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Abstract:



In this work, we found that by controlling the size of the graphene oxide nanosheets (GON) at 5–140 nm, 5–260 nm and 5–410 nm, respectively, we could prepare regular shaped cement hydration crystals with the shape of nano-needle-like, flower-like, and polyhedron-like crystals, respectively. Together, these crystals formed an ordered structure of cement composites on both the micro and macro levels, and the compressive and flexural strengths of the cement composites obviously increased when compared to the control samples. Our results indicated that the smallest structural unit of regular crystals was the nano-polyhedron-like crystals, which consisted of AFt, AFm, CH, and crystallization C–S–H, and could assemble into regular needle-like crystals, flower-like crystals, and polyhedron-like crystals, as well as an ordered structure on the micro and macro levels. Most of the C-S-H was transferred into a monoclinic system crystals and the remainder played the role of an adhesive in the forming process of regular crystals and structure. The cracks and holes in the cement composites disappeared by the self-repairing effect of the growing hydration crystal. The results indicate that ordered structural cement composites with defect-free structures and high strength can be prepared using GON with a suitable size range.
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1. Introduction


Currently, the main problem with cement composites is that cement hydration products always have various and irregular shapes [1,2,3], resulting in the formation of a disordered structure with many cracks and holes, a deterioration of their performance, and a reduction of their durability [4,5,6,7,8]. The cement mainly consists of tricalcium silicate (C3S, 3CaO·SiO2), dicalcium silicate (C2S, 2CaO·SiO2), tricalcium aluminate (C3A, 3CaO·Al2O3), tetracalciumaluminoferrite (C4AF, 4CaO·Al2O3·Fe2O3), and gypsum (CaSO4·2H2O). Cement can carry out complex hydration reactions with water, and produce complex products such as ettringite (AFt, 3CaO·Al2O3·3CaSO·32H2O), monosulfate (AFm, 3CaO·Al2O3·CaSO4·12H2O), calcium hydroxide (CH, Ca(OH)2), and calcium silicate hydrate (C–S–H, 3CaO·2SiO2·3H2O) [9,10,11,12]. Together, the cement hydration products construct the cement matrix, and their shape and aggregation has a significant influence on the performance of the cement composites. In general, the proportion of AFt, AFm, CH, and C–S–H in cement hydration products is approximately 7–12%, 2–4%, 20–30%, and 50–70%, respectively [13]. These cement hydration products have various shapes and randomly agglomerate. AFt, AFm, and CH are usually crystals and may exhibit needle-like, hexagonal cylinder, polyhedron-like, rod-like, sheet, and other structures. C–S–H was always thought to be an amorphous solid, but was found to have short fibrous sheets and dendritic fibrous products [13]. Therefore, the ability to control the formation of regular cement hydration products can solve these existing problems. In previous studies, we found that graphene oxide nanosheets (GON) [14,15,16] with special chemical groups could regulate the cement hydration products to form nano-needle-like, flower-like, and polyhedron-like crystals, which obviously improved the strength and toughness of the corresponding cement composites [17,18,19,20]. However, we also found that GON were difficult to mix evenly with the cement paste. Thus, it was difficult to form large-scale regular structures in the whole cement composite, which is essential for practical engineering applications of GON. In this paper, we show that large-scale ordered structural cement composites consisting of regular nano-needle-like, flower-like and polyhedron-like cement hydration crystals can be prepared by selecting GON with an appropriate size. Moreover, the formation process of regular cement hydration crystals and their ordered structures was elucidated based on the experimental results. We also demonstrate that cement composites with regular structures display a striking improvement in strength and toughness.




2. Materials and Methods


2.1. Preparation of Graphene Oxide Nanosheets (GON)


A three-necked flask was placed in an ice bath (5 °C), and 3 g of powdered graphite, 60 g of concentrated H2SO4, and 3 g of NaNO3 were added and mixed well. Next, 12 g of KMnO4 was slowly added to the contents of the flask over 15 min with stirring. The reaction temperature was kept at 5 °C for 1 h, then increased to 35 °C for 6 h. 200 mL of deionized water was added to the flask and heated to 70 °C, following which, 30 g of H2O2 was dripped into the flask over 30 min. The final product was purified by centrifugation, precipitation, and washing repeatedly with deionized water until the washing water had a pH of 7.0. The centrifugal pipe size was 100 mL × 4, the centrifugal rotational speed was 10,000 rpm, and the centrifugal time was 5 min. The aqueous graphite oxide was further treated with 1800 W ultrasonic for 50 min, 70min, and 90 min, respectively, to prepare the GON with different sizes for cement composites.




2.2. Preparation of Cement Composites


The cement composites were prepared by mixing Portland cement (P.O 42.5), standard sand, water, polycarbonate superplasticizer (PCs), and GON. The weight ratio of cement, sand, water, PCs and GON was 100:300:35:0.2:0.03. The test sample size was 40 mm × 40 mm × 160 mm.



The preparation procedure was as follows. Water, PCs and GON were mixed and then ultrasonically treated for 30 min to prepare the GON/PCs composites. Then GON/PCs composites were mixed with cement and sand under stirring for preparing cement composites. The cement composites were poured into a mold for preparing samples. After 24 h, the samples were removed from the mold and cured in water at 20 °C until testing. The cement composites without GON were named as Sample-0, and the cement composites doped GON with the size ranges of 5–140 nm, 5–260 nm, and 5–410 nm were named Sample-1, Sample-2, and Sample-3, respectively.




2.3. Test Methods


The chemical structure in GON were measured by Fourier-transform infrared spectroscopy (FTIR; EQUINOX-55, Bruker, Ettlingen, Germany), and X-ray photoelectron spectroscopy (XPS; XSAM 800, Kratos, Manchester, UK). The surface morphologies of GON were examined by atomic force microscopy (AFM; SPI3800N/SPA400, Seiko, Osaka, Japan), and laser particle analyzer (LPA, NANO-ZS90, Zetasizer, Worcestershire, UK). X-ray diffraction (XRD; D/max2200PC, Rigaku, Osaka, Japan) used to examine the crystal phase structure in cement composites. The morphologies of the cement composites were determined by scanning electron microscope (SEM; S-4800, Hitachi, Tokyo, Japan). The composite samples were fixed to an aluminium stub and dried under an infrared lamp for 30 min, and coated with gold by a sputtering process.



The flexural strength was determined using a concrete three-point flexural strength tester (DKZ-500, Jianyi Instrument and Machinery, Co., Wuxi, China) at a pressure increase rate of 0.25 MPa/s. Compressive strength was tested with a compressive strength tester (JES-300, Jianyi Instrument and Machinery, Co., Wuxi, China) at a pressure increase rate of 1 MPa/s.The pore structure of the cement matrix was tested using an automatic mercury porosimeter (AutoPoreIV 9500, Micromeritics Co., Norcross, GA, USA). The dry samples were weighed accurately, placed in an expansion joint and sealed, subjected to low pressure (0–30 MPa), and then reweighed, and further tested at high pressure (30–400 MPa).





3. Results and Discussion


3.1. Structural Characterization of GON


The structural characterizations of the GON are shown in Figure 1. Figure 1a shows the FTIR spectra of the GON and was used to confirm the chemical groups present in the GON. The results indicated that the GON contained hydroxyl groups (–OH, 3350 cm−1), carboxyl groups (COOH, 1740 cm−1), carbonyl groups (C=O, 1660 cm−1), and ether bonds (–C–O–C–, 1410, 1260, 1100, 1050 cm−1), which are not present on graphite. Figure 1b presents the XPS spectra of the GON and was used to determine the valence state of carbon, as well as the content of the chemical groups. The results indicated that the carbon bonds in the GON were C=C, C–OH/C–O–C, C=O, and COOH with contents of 3.49, 38.73, 46.40, and 11.38%, respectively. The size distribution of the GON in an aqueous solution is shown in Figure 1c, and the result indicates that the GON had size ranges between 5–140 nm, 5–260 nm, and 5–410 nm. Figure 1d shows an AFM image of the GON with a size range of 5–410 nm. The results indicate that the thickness of the GON was about 3.5 nm and had uneven surfaces.


Figure 1. Structure characterization of GON. (a) FTIR spectra; (b) XPS spectra; (c) The size distributions; and (d) AFM images.
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3.2.Microstructure Cement Composites


To determine the effect of the GON on cement composites, the microstructure of the cement composites without GON was investigated; the results are shown in Figure 2. The results show the SEM images of a cement matrix at 3, 7, and 28 days, respectively. The outstanding structural feature of the cement composites was the irregular microstructure and the existence of many cracks and large holes, as well as little needle-like and sheet-like crystals. Figure 2a,b show the microstructure at 3 days and 7 days, indicating that the cement hydration reaction was not fulfilled and that there existed many small hydration crystals and large holes. Figure 2c–f show the microstructure at 28 days, indicating that the cement hydration reaction was nearly complete and produced many needle-like and sheet-like crystals, as well as many large cracks. The main reason was due to the small amount of hydration crystals and their uneven distribution in the cement matrix, resulting in the production of many large cracks and serious decreases in strength and durability.


Figure 2. SEM images of cement composites without GON. (a) 3 days; (b) 7 days; (c–f) 28 days. The weight ratio of cement/sand/water/PCs was 100:300:35:0.2.
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Figure 3 shows the microstructure of the cement composites doped with 0.03% of GON with a size range of 5–140 nm at 3, 7, and 28 days, named Sample-1. The images indicate that the cement hydration products were mostly regular nano-needle-like crystals and the microstructure was constructed through the crosslinking and agglomeration of nano-needle-like crystals. Figure 3a shows the microstructure at 3 days, and it was found that many regular nano-needle-like crystals had been produced which did not form acrosslinking structure. Figure 3b shows the microstructure at 7 days, indicating that the partial nano-needle-like crystals formed a compact structure by crosslinking and aggregation. Figure 3c–f show the microstructure at 28 days, indicating that the whole cement composite had formed a compact structure by interweaving of nano-needle-like crystals. The results confirm that the GON with a size range of 5–140 nm could control the formation of nano-needle-like crystals at an early stage, and then form a compact interweaving structure at a later stage of the curing process. The formation process exhibited self-assembly effects in the cement composites, which is beneficial for the formation of a compact and crosslinked network that produces a reinforced and toughened material.


Figure 3. SEM images of Sample-1. (a) 3 days; (b) 7 days; (c–f) 28 days. The weight ratio of cement/sand/water/PCs/GON was 100:300:35:0.2:0.03.
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Figure 4 shows the microstructure of the cement composites doped with 0.03% of GON with a size range of 5–260 nm cured for 3, 7, and 28 days, named Sample-2. A distinctive feature of the microstructure was that almost all the cement hydration products were controlled into rod-like crystals and assembled into flower-like patterns with GON. Figure 4a is the microstructure at 3 days, indicating many rod-like crystals were generated in the cement matrix and formed clusters of crystals with flower-like patterns, which could grow in the cement matrix. Figure 4b shows the aggregations of many flower-like crystals at 7 days, indicating that the crystals could grow with a tendency to form denser structures by the interweaving of nano-rod-like crystals. Figure 4c–f show several typical ordered structures of the cement composites under GON at 28 days, where the common structure feature was that the structure of cement composites was ordered with flower-like patterns and a completely compact microstructure was formed. The results indicated that GON with a size range of 5–260 nm could regulate the formation of flower-like crystals at an early stage from the interweaving network through crystal growth.


Figure 4. SEM images of Sample-2. (a) 3 days; (b) 7 days; and (c–f) 28 days. The weight ratio of cement/sand/water/PCs/GON was 100:300:35:0.2:0.03.
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Figure 5 shows the microstructure of cement composites doped with 0.03% GON with a size range of 5–410 nm at 3, 7, and 28 days, named Sample-3. The results indicated that the cement matrix was mostly composed of nano-polyhdedron-like crystals. Figure 5a presents the microstructure of the cement composites at 3 days, showing that the cement matrix was mostly composed of nano-polyhedron-like crystals. Figure 5b shows the microstructure at 7 days, indicating that the cement matrix consisted of clusters of nano-polyhedron-like crystals. Figure 5c–f show the microstructure at 28 days, indicating that the cement composite formed perfect structures by the aggregation and crosslinking of the nano-polyhedron-like crystals. The results confirm that the GON with a size range of 5–410 nm could control the cement hydration products to form large-volume polyhedron-like crystals.


Figure 5. SEM images of Sample-3. (a) 3 days; (b) 7 days; and (c–f) 28 days. The weight ratio of cement/sand/water/PCs/GON was 100:300:35:0.2:0.03.
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3.3. XRD Patterns Analysis and Compressive/Flexural Strengths of Cement Composites


Figure 6 shows the XRD patterns of the cement composites, indicating that there are many locations of crystalline peaks in the cement composites. Figure 6a shows the XRD pattern of cement composites without GON, indicating that the cement hydration crystals have an incomplete crystal phase structure. In particular, the C–S–H has a low crystalline structure, suggesting that it is almost all amorphous solid. Figure 6b shows the XRD pattern of cement composites with GON (Sample-3), indicating clearly that the crystal peaks are higher in comparison to Figure 6a. The results suggest that the cement hydration crystals have a complete crystal phase structure, and it was found that many crystalline peaks of C–S–H belong to monoclinic system crystals. The results suggest that C–S–H was transferred into regular crystals under the control of GON. Meanwhile, the XRD patterns of Sample-1 and Sample-2 were investigated and found to exhibit the same crystal phase as that in Figure 6b. Figure 6c shows the XRD patterns of Samples 0–3 in the same figure for comparison analysis. The results indicate that the crystalline peaks obviously increased from Sample-0 to -1, -2 and -3. The results suggest that the GON could not only control cement hydration to form regular crystals, but also could improve the degree of crystallization and make the whole cement matrix form a large-scale ordered structure. Importantly, most of C–S–H may be changed into regular crystals such as monoclinic system crystals, which together form regular crystals and an ordered structure. The remainder amorphous C–S–H acts as an adhesive, which can help form large-volume hydration crystals and ordered structure. Meanwhile, the results indicated that GON with the size range of 5–410 nm had stronger crystallization capacity when compared with GON with the size ranges of 5–140 nm and 5–260 nm. The cement composites doped with GON with the size range of 5–410 nm had perfect crystal structure.


Figure 6. (a) XRD patterns of Sample-0 at 28 days; (b) XRD pattern of Sample-3 at 28 days; (c) XRD patterns of Sample 0–3 at 28 days.
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Figure 7a shows the compressive strength of the cement composites at 28 days. The compressive strength of Sample-0, -1, -2, and -3 was 53.2, 84.4, 91.2, and 94.5 MPa, respectively. Compared with Sample-0, the increase ratio of Sample-1, -2, and -3 was 58.6%, 71.4%, and 77.6%, respectively. These results suggest that a cement composites with regular structure had an obvious reinforcing effect. Figure 7b is the flexural strength of the cement composites, indicating that the flexural strength of Sample-0, -1, -2, and -3 was 8.7, 15.3, 15.9, and 16.3 MPa, respectively. The increase ratio of flexural strength of the cement composites of Sample-1, -2, and -3 was 80.4%, 82.6%, and 88.5%, respectively. These results suggest that a regular microstructure had an obvious increased effect on flexural strength, and the increase ratio of flexural strength was greater than that of compressive strength. The results hint that the addition of GON in cement composites is very conducive to compressive and flexural strengths.


Figure 7. Strength and pore structure of Sample 0–3 at 28 days. (a) Compressive strengths; (b) Flexural strengths; and (c) Pore size distribution.
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The pore structure of the cement composites was also investigated, and the results are shown in Figure 7c and Table 1. The results indicate the size range of GON has an important effect on the pore structure of the cement composites. The total pore area, pore size range, and average pore diameter of Sample-1, -2, and -3 are small compared with Sample-0, and the results indicate that the cement composites doped with GON have smaller average diameters compared with the cement composites without GON. The small size range of GON has a stronger capacity to decrease the pore diameter than the large size range of GON. The results suggest that GON, especially that with a large size, had significant impact on the shape and structure of the cement hydration crystals. One reason for this may be that a microstructure consisting of polyhedron-like and flower-like crystals has high compactness in comparison to needle-like crystals. The results indicated that GON with a large size can promote the formation of a regular microstructure with fewer cracks and holes. This explanation appears to be supported by the pore structure results and SEM images of the above mentioned cement composites.



Table 1. Pore structure of the cement composites doped with GO at 28 days.







	
Samples

	
PDD (nm)

	
TPT (m2/g)

	
MPD (nm)

	
APD (nm)

	
AD (g/cm3)

	
Porosity (%)






	
Sample-0

	
20–800

	
21.12

	
226.55

	
180.51

	
2.4461

	
23.52




	
Sample-1

	
20–300

	
13.27

	
50.64

	
94.34

	
2.4623

	
12.83




	
Sample-2

	
10–150

	
9.46

	
32.42

	
42.35

	
2.4899

	
11.67




	
Sample-3

	
10–80

	
8.68

	
21.35

	
23.54

	
2.5311

	
10.54








PDD: pore diameter distribution; TPA: total pore area; MPD: mean pore diameter; APD: average pore diameter; AD: apparent density.









3.4. Formation Mechanism of Cement Hydration Products


In the study, we uncovered some interesting SEM images regarding cement hydration crystals that may help us understand the formation mechanism of cement hydration crystals under the control of GON. Figure 8a–c display the change process of the nano-needle-like crystals, indicating that the needle-like crystals can be assembled into flower-like crystals and polyhedron-like crystals. Figure 8d–f show another forming process of flower-like crystals, indicating that the large-volume flower-like crystals consisted mainly of smaller nano-polyhedron-like crystals. Figure 8g–i indicate the forming mechanism of large-volume polyhedron-like crystals, demonstrating that the nano polyhedron-like crystals can be assembled into large-volume polyhedron-like crystals. These results also indicate that the needle-like, flower-like and polyhedron-like crystals could transfrom each other by interweaving and assembly effects resulting in forming ordered structural cement composites in micro and macro level. Therefore, the formation mechanism was proposed in which GON plays a template effect to promote cement hydration to form as many needle-like and polyhedron-like crystals as possible, controlled by the size range of the GON. The small size of GON mainly controlled the cement hydration products to form nano-needle-like crystals and further developed a crosslinked network structure. The large size of GON mainly regulated the cement hydration products to form nano-polyhedron-like crystals and further produced large-volume flower-like and polyhedron-like crystals. The nano-needle-like and nano-polyhedron-like crystals, which consisted of AFt, AFm, CH and C–S–H, were considered the construction units forming the ordered structure on the macro and micro levels. The regular cement hydration crystals produced at the initial hydration stage were further developed and inevitably resulted in the formation of regular structures by symbiosis, crosslinking, and interweaving. This process eventually formed regular cement hydration crystals and an ordered structure in whole cement composites.


Figure 8. SEM images of cement composites doped with GON at 3days. (a–c) Nano-needle-likecrystals; (d–f) Flower-like crystals; (g–i) Polyhedron-like crystals.
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4. Conclusions


GON can be used to control cement hydration products into regular nano-needle-likecrystals by doping with GON in the size range of 5–140 nm, and nano-polyhedron-like crystals by doping with GON in the size ranges of 5–260 nm and 5–410 nm, respectively. These regular crystals can build an ordered microstructure through their symbiosis, crosslinking and interweaving, which is beneficial to the formation of an ordered structure with flower-like and polyhedron-like patterns to improve the compressive and flexural strengths of the cement composite.



The research results discovered that the smallest structure unit of regular crystals was nano-polyhedron-like crystals, which consisted of AFt, AFm, CH, and C–S–H, and could be assembled into regular needle-like crystals, flower-like crystals, and polyhedron-like crystals as well as an ordered structure on both the micro and macro levels. Most of C–S–H was transferred into regular crystals with monoclinic system crystals and the remainder acts as an adhesive in the formation process of regular crystals and structure. The cement hydration crystals were easier to grow in cracks and holes of the cement composites and had a tendency to form defect-free structures. The ordered structure is a kind of interpenetrating network by crosslinking, interweaveing and symbiosis of needle-like, flower-like, and polyhedron-like crystals. The results show a great potential application in cement engineering.
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