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Abstract: The measures of steam curing and early-strengthening agents to promote the precast components to reach the target strength quickly can bring different degrees of damage to the concrete. Based on this, the new nanomaterial CSH-the hydration product of cement effectively solves these measures’ disadvantages, such as excessive energy consumption, thermal stress damage, and the introduction of external ions. In this paper, the effect of CSH on the early strength of precast fly ash concrete components was investigated in terms of setting time, workability, and mechanical properties and analyzed at the microscopic level using hydration temperature, XRD, and SEM. The results showed that under the same workability, CSH could significantly reduce the amount of admixture, shorten the final setting time, almost not affect the initial setting time, and accelerate the hydration of cement. At the optimum dose of 5%, the mechanical properties of the specimens were improved by more than 98% within 12 h of hydration, resulting in an earlier release time of 12 h and no risk of strength inversion later. The results of this paper give theoretical support to the behavior of precast components under steam-free curing.
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1  Introduction

The demand for concrete in the modern construction industry has increased dramatically [1], and the consumption of Portland cement, as the primary cementing material of traditional concrete, has also increased dramatically. However, the production of Portland cement consumed many non-renewable resources, such as coal and limestone, but also negatively impacted the environment. It was reported that 90% of industrial CO2 emissions were generated during the production of Portland cement [2], accounting for 5%–8% of the world’s total CO2 emissions and 5%–6% of the total SO2 emissions [3,4]. If industrial by-products (such as slag, fly ash and silica fume) were used as supplementary cementing materials to replace part of Portland cement, greenhouse gas emissions and energy consumption could be significantly reduced [5–7]. Compared with other supplementary cementing materials, fly ash had the advantage of low prices and ample storage [8,9], and fly ash could improve concrete workability and durability [10–14]. However, due to the low pozzolanic activity of fly ash, the early mechanical properties of concrete were poor [15–17], which would considerably delay the time when the concrete reached the target strength, thus affecting the construction progress and the turnover of formwork.

High-temperature steam curing was an effective way to improve the early strength of concrete [18,19]. However, steam curing would consume a lot of energy, cause environmental impact and increase economic costs. Steam curing also brought some defects to concrete, such as thermal damage, brittle increase and strength shrinkage of concrete [20,21]. Another way was to add early strength agents to the concrete [22–25], which could shorten the demolding time of prefabricated components steam-free curing. However, traditional inorganic salt early strength agents such as chlorine salts would increase the Cl-permeability coefficient of concrete and seriously affect the durability of reinforced concrete [26,27]; Sulfates were prone to microcracks and strength reversion [28]; The use of organic alcohol amine early strength agents was complex and sensitive to the dosage, which was difficult to control in practical application, and was easy to cause retarding or even rapid setting [24,29]. Therefore, finding a new way to improve the early strength of concrete steam-free curing was necessary.

The rapid development of nanomaterials has brought technological innovation to the traditional concrete industry [30]. Some nanomaterials have been introduced into concrete for research, such as nano-SiO2, nano-Al2O3, nano-TiO2, and nano-CaCO3 [31,32]. The application of nanomaterials in concrete means that the matrix could be modified at the nanoscale, which could significantly improve the performance of cement-based materials [33,34]. For example, nano-SiO2 could react with calcium hydroxide in concrete, which could significantly improve the performance of the interface transition zone. Nano-CSH has recently been considered one of the most promising admixtures [35–37]. Several studies [38–42] reported the effect of nano-CSH on the hydration reaction of cement. Added CSH to cement paste to accelerate the hydration reaction of cement minerals, reduce the volume fraction of harmful pores and increase the early compressive strength. Li et al. [38] prepared nano-CSH seed by separate nucleation and growth phase separation using tartaric acid as a stabilizer and found that the addition of CSH seed promoted the hydration reaction of cement paste and reduced the maximum peak of heat flow and the time required to reach the maximum peak. They also reduced the volume fraction of large capillaries, and increased the volume fraction of medium capillaries and small mesopores, increasing the compressive strength of the hardened cement stone at all ages. Gu et al. [39] used ground granulated blast furnace slag and calcium carbide slag as raw materials and ground them in a ball mill along with a certain amount of water and polycarboxylic acid water-reducing agent to obtain CSH particles with a particle size of 420 nm. The effect of CSH on the mechanical properties of the mortar was further investigated. It was found that 2%–4% CSH increased the 1 d strength by 28.8%–37.1%, reduced the volume fraction of harmful pores from 45% to 29%–4%, and increased the volume fraction of harmless pores from 49.8% to 89.2%–89.9%.

Unlike the CSH seed prepared by Li et al. [38] and Gu et al. [39] in an amorphous or semi-crystalline state, Wang et al. [40] prepared highly crystalline CSH nanoparticles by hydrothermal synthesis at 120°C. CSH particles significantly accelerated the hydration of C3S by the heat of the hydration test, 3% of CSH particles increased the exothermic rate from 2.62 to 3.54 mW/g, and the 1 d compressive strength increased by 43%. On the other hand, Wang et al. [41] reported the effect of C-S-H-PCE nanocomposites on the early mechanical properties of mortars with different water-cement ratios and found that the enhancement effect of C-S-H-PCE was more evident at lower water-cement ratios. C-S-H-PCE also reduced the total porosity and decreased the average pore size, which had a more pronounced effect as the water-cement ratio was reduced. In addition, studies have also reported the effect of CSH seed on cementitious properties in the presence of mineral admixtures [42]. The results showed that 4% CSH seed increased the compressive strength of cement paste containing 20% fly ash by 329% and 172% at 8 and 12 h, respectively, and the tensile strength by 125% and 57%, respectively, and reduced the 90 d rheological shrinkage value of the samples by about 10%. This shows that the nano-CSH seed is effective in hydrating pure cement and performs well in the presence of mineral admixtures. Moreover, the study by Wang et al. [43] showed that the newly formed C-S-H gels were directly precipitated on the surface of the added CSH seed, which provided conclusive evidence for the nano-CSH particles as liquid phase nucleation seed.

The studies mentioned above showed that the presence of nano-CSH seed brings a positive impact on cement hydration as well as pore structure. The nano-CSH has a similar structure and components to the cement hydration product C-S-H gels [35] with an autocatalytic acceleration process. At the same time, the nano-CSH particles could act as nucleation seed in the liquid phase, providing nucleation sites for the hydration products and thus accelerating the cement hydration process. Therefore, the direct use of nano-CSH could give better results than other early promoter [44] and does not have adverse effects due to introducing other harmful ions. In the past, more attention has been paid to the synthesis of nano-CSH and its role in the cementitious base. However, the effect of nano-CSH on highly doped mineral admixture concrete has rarely been reported, especially in applying highly doped fly ash precast concrete.

This paper aimed at the problem that the mechanical properties of fly ash concrete prefabricated components were insufficient at the early age under the condition of steam-free curing, a new nanomaterial-CSH introduced to study its role in cement further and reveal its influence on cement hydration process and microstructure. This may help replace the traditional industrial technology, promote the development of the early strength of the prefabricated components, enable the prefabricated components to demold as soon as possible under the condition of steam-free curing, improve the use efficiency of the formwork, and save energy consumption at the same time. It provided more theoretical guidance for preparing steam-free curing prefabricated components.

2  Materials and Methods

2.1 Materials

The raw materials used in this study were Ordinary Portland cement and Class II fly ash provided by Jidong Cement Co., Ltd. (Datong, China). The chemical compositions and particle size distribution of cement and fly ash are listed in Table 1 and Fig. 1, respectively. The additives VIVID-651 polycarboxylic acid superplasticizer and VIVID-300 crystal nucleus (CSH) used in the study were provided by Shanghai Sanrui Polymer Materials Co., Ltd. (China). The solid content of the VIVID-651 polycarboxylic acid superplasticizer was 10%, and the water reduction rate was 30%. VIVID-300 nuclei are stable suspensions of CSH nanoparticles in a semi-crystalline state, with Ca/Si of 1.5 and solid content of 20%, miscible with water. The sand was river sand with a fineness modulus of 2.8, and the coarse aggregate was gravel with a continuous particle size distribution of 5–20 mm.
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Figure 1: Particle size distribution of cement (a) and fly ash (b)

2.2 Methods

2.2.1 Mix Proportion

The concrete sample mix used for the compressive strength test and workability analysis is shown in Table 2. VIVID-300 crystal nucleus content is 0%–7% of the total mass of the gelling material. VIVID-651 superplasticizer was used to make each group of fresh concrete have a similar slump. The test samples used for setting time, hydration temperature, FTIR, XRD, and SEM were the paste samples with the same proportion.
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2.2.2 Workability

By adjusting the dosage of VIVID-651 superplasticizer, the concrete slump of each group was kept at 150 ± 10 mm. Through this, we could get the changing trend of the superplasticizer amount and reflect CSH’s influence on the workability of fresh concrete.

2.2.3 Setting Time

There was a certain correlation between the speed of paste setting and the development of the early strength of concrete. According to Chinese National Standard GB/T 1346-2011, the setting time of the paste was measured by the Vicat apparatus. When the initial setting needle was 4 ± 1 mm away from the base plate, it was considered that the sample had an initial setting. And then, the final setting time was measured. There was no ring mark on the surface. The final setting time was reached.

2.2.4 Hydration Temperature

Mixed the powder to be measured evenly and then put into a cylindrical container with a size of Φ 85 × 85 mm after adding water and stirring. The container was then placed in a thermostat at a temperature of 20°C ± 0.5°C, placed a thermocouple in the center of the paste to transmit the real-time change of the center temperature during hydration to the recorder. The test time was 36 h, and the temperature collection interval was 20 s. The test setup is shown in Fig. 2.
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Figure 2: Hydration temperature testing device and test samples

2.2.5 Compressive Strength

Refer to Chinese National Standard GB/T 50081-2019 to make specimens with a size of 100 mm × 100 mm × 100 mm to test the compressive strength of concrete. After the samples were made, they were covered with cling film to prevent the evaporation of moisture from the surface of the specimens. They were then placed in the forming chamber for natural curing (natural temperature of 20°C ± 2°C and humidity of 50% ± 2%) until 8, 12 and 24 h, when they were tested for compressive strength. The rest of the specimens were demoulded after 24 h and then transferred to a standard curing chamber at a temperature of 20°C ± 2°C and a humidity of 95% or more until 3, 7 and 28 d, respectively, when they were tested for compressive strength.

2.2.6 Micro Test

The instrument model used for the Fourier transform infrared spectroscopy (FTIR) test was Bruker Vertex 70, and the test range was 400–4000 cm−1. The equipment model of XRD detection was the Brooke D8. The setting angle was 2, the scanning range was 5°–60°, and the step size was 0.02°/step. The ZEISS Gemini 300 SEM-EDS scanning electron microscope was used to analyze the hydration products’ microscopic morphology and energy spectrum.

3  Results and Discussion

3.1 Workability

The concrete slump of the reference concrete was 150 ± 10 mm, so the concrete slump containing CSH was consistent with that of the reference concrete. In Table 2, with the increase of CSH content, the amount of superplasticizer decreased. Compared with the reference concrete, the concrete with 1%, 3%, 5%, and 7% CSH could reduce the superplasticizer dosage by 20%, 27%, 40%, and 47%, respectively. CSH could improve the concrete operating performance and reduce the superplasticizer amount to ensure that the slump was unchanged. Because superplasticizers were used as dispersants for preparing CSH [45,46], this dispersant could disperse the nanoparticles. Some dispersants were adsorbed on the surface of cement particles, which could disperse and act as a water reducer.

3.2 Setting Time

Fig. 3 shows the setting time change of cement paste with different CSH contents. Overall, with the increase in the content of CSH, the system’s initial setting time and final setting time showed a shortening trend. For cement paste without CSH, the initial setting time was 242 min, and the final setting time was 313 min. When 1%, 3%, 5%, and 7% of CSH were added, the initial setting time was reduced by 1.2%, 1%, 6.7%, and 7.5%, respectively; and the final setting time was reduced by 2.5%, 6.5%, 10%, and 16.5%, respectively. CSH had a noticeable accelerating effect on the paste, especially in shortening the final setting time. Because CSH accelerated the hydration reaction of the paste [47], the rapid formation of C-S-H gel connected cement and fly ash particles, thus shortening the setting time of the paste. Other Scholars have also reached similar conclusions [36,41].
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Figure 3: Effects of CSH on the setting time of cement paste

3.3 Compressive Strength

The strength development of concrete modified with CSH was shown in Fig. 4. The average compressive strengths of the concrete without CSH were 2.5, 8.0, 18.6, 26.2, 40.5, and 48 MPa at 8 h, 12 h, 24 h, 3 h, 7 h, and 28 d, respectively. When 1%, 3%, 5%, and 7% of CSH were added, the compressive strengths were increased by 22%, 184%, 196%, and 252% at 8 h, respectively, and by 15%, 25%, 98%, and 104% at 12 h, respectively. The strength of concrete with 5% and 7% of CSH at 12 h age met the release strength (≥15 MPa) required by Chinese National Standard GB/T 51231-2016. CSH could significantly reduce precast concrete demolding time and increase formwork turnover efficiency. From Fig. 4b, it can be seen that CSH enhanced the early strength while ensuring that the 28 d strength does not decrease. Specifically, CSH added at 1%, 3%, 5%, and 7% still showed positive growth in compressive strength at 28 d, increasing by 3%, 5%, 7%, and 4%, respectively, compared with the reference concrete.

[image: images]

Figure 4: Effects of CSH on the strength of concrete: (a) curing for 8, 12, 24 h, (b) curing for 3, 7, 28 d

The presence of CSH stimulated the hydration reaction of cement, provided more nucleation sites for hydration products [48,49], and reduced the potential nucleation barrier of hydration products [48,50]. C-S-H gel nucleated and grew on the surface of cement minerals but also grew more easily on the surface of CSH particles [51], which significantly accelerated the early hydration of cement. Concrete generated a large amount of C-S-H gel in a relatively short time, and adjacent sites were interwoven into a three-dimensional structure through C-S-H gel, which also promoted the polymerization of silicon-oxygen bonds in C-S-H gel and further generated more high-quality C-S-H so that concrete could obtain higher compressive strength. It is worth mentioning that the best content of CSH was 5% of the cement mass. Because it can significantly reduce the demolding time of the precast concrete parts and, at the same time, has the most apparent effect on the later strength improvement.

3.4 Hydration Temperature

The hydration temperature reflected the heat release of the hydration reaction in the system, and the hydration rate of cement was completely consistent with the heat release of hydration. Therefore, the hydration temperature also indirectly reflected the hydration rate of cement paste. From Fig. 5, the addition of CSH crystal seed significantly increases the height of the main peak, and the slope of the heat flow curve shortens the induction period and brings forward the appearance of the exothermic peak. The exothermic hydration peak of the control group reached the maximum value in 19.1 h, at which time the maximum temperature was 25.8°C, and the overall exothermic peak showed a gentle rise and fall. When 1%, 3%, 5%, and 7% of CSH were added, the appearance time of the exothermic hydration peak was 17.5, 16.2, 14.5, and 13.5 h, which was shortened by 8.4%, 15.2%, 24.1%, and 29.4%, respectively, compared with the reference concrete. The results showed that the CSH crystal seed obviously accelerated the hydration of C3S and promoted the formation of new C-S-H. This effect was more obvious when a higher content of CSH crystal seed was added. From the results of Wang et al. [43], the CSH crystal seed act as a nucleation center and dispersing agent in cement paste. Since the presence of nucleation and growth sites—CSH crystal seed, the formation of hydration products moved away from the surface of the clinker, resulting in the dissolving barrier being lowered [47]. Therefore, when CSH crystal seeds are present, the hydration process is accelerated, including the increase of peak hydration exothermic heat and the decrease of the induction period.
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Figure 5: Effects of CSH on the heat of hydration

As the CSH suspension contains a certain amount of superplasticizers, the superplasticizers, when incorporated into the cement paste, can delay its induction period and attenuate the hydration exothermic peak [52]. From Fig. 5, the addition of 1% CSH can compensate partly or completely for this retardation effect. Therefore the peak hydration exothermic strength of the slurry containing 1% CSH is essentially the same as that of the control, but the peak appears earlier. In addition, the hydration temperature of the slurry increases with the accelerated action of the CSH crystal seed. This increase in hydration temperature promotes the development of concrete strength. Concrete with CSH crystal seed exhibits excellent compressive strength in the early stages. The hydration heat flow curve corresponds to the trend in setting time (Fig. 3) and early compressive strength (Fig. 4). The earlier the peak exothermic value appears, the faster the cement paste sets and the early compressive strength is increased.

3.5 FT-IR Analysis

FT-IR was a common research method in materials and was also widely used in cement-based materials [53–57]. FT-IR could sensitively detect the change of Si-O bond in cement paste and had certain advantages in analyzing the change of hydration product C-S-H gel. Fig. 6 shows the FT-IR spectra of paste hydrated for 12 and 24 h with different CSH contents. For the infrared absorption spectrum of cement, the silicon oxide tetrahedron in the main mineral tricalcium silicate and dicalcium silicate exists as an island, Q0. The expansion vibration of its Si-O would produce an absorption peak near 925 cm−1 [55,56]. When reacting with water, the silicon oxide tetrahedron polymerizes into a Si-O-Si bond. Q0 changed to Q2, and the vibration absorption peak shifted to a high wave number [54,56]. Cement hydration generated a large amount of C-S-H gel (or tobermorite), and the vibration absorption peak of Q2 in the silica tetrahedron was around 970 cm−1 [56]. In Fig. 6a, with the increase of the content of CSH, the peak waved number corresponding to Q2 in the sample shifted from 970 to 976 cm−1, which indicated that the silica tetrahedron in C-S-H gel had a high degree of polymerization near 976 cm−1, and the peak intensity and peak area corresponding to Q2 increase with it.
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Figure 6: FT-IR spectra of paste with different CSH contents: (a) 12 h, (b) 24 h

The 12 and 24 h FT-IR results were consistent. According to the research [58], if the Si-O bond stretching vibration peak in C-S-H gel moved to a higher wave number and the peak area kept increasing, it indicated that the silica tetrahedron in C-S-H gel had been polymerized to a higher degree. It could be inferred that CSH accelerated the silicate hydration reaction, promoted silica tetrahedron polymerization in C-S-H gel, and the long chain of silica tetrahedron was easier to form. Which was conducive to the development of early compressive strength of concrete. In addition, some of the C-S-H gel were transformed into tobermorite with high crystallinity, which would be further verified in the subsequent XRD and SEM analyses.

3.6 XRD Analysis

As shown in Fig. 7, the XRD patterns of 12 (a) and 24 h (b) samples with different CSH content were shown. Alizadeh R [35] thought that C-S-H had a structure similar to tobermorite, so there were 2θ = 32° characteristic peaks. The C-S-H (tobermorite) characteristic peak was observed near 32°, and Zhou et al. [36] had similar findings. The existence of silica was also found in the XRD spectrum due to the existence of fly ash, and silica was the main component of fly ash. Compared with the control group, there was no new characteristic peak in the XRD spectrum after the addition of CSH, and the position of the diffraction peak of the corresponding substance had not changed.
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Figure 7: XRD patterns of paste with different CSH contents: (a) 12 h, (b) 24 h

Moreover, the diffraction peak of the hydration products such as C-S-H (tobermorite) and calcium hydroxide in the sample was enhanced, which showed that CSH promoted the hydration of the paste, consistent with the results of hydration temperature analysis and FTIR. C-S-H was the primary source of concrete strength. Concrete would have higher early compressive strength in the presence of CSH, which could be verified from the compressive strength results in Fig. 4.

3.7 SEM Analysis

Fig. 8 shows the morphology comparison of hydration products with different CSH content at 12 (a, b, c) and 24 h (d, e, f) hydration. Fig. 8a shows the morphology of hydration products at 12 h of hydration without CSH. The overall structure of the hydrated product was relatively loose, there were many unhydrated cement particles, and only a tiny amount of C-S-H gel, Ettringite, calcium hydroxide, and other hydrated products were scattered around it. Figs. 8b, 8c were the morphologies of hydrated products of samples hydrated for 12 h with 3% and 7% CSH added, respectively. Compared with Fig. 8a, the number of hydrated products was enhanced, a large number of C-S-H gel filled the pores, and Ettringite and calcium hydroxide were interspersed in the C-S-H gel to form a three-dimensional structure. Figs. 8d, 8e, and 8f show the morphology of the 24 h hydration products corresponding to Figs. 8a, 8b, and 8c, respectively. Different from the hydrated sample hydrated for 12 h, the hydration products shown in Figs. 8d, 8e, 8f are more abundant, and the overall structure was plumper. In addition, the growth state and distribution of hydration products in the effect of CSH were better than those in the control group. CSH stimulated the paste hydration through the seed effect, which meant that the concrete containing CSH would have more excellent mechanical properties than the control group because the improvement of concrete strength required a large number of hydration products and products to interweave to form a dense three-dimensional structure [37,59].
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Figure 8: SEM patterns of samples: (a, b, c) hydration products of the cement paste added with 0%, 3% and 7% CSH for 12 h, respectively; (d, e, f) hydration products of the cement paste added with 0%, 3% and 7% CSH for 24 h, respectively

In addition, many materials with uneven edge development and curved sheet shape appeared in the samples containing CSH at 12 or 24 h. As shown in Fig. 9, through energy spectrum analysis and SEM morphology, it could be seen that this crystal phase was tobermorite formed by highly crystallized C-S-H, in which Al3+ was also doped, and the existence of Al3+ also promoted the formation of tobermorite flake crystal [60]. Which also confirmed the analysis results of XRD and FTIR. Compared with C-S-H gel, tobermorite with good crystallinity could contribute more compressive strength to the matrix, which was also one of the reasons for the excellent strength of CSH concrete.
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Figure 9: SEM images and the corresponding EDS analysis of typical particle

3.8 Reaction Model

Based on the previous research analysis and related literature [43,48,61–63], a theoretical hydration model of paste containing CSH was given, as shown in Fig. 10. According to relevant literature [63], at the initial stage of cement hydration, the growth of C-S-H gel was preferentially carried out on the surface of cement particles. Because the formation of new nuclei was a process of crystal growth template [64], the surface energy and solubility of the nuclei formed in the cement paste liquid phase in porous solution were very high, so this process required much energy to form a stable growth template [51,62,65]. On the contrary, the nucleation on the cement particle surface had a low surface potential energy for nucleation [48,50]. Therefore, for cement pastes without other CSH seeds, hydration products were formed on the surface of cement particles. However, if there was an established nucleation site in the liquid phase, due to the reduction of the potential nucleation barrier, the hydration products were more likely to have heterogeneous nucleation [37,43,48,50,51,61]. CSH was introduced into concrete as a nucleation seed, which increased the nucleation site and nucleation surface area in the liquid phase, reduced the potential nucleation barrier of hydration products, made C-S-H gel grow preferentially on the surface of CSH seed in the liquid phase [43,61], and also on the surface of cement particles. Which significantly improved the paste hydration speed, manifested in the shortening of the paste setting time, the advance and concentration of the hydration exothermic peak, and the improvement of the early macro mechanical properties. These were also confirmed by the microscopic analysis above.
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Figure 10: Schematic diagram of hydration with CSH

4  Conclusion

Given the slow development of the early strength of the precast concrete members with a large amount of fly ash, this paper discussed the effect of the new nanomaterial-CSH in concrete. The main conclusions were as follows:

CSH could reduce the dosage of admixture by 47%, significantly shorten the final setting time of the paste, and has no significant impact on the initial setting time, so it would not affect the construction.

CSH significantly improved the early strength of fly ash concrete within 12 h of hydration, with a range of more than 98% at 5% admixture, prompting the mold removal time to be advanced by 12 h.

The CSH shortened the hydration induction period of the paste, made the hydration exothermic peak appear earlier, the exothermic peak was more concentrated, and the peak intensity of the exothermic peak increased. This change was more evident with the increase in the content of CSH.

Through microscopic analysis and reaction modeling, CSH promoted the hydration reaction of cement, using its nucleation effect to lower the reaction’s nucleation barrier and promote more hydration products simultaneously.

CSH is one of the cement hydration products and does not introduce other harmful ions. It can be applied to precast components to significantly advance the mold removal time, promote cement hydration, increase strength early, and improve plant production efficiency.
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Table 1: Chemical compositions of cement and fly ash

Chemical compositions CaO S10,  ALO; Fe, O3 MgO SO; Na,O K,O TiO,

Cement Content (wt%) 63.56 19.17 4.75 4.32 222 338 043 1.28  0.36
Fly ash 4.45 5446 21770  8.85 148 159 1.03 3.85 1.60
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Table 2: Mix proportion of single concrete (kg/m”)

Mix ID  Cement  Fly ash Sand  Gravel @ Water  VIVID-300  VIVID-651 W/B

CSHO 293 158 762 1052 162 0 7.49 0.36
CSHI 293 158 762 1052 162 1% 6.00
CSH3 293 158 762 1052 162 3% 548
CSHS 293 158 762 1052 162 5% 4.51

CSH7 293 158 762 1052 162 7% 4.01






OEBPS/Images/jrm-logo.png





OEBPS/Images/copy.png





OEBPS/Images/JRM_27592-fig-8b.png
EHT= 3.00kV i EHT= 3.00kV Signal A= SE2 Date: 9 Aug 2022
WD= 55mm . WD = 55 mm Mag= 10.00KX

Signal A= SE2 EHT= 3.00kV.
Mag= 200KX wo= 52mm Mag= 1000KX






OEBPS/Images/JRM_27592-fig-6.png
Transmittance (%)

—— CSHO

1300

1200

1100 1000 900 800 700

Wavenumer (cm™)

600

500

400

(b)

Transmittance (%)

970,
968

969
1 1 1 I

1300

1200

1100

1000 900 800 700

Wavenumer (cm™)

600

500

400





OEBPS/Images/JRM_27592-fig-4.png
1l

(=3 (= (= (= (=) =] (=
o w <t [Sg] N —

=2 (edIN) YSuans aarssardwo))

N

24h

12h

8h

’e] (=} Is] (=} v
o™ N — —

(=3

o
= (edIN) PSuamns daIssaidwo))
p——a

0

Age

Age





OEBPS/Images/JRM_27592-fig-2.png





