GB/T 18046-2017 specification requirements is used. Metakaolin meets the GB175-200 specification. The mass and specific surface area of the raw materials and the compositional content of each element obtained by elemental analysis with an X-ray fluorescence spectroscopy (XRF) instrument are listed in Table 1. Standard sand conforms to GB/T-17671 specification, and its grain size ranges from 0.08 to 2 mm. The use of boric acid as a retarder (H₃BO₃, content ≥99.5%) is in line with GB/T 628-2011 specifications. Tap water was used as the mixing water in this study. In addition, a composite alkaline exciter made of water glass solution (27.30% SiO2, 8.54% Na2O, and 64.16% H2O by mass) mixed with sodium hydroxide reagent (NaOH, ≥96.0%) was used as the alkaline exciter to stimulate the activity of slag or metakaolin.
TABLE 1 | Chemical composition of cement, slag, and metakaolin.
[image: Table 1]The ordinary Portland cement and alkali-activated composite mixtures are listed in Table 2. Composite containing ordinary Portland cement (OPC) and alkali-activated geopolymer (AAS/AAMK) was prepared using a two-step method based on the mixing ratios designed in Table 2. The composite specimens were made of cubic specimens with a side length of 70.7 mm, and the thickness of the OPC layer and the alkali-activated slag (AAS) and alkali-activated Metakaolin (AAMK) layer at half the depth of the mould, i.e., 35.35 mm per layer. As shown in Figure 1, fresh OPC was first poured into the mould, seal and curing for 12 h as an interval time, and then alkali-activated geopolymer concrete was cast into the mold as an overlay. The cast OPC-AAS and OPC-AAMK composites were wrapped with plastic sheeting, demoulded after 24 h, and the specimens were moved to a standard curing room (20°C, 95% RH) for 3 days. Expansion and shrinkage strain and splitting strength tests were carried out in different service environments.
TABLE 2 | Mixing ratios of ordinary Portland cement and alkali-activated composites.
[image: Table 2][image: Figure 1]FIGURE 1 | Schematic diagram of the layered casting of gradient-structured composite of OPC and AAS/AAMK.
2.2 Exposure conditions
The service environments were categorized as ambient water, temperature difference cycling and wet-dry cycling. For each environment, OPC-AAS composite and OPC-AAMK composite were prepared. The specific settings of the environmental parameters are shown in Table 3, and the composite was placed under these three environments for service for 12 h to observe the expansion and shrinkage changes. In the operation of the temperature difference cycling program, we used a heater to achieve a rapid rising of ambient water to 80°C, immersion to a specified time (2 h) and then switch to ambient water to achieve a rapid cooling to 20°C and immersion for 2 h. In this cycle, the high temperature in the water bath is set at 80°C and the low temperature is set at 20°C; In addition, for the operation of the wet-dry cycling program, in order to speed up the test, the wet-dry cycling is varied by heating the oven to 80°C for rapid drying (2 h) and ambient water of 20°C for 2 h to simulate the wetting process.
TABLE 3 | Design of service environments for cement-alkali activated gradient-structured composite.
[image: Table 3]2.3 Property tests
2.3.1 Expansion shrinkage strain test
The data were extracted by using vibrating string strain gauges with two strain gauges on the OPC side of the composite mortar, at the interfacial bond, and on the alkali-activated geopolymer side. The specific locations of the test points for the specimens are shown in Figure 2: ① Arrange four vibrating string strain gauges along the longitudinal direction at the position of the center of the slab surface on the upper surface of the composite at the alkali-activated geopolymer side and on the lower surface at the OPC side to measure the expansion and shrinkage strains; ② At the position of the center of the bonding interface of the composite, 2 vibrating string strain gauges were arranged along the longitudinal direction to monitor the expansion and shrinkage strain of the bonding interface of the composite mortar. The data for each measurement point was recorded by machine reading and collected once every 20 s. The total test duration was 12 h. The data for each measurement point was recorded by machine reading and collected once every 20 s. The total test duration was 12 h.
[image: Figure 2]FIGURE 2 | Schematic diagram of specimen strain measuring points.
2.3.2 Bond strength of the interface
According to ASTM C496 (C Astm, 2011), a split tensile test was used to evaluate the interfacial bond strength of OPC-AAS composite and OPC-AAMK composite mortar. In addition, pure OPC mortars and pure alkali-activated mortars were prepared for further comparison. As shown in Figure 3, two steel bands were placed at the bottom and top of the specimen before the start of the test so that the tensile force was evenly distributed. The sample was loaded at a rate of 0.05 kN/s at the beginning of the test. The load at destruction was measured to obtain Fu, and the splitting strength τu of the specimen was calculated using Equation 1:
[image: image]
where b is the interface length, b = 70.7 mm; h is the height of the cross-sectional dimension of the bonding interface, h = 70.7 mm.
[image: Figure 3]FIGURE 3 | Test device of splitting strength.
2.3.3 Scanning electron microscope (SEM)
In order to explore the effects of temperature difference cycling, dry-wet cycling on the interfacial bonding strength of OPC-AAS and OPC-AAMK composites, scanning electron microscopy (SEM) was used to observe the microstructures of the bonding interfaces of OPC-AAS and OPC-AAMK composites before and after service in different environments. Before observing the micro-morphological characteristics of the interfaces, the specimens were processed by selecting broken specimens containing clear transition interfaces after strength testing and soaking them in acetone solution for 3 days to terminate their hydration. After 3 days, the fragments were removed and dried in a vacuum drying dish, injected with resin, smoothed out in cross-section, and sealed in specimen bags to prevent carbonization. After the specimens were sprayed with gold, the microstructure was observed using a Hitachi S-3400N scanning electron microscope manufactured by Suzhou Sainz Instruments Co.
3 RESULTS AND DISCUSSION
3.1 Early shrinkage strain of gradient-structured composite
3.1.1 Ambient water
The expansion and shrinkage curves of OPC-AAS and OPC-AAMK composites cured for 3 days in ambient water environment are shown in Figure 4. In general, with the increase of time, OPC, AAS, and AAMK specimens immersed inside the ambient water are always in the state of expansion, and the values of expansion are all increasing. This is mainly because the change of internal humidity is the driving force of specimen shrinkage and deformation (Jun et al., 2010); while the composite has been in ambient water, the drying shrinkage of the specimen is almost nonexistent under the environmental conditions of sufficient humidity, and even the phenomenon of wet swelling leads to the specimen expanding with the increase of the age of immersion (Liu et al., 2022). In addition, specimens with a curing age of only 3 days were still in the continuous hydration phase. Therefore, the specimens in the ambient water environment remained in an expanded state with the increase in immersion time. The final expansion of specimens was as follows: AAS (389.3 μm) > OPC-AAS (283.9 μm) > AAMK (281.6 μm) > OPC-AAMK (158.8 μm) > OPC (28.5 μm).
[image: Figure 4]FIGURE 4 | Shrinkage strain of OPC-AAS composites (A) and OPC-AAMK composites (B) in room temperature water.
Further comparison in Figure 4 shows that the expansion and deformation values of both sides of AAS and AAMK are more significant than those of OPC at the same age, while the expansion at the bonding interfacial of OPC-AAS and OPC-AAMK composite is more stable and the deformation curves are smoother than those of the corresponding AAS and AAMK sides. Figure 4A indicates that the expansion strain of the AAS is always the largest, and the final expansion strain of bonding interface of the OPC-AAS composite is 27.07% lower than the final expansion of AAS. This is because the bonding interface of the OPC-AAS composite may has produced new hydration products during the hydration reaction, and the lower heat of hydration produced by this hydration reaction will result in a lower temperature rise within the concrete, which will lead to a decrease in the expansion of concrete (Wang et al., 2012). Figure 4B shows that the development trend of the shrinkage strain curve of the OPC-AAMK composite is basically the same as that of the OPC-AAS composite. However, the magnitude of the strain is different, and the final expansion of the bonding interface of the OPC-AAMK composite is only 158.8 μm, which is 43.61% lower than that of the AAMK side.
3.1.2 Temperature difference cycling
The early shrinkage curves of OPC-AAS and OPC-AAMK composites under temperature difference cycling conditions are shown in Figure 5. In order to analyze better the effect of temperature difference cycling on the shrinkage and deformation of the gradient-structured composites, the shrinkage at the warming-cooling node of the three cycles is plotted as shown in Figure 6.
[image: Figure 5]FIGURE 5 | Shrinkage strain of OPC-AAS composites (A) and OPC-AAMK composites (B) under temperature cycling conditions.
[image: Figure 6]FIGURE 6 | Expansion and shrinkage values of OPC-AAS composites (A) and OPC-AAMK composites (B) at the rising-falling temperature node.
Figure 5 shows that the gradient-structured composites undergo the first temperature increase from 0 h to 2 h. Compared with the OPC side of the specimen that expands with temperature increase, the bonding interface and the alkali-activated material (AAM) portion of the laminated specimen shrinks with temperature increase. This may be due to the fact that the laminated specimen is a combination of AAM and OPC, and the first temperature increase caused the OPC side to expand continuously, while the expansion values of the bonding interface and the pure AAM side were smaller than those of the OPC under the temperature change, thus, under the expansion of the OPC, it resulted in the extrusion at the interface between the AAM and the bonding, and the greater the contraction with the increase of the environmental temperature. When the environmental temperature was first stabilized at 80°C, the internal structural deformation of the specimen had been completed, allowing the composite structure to re-achieve a stable state. The shrinkage-deformation curves for 2 ∼ 12 h after the gradient-structured composites were stabilized illustrate that warming leads to expansion of the specimen and cooling leads to shrinkage of composites. Compared with the shrinkage-deformation curves of pure cement and alkali-activated materials, the shrinkage-deformation curves at the bonding interfacial of gradient-structured composites under temperature difference cycling were smoother, and the fluctuation amplitude of shrinkage-deformation during the whole process of warming-up-lowering-down was lower. This may be due to the overall properties of the specimen, which causes the AAM side to be squeezed and in contraction when the overall expansion value on the OPC side is more significant, a phenomenon that occurs at both the OPC-AAMK and OPC-AAS bonding interfaces. Figure 6 shows that with the increase in cycles, the strain difference between the specimens at the rising and falling temperature points decreases accordingly. The AAS and AAMK specimens were in a shrinkage state, with final shrinkage strains of 802.92 μm and 431.17 μm, respectively, whereas the bonding interfaces of OPC, OPC-AAS and OPC-AAMK composites were in an expansion state, with the final expansions of OPC-AAMK (1,399.25 μm) > OPC (1,125.02 μm) > OPC- AAS (1,073.79 μm).
3.1.3 Dry-wet cycling
The shrinkage and deformation curves of OPC-AAS and OPC-AAMK composites under dry-wet cycling are shown in Figure 7. The shrinkage of the specimens at the nodes of the rising drying and ambient water are demonstrated in Figure 8. Overall, the effect of environmental humidity changes on the shrinkage strain at the OPC as well as at the bonding interface of OPC-AAMK composite was not significant. The expansion and contraction stage of the OPC was the most stable. Still, the dry-wet cycling significantly affected the shrinkage strain of the bonding interface of OPC-AAS composite and the AAS specimen during the hydration process. The shrinkage-deformation results in Figure 7 indicate that the specimens were first dried and raised to 80°C from 0 h to 2 h. The deformation curves of the OPC specimens and the OPC-AAMK composite contracted with the increase in drying time, whereas the deformation curves of both the AAS specimens and the OPC-AAS composite swelled with the increase in drying time, which is different from that of the results in Figure 5A for the water-bath rising to 80°C. Further observation of the shrinkage-deformation curves from 2 to 12 h shows that the shrinkage-deformation curves of composite under the cycle of drying and rising temperature and immersion in ambient water show a trend of linear rise and then slow rise and finally contraction. I (linear rise): the specimen from 20°C water-saturated environment to 80°C dry environment, the specimen due to rising temperature and make the specimen as a whole orderly expansion; II (slowly rising): when the temperature reaches a certain value, the specimen began to appear drying under the loss of water contraction, which led to a slow rise in the specimen expansion; III (shrinkage decline): the specimen stabilized in the dry environment of 80°C, the specimen at this time the internal temperature and the environmental temperature is consistent with the temperature of the specimen, temperature on the expansion of the expansion of the value of the influence of small, but the internal water due to the drying of the continuing However, the internal moisture loss due to drying continues, resulting in the gradual shrinkage of the specimen.
[image: Figure 7]FIGURE 7 | Shrinkage strain of OPC-AAS composites (A) and OPC-AAMK composites (B) under wet-dry cycling conditions.
[image: Figure 8]FIGURE 8 | Shrinkage strain values of OPC-AAS composites (A) and OPC-AAMK composites (B) at high temperature drying-normal temperature immersion node.
Figure 8 shows that with the increase in the number of dry-wet cycling, the strain difference between the specimens at the dry-wet node is decreasing accordingly. The strain fluctuation at the bonding interface of OPC-AAS composite is the most drastic, with the highest expansion and shrinkage values of 785.45 μm and 360.30 μm, respectively; whereas the fluctuation of the strain curve at the bonding interface of OPC-AAMK composite under the conditions of dry-wet cycling is very small, with the highest expansion and shrinkage values of 150.3 μm and 77.65 μm, respectively. This further indicates that the effect of dry-wet cycling on the shrinkage and deformation at the interface of OPC-AAS composite is more obvious.
3.1.4 Comparative analysis of extreme environments
Figures 9A, B represent the shrinkage strains of the gradient-structured composites in extreme environments, and Figures 9C, D show the difference between the shrinkage strains of the two extreme environments for the shrinkage strains at ambient water. Figures 9A, B shows that the strain of the composites in extreme environments increases significantly compared to the strain values of the ambient water. For the same number of cycles, the strain values of OPC-AAS and OPC-AAMK composites under temperature difference cycling are larger than that of dry-wet cycling, and the expansion values with the largest change in amplitude in the shrinkage strain test under temperature difference cycling are 1,130.88 μm and 1765 μm, respectively, which are much higher than that of the maximum expansion values of 785.45 μm and 150.30 μm for the dry-wet cycling. In addition, Figures 9C, D show that after three cycles, the strain difference between the OPC-AAS and OPC-AAMK composites under the effect of temperature difference cycling and ambient water is 789.89 μm and 1,240.45 μm, respectively, while the strain difference between dry-wet cycling and ambient water is 374.75 μm and 8.5 μm, respectively, which further suggests that the effect on the interfacial shrinkage strain due to temperature difference cycling is much larger than that due to dry-wet cycling.
[image: Figure 9]FIGURE 9 | Shrinkage strains in different environments (A) OPC-AAS, (B) OPC-AAMK and the difference of shrinkage strains (C) OPC-AAS, (D) OPC-AAMK.
3.2 Early interfacial bonding strength of gradient-structured composite
3.2.1 Temperature difference cycling
Figure 10 shows the splitting strength of gradient-structured composites under different temperature cycling, and the corresponding splitting strength values are shown in Table 4. It can be seen that the splitting strengths of OPC and AAS specimens showed a gradual increase with cycling, and were 1.54 MPa and 3.84 MPa after three cycles, which were 130.77% and 29% higher than the initial values, respectively. In contrast, the splitting strength of AAMK specimen showed a decreasing trend, with a 51.94% decrease from the initial value after three cycles. It is possible that the unhydrated cement particles and AAS system continue to hydrate, which improves the densification and strengthens the concrete, while the AAMK system slows down the reaction and reduces the amount of water bound to the products, which increases the proportion of free water in the system and accelerates the rate of water loss, so that there is a continuous decrease in the splitting strength (Kuenzel et al., 2012). In addition, the bonding strength of OPC-AAS composite increased more than that of OPC-AAMK composite in the early stage of cycling under temperature cycling conditions, while the damage was more negligible in the later stage of cycling. With the number of cycles increases, both OPC-AAS and OPC-AAMK composites showed the change rule of increasing first (strengthening stage) and then decreasing (deterioration stage). They reached the maximum value at two times cycles, which was 2.66 MPa and 2.53 MPa, respectively, and increased by 23.75% and 10.43% compared with the initial value.
[image: Figure 10]FIGURE 10 | Splitting strength of composites under temperature difference cycling.
TABLE 4 | The splitting strength of composite cycled 3 times in different service environments.
[image: Table 4]3.2.2 Dry-wet cycling
Figure 11 shows the splitting strength of mortar under different times of dry-wet cycling, and the specific splitting strength values are shown in Table 4. It can be seen that the change rule of splitting strength under the action of the dry-wet cycling is consistent with the change rule under the temperature difference cycling, but the splitting strength of specimens under the dry-wet cycle seems to grow higher. After three dry-wet cycles, the splitting strength of OPC and AAS specimens increased by 253.85% and 74.46% compared to the initial values, while AAMk specimen lost only 6.77% of its splitting strength compared to the initial value. Similarly, the OPC-AAS and OPC-AAMK composites showed the change rule of increasing first (enhancement stage) and then decreasing (deterioration stage), both of which reached the maximum value at two times wet-dry cycles, 3.65 MPa and 2.69 MPa, respectively, which increased 69.81% and 17.41%, respectively, compared with the initial value. In addition, according to the results in Figures 10, 11, we can correlate the splitting strength under extreme environmental service with the number of cycles to establish a correlation model, and according to Figure 12, the splitting strength and the number of cycles present a quadratic correlation and have a high correlation.
[image: Figure 11]FIGURE 11 | Splitting strength of composite under wet and dry cycling conditions.
[image: Figure 12]FIGURE 12 | Relationship between the splitting strength and the number of cycles of OPC-AAS composites (A) and OPC-AAMK composites (B) under extreme environmental service.
3.2.3 Comparative analysis of extreme environments
Figure 13 compares the splitting strength of the composite after three cycles in both environments, and Figure 14 shows the image of the composite bonding interface before and after splitting. In general, the splitting strengths of composites after three cycles in the same environment are OPC-AAS > OPC-AAMK. In addition, comparing the rate of loss of splitting strength before and after service in the two environments, it can be seen that the deterioration of the interface caused by the temperature difference cycling is more significant than that of the interface caused by the dry-wet cycling. From Figure 14, it can be seen that there is a clear difference between the specimens with temperature difference cycling and those with wet-dry cycling. The specimens with temperature difference cycling can be observed to have more severe interfacial degradation after splitting, with irregular powder layer shedding in some areas. In contrast, the specimens with wet-dry cycling have more uniform and regular delamination in the interfacial area after splitting. This may be because humidity affects the development of pore structures in geopolymer systems. Low humidity increases surface tension and capillary pressure, which destroys the initially dense reticulated gel phase, reducing the strength of alkali-activated cementitious materials (Huang et al., 2024). The large temperature difference not only affects the release rate of water molecules, resulting in the slow formation of the gel phase, so that the strength of AAS and AAMK are reduced (Bonneau et al., 1997), which in turn affects the interfacial bonding strength; it also leads to gradual decomposition of alkali-activated cementitious material products with the rise in temperature, resulting in the microstructural cracking and even the emergence of pores, which further affects the shrinkage and expansion of bonding interfacial properties. Further combined with Figures 5, 7, it can be seen that the specimens have greater expansion and shrinkage values under temperature difference cycling compared to dry-wet cycling, and under such temperature difference cycling conditions, the interfacial shear stresses generated by inhomogeneous expansion between the material components become higher, and with the increase of the number of cycling times, the cleavage values at the composite bonding interfaces decrease. Therefore, the temperature difference cycling has a greater influence on the splitting strength at the interface of gradient-structural composites.
[image: Figure 13]FIGURE 13 | Splitting strength of gradient-structural composites after three times cycling in different service environments.
[image: Figure 14]FIGURE 14 | Pictures of gradient-structural composites after three times cycling in different service environments. (A) Temperature difference cycling (B) Dry-wet cycling.
3.3 Microstructural analysis of bonding interfaces
Figure 15 shows the SEM images of OPC-AAS and OPC-AAMK composites before and after service in different environments. Figures 15A, D can be observed that the transition line at the bonding interfacing of OPC-AAS and OPC-AAMK composites are more evident at ambient water, and the material and structure distribution at the interface of the composite is different on both sides. The OPC region of the OPC-AAMK composite is primarily dark grey colloidal material with brighter aggregates. In contrast, the AAMK region is dominated by grey, with an incompletely hydrated high territory (Nie et al., 2019). Clear interfacial lines were also observed in the OPC-AAS composite, with most of the AAS region cementitious and the specimen surfaces denser. Figures 15B, E show that after temperature cycling of OPC-AAMK composite, there is an obvious interface transition line, and the number of microcracks at the bond interface is obviously increased. The cracks are enlarged, including long straight cracks penetrating through the bonding interface of the material, cracks spreading to the surrounding area, shorter tortoise-like cracks, and large holes. Additionally, although many microcracks exist on both sides of the interface of OPC-AAS composite, the bonding interface is better. In contrast, Figures 15C, F show that the transition line at the bonding interfacial of composite is pronounced after wet-dry cycling. However, the interface are no cracks and holes around the OPC-AAS, and the whole is still relatively dense, whereas cracks appear on the OPC side of the OPC-AAMK composite, and there are apparent large holes on the AAMK side.
[image: Figure 15]FIGURE 15 | SEM images of bonding interfaces of composites in different service environments: (A–C) OPC-AAS composites in Ambient water, Temperature difference cycling and Wet-dry cycling; (D–F) OPC-AAMK composites in Ambient water, Temperature difference cycling and Wet-dry cycling.
The forming of hole and cracks also corresponds to the interfacial splitting strength in Table 4. The hydration degree of OPC and AAS speciemen is lower. The enhancement effect brought by hydration is greater than the damage caused by temperature difference cycling and dry-wet cycling, which also leads to a continuous increase in splitting strength. In contrast, the rehydration of composite is weakened for OPC-AAS and OPC-AAMK composites (Zhouping and Yang, 2021), with the continuation of temperature difference cycling or dry-wet cycling. With the continuation of the temperature difference cycling or dry-wet cycling process, the rehydration of composite is weakened. The continuous cycle leads to the accumulation of internal damage in concrete and even induces some new cracks and defects, in which the microstructure degradation of OPC-AAMK is more serious; the strength of concrete and its microstructure has a very close connection, and the change of internal microstructure of composite explains the change rule of the composite splitting strength which firstly increases and then decreases.
4 DISCUSSION
The purpose of this section is to further discuss the changes in shrinkage deformation and interfaces bonding strength at the OPC-AAS and OPC-AAMK composites in service under both temperature difference cycling and dry-wet cycling conditions. Based on the results of the above characterization tests, comparing the ambient water environments, it was found that different extreme environments (e.g., under thermal cycling from high temperature to low temperature, and under humidity cycling from immersion to drying) had a significant effect on the shrinkage deformation, strength evolution, and microstructures of the gradient-structured composites. Based on the results of this study, the performance evolution mechanism of the bonding interface of gradient-structured composites under different service conditions is analyzed as follows.
4.1 Gradient-structured composites under temperature difference cycling
The interfacial resistance to shrinkage of the OPC-AAS and OPC-AAMK composites under temperature difference cycling has been increasing, and OPC-AAMK has a stronger resistance to shrinkage under the effect of temperature difference cycling (Figures 5–8). This is due to the fact that the combination of different AAMK and AAS with OPC to form the gradient-structured composites can reduce the shrinkage properties of the alkali-activated material, respectively, and in addition, the high temperature condition facilitates the further hydration of the interface of the gradient-structured composites, which can reduce the shrinkage strain of the composites and improve the bonding properties of the interface. As the number of temperature difference cycling increases, the unhydrated cement particles and AAS materials continue to hydrate at shorter curing ages, which improves the densification and strengthens the composites, causing a higher enhancement than deterioration of the interfacial bonding properties of OPC-AAS, resulting in the overall cleavage strength still being enhanced (Figure 10); whereas the AAMK system slows down the reaction rate and reduces the amount of water bound to the products, thus increasing the proportion of free water in the system and accelerating the rate of water loss, resulting in a continuous decrease in the splitting strength (Figure 11). From the SEM results, it was further demonstrated that under the temperature difference cycling conditions, OPC-AAMK not only showed cracks at the interface, but also observed the generation of more holes around it (Figures 15C, F).
In conclusion, a large temperature difference not only affects the release rate of water molecules, resulting in slow gel phase formation, which reduces the strength of AAS and AAMK, and thus affects the bond strength of the interface; it also leads to the gradual decomposition of alkali-activated material products with increasing temperature, resulting in microstructural cracking, and even the appearance of pores (Figure 15), which further affects the shrinkage and expansion of bonded interfacial properties (Bonneau et al., 1997).
4.2 Gradient-structured composites under dry-wet cycling
The pattern of change in the interfacial splitting strength of composite is also a result of the combined effect of the enhancement effect caused by the hydration reaction of the unhydrated cement particles and the deterioration effect produced by the damage accumulated in the dry and wet cycles. On the one hand, unhydrated cementitious materials continue to hydrate (e.g., cement particles, slag, biotite territories), thus improving the densification of the concrete and enhancing the concrete interfacial bond strength. However, humidity affects the rate of water molecule release and pore structure development in the alkali excitation system (Figure 15). Due to the difference in water vapor pressure, the gas escapes outwards in the drying process, further enlarging the concrete’s internal pores or leading to new pores and defects. In the wetting process, due to the existence of capillary force, the environment of water is drawn into the internal pores of concrete, resulting in pore expansion, so the continuous wet and dry cycle will inevitably lead to a further increase in the damage, the strength of concrete has a weakening effect (Figure 10) (Yaman et al., 2002).
5 CONCLUSION
In this paper, the temperature difference cycling, dry-wet cycling conditions were all affect the OPC-AAS and OPC-AAMK composites of for both macro contraction and microstructure, especially on the early stage of bonding interface. The main conclusions are as follows:
(1) The effect of temperature difference cycling on the shrinkage strain at the bonding interface of composites is greater than that of wet-dry cycling. After three cycles, the strain difference between OPC-AAS and OPC-AAMK composites was 789.89 μm and 1,240.45 μm under temperature difference cycling and ambient water, respectively, while the strain difference between dry-wet cycling and ambient water was 374.75 μm and 8.5 μm, respectively.
(2) The early splitting strength of OPC-AAS composites in extreme environments was greater than that of OPC-AAMK composites. Comparing with dry-wet cycling, the splitting strength of OPC-AAS and OPC-AAMK composites decreased even more severely after 3 cycles of temperature difference, by 26.37% and 31.32%, respectively.
(3) The SEM results show that the degradation of the interface microstructure caused by temperature differential cycling is also greater than that caused by wet and dry cycling. The differential temperature cycling leads to the gradual decomposition of the products of AAMK cementitious materials with temperature rise, resulting in the deterioration of the microstructure of the OPC-AAMK interface and even the emergence of cracks and holes in the bond interface, and the deterioration of the splitting strength.
Prospects and suggestions: The focus of this present study is on the influence of temperature difference cycling and dry-wet cycling effects on the interfacial bonding properties of gradient-structural composites, which are important for the application of gradient-structural composites in extreme environments with temperature and humidity variations. However, the current manuscript has some limitations and does not discuss cost-effectiveness. In addition, scientific attention and efforts should also be directed toward other aggressive and complex environments, such as sole chemical exposures to chloride ions, sulphate ions, or compound exposures to chloride-sulphate attack, as well as other potential physicochemical aggressions such as freeze-thaw cycling and salt-freeze cycling.
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