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Abstract: Graphene oxide (GO) as a new nano-enhancer in cement-based materials has gained wide attention. However, GO is easy to aggregate in alkaline cement mortar with poor dispersibility. This hinders its application in practical infrastructure construction. In this work, GO-M18 polycarboxylate compound superplasticizer (GM) were obtained by compounding the M18 polycarboxylate superplasticizer with GO solution at different mass ratios. The dispersion of GM in alkaline solution was systematically studied. The phases and functional groups of GM were characterized by XRD and FTIR. The effects of GM on the cement mortar hydration and the formation of microstructure were investigated by measuring the heat of hydration, MIP, TG/DSC, and SEM. The results show that the long-chain structure of the M18 polycarboxylate superplasticizer can increase the interlayer spacing of GO and weaken the force between GO sheets. The modified GO can be uniformly dispersed in the cement slurry. GM can accelerate the early hydration process of cement, which can increase the content of Ca(OH)2 and decrease the grain size. It can optimize the pore size distribution of cement-based materials, increase the density of harmless and less harmful pores, thereby improving mechanical properties. Such methods can transform traditional cement-based materials into stronger, more durable composites, which prolong the life of cement-based materials and reduce the amount of cement used for later maintenance. This provides an idea for achieving sustainability goals in civil engineering.
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1  Introduction

Concrete is an artificial stone formed by mixing, molding, hardening, and curing. It contains cement as the main cementing material, which is mixed with sand and gravel, in addition to mineral admixtures, water, and additives. But typical concrete is a brittle material with poor crack resistance, low tensile strength, and strain capacity. In the course of long-term service, the serviceability of concrete is greatly reduced by temperature, humidity, various salts, water, and loads. With the continuous progress of modern materials science and technology, the rapid development and breakthrough of nanomaterials provide an effective approach to improve the working properties of cement-based materials at the microscopic scale [1,2]. Nanomaterials modified cementitious materials can effectively improve the mechanical strength and durability performance in harsh environments, transforming traditional cementitious materials into stronger, smarter and more durable composite materials [3,4]. In addition, it helps to limit the leaching of calcium hydroxide (Ca(OH)2), which is responsible for most of the deterioration of concrete. This prolongs the service life of concrete, decreases service and maintenance costs, and effectively reduces the amount of cement used within a certain period of time [5,6]. Therefore, it can reduce the energy consumption and CO2 emissions in the cement production process, which can help protect the environment and thus promote the sustainable development of the global construction industry.

Nanomaterials offer a considerable impact on the performance of cementitious materials. Firstly, their smaller particle size can fill the voids inside the cement, which can enhance the density of the cement with improved strength [7]. Secondly, nanomaterials have high specific surface energy and high chemical activity, which can influence the hydration process of cement. Nanomaterials, such as nano-alumina and nano-silica, can undergo a secondary hydration reaction with calcium hydroxide (Ca(OH)2) formed in the cement hydration, which generates a dense calcium silicate hydrated (C–S–H) gel that improves the strength of cement-based materials [8,9]. Finally, nanomaterials have many active bonds on their surfaces and can help to facilitate crystal nucleation. During the hydration of the cement, the hydration products are generated around the nuclei on the surface of nanomaterials, turning the originally loose C–S–H gel into a denser network structure. Graphene oxide (GO) is a lamellar nanomaterial with a large specific surface area and abundant functional groups, such as hydroxyl (–OH), carboxyl (–COOH), epoxy (–C–O–C–), etc. It not only weakens the van der Waals forces between the graphene sheets with the increased electrostatic repulsion to enable stable dispersion in water but also promotes interaction with other media through the chemical activity of GO [10,11]. The data shows that GO provides additional dimensions to cement and cement-based materials, which can substantially improve the potential of optimizing the microstructure and improving the macroscopic properties of the cement-based composites [12,13]. The development of GO as a nano-reinforcer to modify the properties of cementitious materials has become a new research hotspot [14–16].

GO is easily agglomerated in alkaline cement slurry and is difficult to disperse. When the GO dosing reaches a certain ratio, the uneven dispersion of the GO nanosheets in the cement slurry can cause a series of problems, such as microcracks, local defects, and increased pore structure, which leads to a decrease in the strength and workability of cement [17–19]. Therefore, it is important to develop homogeneously dispersed GO additives in cement-based materials. Many physicochemical methods have been used to disperse nano-materials, such as mechanical sonication, the addition of surfactants, and chemical functionalization [20,21]. Among them, ultrasonic dispersion is the most commonly used method, which can improve the GO dispersion to some extent. However, the ultrasonic process may disrupt the GO molecular structure and make smaller GO nanosheets. On the other hand, the direct addition of surfactant is a convenient and effective method to disperse GO in cement slurry solution. Yavari et al. [22] modified the graphene oxide surface with γ-MPS silane and significantly improved the dispersion of the modified graphene oxide in the resin. Modified graphene oxide was also used to improve the stability of cobalt complexes and reduce the activation energy in the redox decomposition region in the matrix. Zhang et al. [23] used KH550 to modify graphene oxide and found an optimal modification temperature of 60°C. Pooneh et al. [24] modified GO with 3-propyl isocyanate (TEPIC) to activate the surface functional groups of GO by improving the interfacial interaction between GO and polymer chains.

As a concrete water reducing agent, polycarboxylate superplasticizer is a typical polymeric surfactant. Its molecular chain contains –COOH, –SO3H, –OH, polyoxyalkenyl links (–PEO–PPO), and –COO– and other reactive functional groups. These functional groups can provide anchoring, solubilization, electrostatic repulsion, and spatial site resistance repulsion, which involve strong adsorption and dispersion to the cement particles [25]. It has infinite structure and performance design space. Various polycarboxylate superplasticizers can be produced with different properties and characteristics by changing the types, proportions, and reaction conditions of polymerized monomers [26]. Compared with other water-reducing agents, a polycarboxylate superplasticizer with good dispersion requires a lower dosage but offers a higher water reduction rate. Adding to concrete can reduce the slump loss with good volume stability and suitable different types of cement. Therefore, polycarboxylate superplasticizer has become one of the most used and actively researched water-reducing agents in domestic and international projects.

To make GO uniformly and stably diffused in the cement slurry solution, the excellent properties of GO are fully utilized. In this study, the thermally blending method was used to innovatively compound GO with M18 polycarboxylate superplasticizer at different mass ratio to obtain GO-M18 polycarboxylate compound superplasticizer (GM). GO nanoparticles were successfully dispersed in cement matrix by direct polymerization of GO with polycarboxylate superplasticizer. This method reduces the additional dispersant carrier and operation process, and improves the possibility of GO application in practical engineering. Furthermore, the effect of the GO content in GM compounds on the workability, hydration properties, pore structure, mechanical properties of cement, and the associated mechanism were investigated.

2  Materials and Methods

2.1 Materials

In this experiment, the solution concentration of graphene oxide (GO) was 7.5 g/L, provided by the School of Chemical Engineering, Nanjing University of Technology. The thickness of GO sheet layer is 0.8 nm. The polycarboxylate superplasticizer used in the compounding is M18 polycarboxylate superplasticizer (M18) provided by China Railway Aolite. It is a light yellow liquid with a solid content of 49.85%. Its transmission electron micrograph (TEM) is shown in Fig. 1, where GO is distributed in layers and there are multiple overlapping layers. The cement meets the requirements of PII 52.5N, which is made by Jiangnan Onoda Cement Company Limited (Nanjing, China). Table 1 illustrates the chemical composition of cement by XRF testing. The sand used in the experiment is ISO standard sand produced by Xiamen ISO standard sand Co., Ltd. (China), which meets the requirements of GB/T 17671–1999. The apparent density of sand is 2650 kg/m3, the bulk density is 1810 kg/m3, and the particle size range is 0.5–1.0 mm.
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Figure 1: TEM diagram of GO
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2.2 Methods

2.2.1 Preparation of GM Compound Superplasticizer

As shown in Table 2, the GM polycarboxylate compound superplasticizer was prepared by weighing M18 polycarboxylate superplasticizer and GO solutions in the mass ratio of 100:40 (GM-1), 100:80 (GM-2) and 100:100 (GM-3), respectively. Then, the M18 and GO solution were added to the three-necked flask, heated to 45°C in a water bath, and stirred continuously for 8 h with a mixer at a rate of 500 r/min. After cooling, the GM polycarboxylate compound superplasticizer was obtained.
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2.2.2 Preparation of Cement Mortar

In this study, M18/cement (M18-0) cement mortar samples and GM/cement (denoted GM-1, GM-2, and GM-3, respectively) cement mortar samples were prepared. The water/cement is 29:100 (w/c = 0.29). The GM solid content was 0.1% of the cement mass (the solid content of M18-0, GM-1, GM-2 and GM-3 were 49.85%, 36.23%, 28.24% and 25.65%, respectively). The GM compound superplasticizer was first mixed with water and added to the mixing pot after 0.5 h of ultrasonic dispersion. To prepare the cement mixture, a JJ-5 planetary mixer was used. After the initial low speed mixing for 2 min, the mixing was paused for the 30 s followed by high speed mixing for 2 min. The sample was formed by vibration forming on a vibration table. After settling for 24 h, the sample was taken out from the mold. A series of tests were conducted after curing for 3, 7, and 28 d in a standard curing room (20°C/RH ≥ 95%).

2.2.3 Characterization

The chemical structures of the GM complexes were characterized by FTIR using the KBr tablet approach, where freeze-dried GM complexes and KBr powder were ground into a powdered mixture before being pressed into a disc. The phase composition of GM complex powder specimens was determined by the XRD. The main peak of Ca(OH)2 [0 0 1] crystalline surface is near 18°(2θ), and the information of the characteristic peak of Ca(OH)2 [0 0 1] crystalline surface is analyzed by Jade software, and then the grain size is calculated according to Scherrer formula:


D=KλBcos⁡θ
(1)

where D is the grain size (nm); K = 0.89, which is the Scherrer constant; λ is the wavelength of the X-ray, λ = 0.155 nm; B is the half-peak width of the diffraction peak (rad); and θ is the Bragg diffraction angle (rad).

A Saturated Ca(OH)2 solution was chosen to simulate the alkaline environment in the cement slurry to observe the dispersion of the modified GO [27,28]. The blank sample was formed with 0.08 g of GO solution and 30 g of saturated Ca(OH)2 solution without the addition of a modifier. For the experimental sample, 0.45 g GM-2 complex solution was added to 35 g saturated Ca(OH)2 solution. The mixture was stirred and left to stand. The dispersive observation test was carried out after mixing GO and GM in the saturated Ca(OH)2 solution for 0.5 h. The fluidity of cement mortar was measured based on the Chinese national standard GB/T 8077-2000 “Test method for homogeneity of concrete admixtures”. The truncated cone die used for the test has an upper opening diameter of 36 mm, a lower opening diameter of 60 mm, and a height of 60 mm. The setting time of neat cement slurry at the same water consumption was tested by a Vicat apparatus. When the test needle sinks to 4 mm from the bottom plate, it is the initial setting time. When the test needle sinks into 0.5 mm, and the trace formed by the ring attachment disappeared, the final setting time is recorded. The mechanical properties of the four groups of specimens at 3 and 28 d were tested with a strength testing machine. The specific test procedure follows the Chinese national standard GB/T 17671-1999 “Test method of cemented sand strength”. The early hydration rate and cumulative heat release of cement samples were measured by an eight-channel TAM air isothermal calorimeter using internal mixing method. The test sample contains 4 g cement and 1.8 g water (w/c = 0.45). The sample testing time is 72 h and the temperature is 20°C. TG/DSC was used to investigate the hydration products and the degree of hydration. After drying at 50°C for 24 h, the samples were pulverized and ground into powder. During the test, the temperature was heated from 20°C to 1200°C at a rate of 10 °C/min. The heating process was protected by nitrogen. The following equation was used to calculate the Ca(OH)2 content after the completion of the test and was used to calculate the hydration rate of cement [29,30]:


Ca(OH)2⟶400∘−500∘CCaO+H2O↑
(2)


CaCO3⟶680∘−740∘CCaO+CO2↑
(3)


mCa(OH)2(%)=MCa(OH)2×mH2OMH2O+MCa(OH)2×mCO2MCO2
(4)

In the above equation, 
mH2O
and 
mCO2
represent the mass loss of Ca(OH)2 and CaCO3 when decomposed by heating, respectively, in percentage. 
MCa(OH)2
, 
MH2O
and 
MCO2
are the molecular weights of Ca(OH)2, H2O and CO2, respectively.

The mercury intrusion porosimetry (MIP) and scanning electron microscope (SEM) were used for characterizing the microscopic pore structure of the cement specimen. After curing the samples for 3 and 28 d, the hardened cement samples were crushed to 3–5 mm. The samples were soaked in anhydrous ethanol for 24 h to terminate the hydration followed by drying in a blast drying oven at 50°C for 24 h. The microstructure of the samples was visualized by using an SEM. The cement specimens were processed into thin sheets and dried for microscopic morphological analysis. To enhance the electrical conductivity, a conductive carbon tape was used to attach the specimen to the sample holder, which was coated with a gold film using the magnetron sputtering method.

3  Results and Discussion

3.1 Chemical Structure Characterization of GM Compound Superplasticizer

Fig. 2 shows the FTIR spectra of GO, M18-0 and GM-2. The spectrum shows that there are many active functional groups on the surface of GO. For example, the two diffraction peaks at 3440 and 1640 cm−1 are the absorption peak of –OH and the stretching vibration peak of C=C, the stretching vibration peak of C=O and the vibrational absorption peaks of C–O–C correspond to the diffraction peaks at 1720 and 1110 cm−1, respectively. The existence of these reactive functional groups provides a prerequisite for the coupling of GO and polycarboxylate superplasticizer. After compounding with the M18 polycarboxylate superplasticizer, the peaks associated with GM-2 remained the same, but the peaks related to –CH3 (2886 cm−1) and C–O–C (1342 cm−1, 1110 cm−1) became stronger. This suggests that the coupling of GO and M18 polycarboxylate superplasticizer did not change the main functional group species, and the interactions between the functional groups were mainly the hydrogen bonds as the intermolecular forces.
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Figure 2: FTIR spectra of GO, M18-0 and GM-2

The XRD diffraction patterns of GO, M18-0 and GM-2 components are shown in Fig. 3. The GO particles were present as nanosheets with a characteristic diffraction peak near 11.3°. However, this peak was not observed from the GM-2 sample. This indicates that the GO lamellae were peeled off or disordered after the M18 polycarboxylate superplasticizer was compounded with GO. This is due to that during the drying process, the long side chains of the M18 polycarboxylate superplasticizer prevented the GO from approaching each other to form the order structure, resulting in the disordered stacking of uniformly dispersed GO lamellae.
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Figure 3: XRD patterns of GO, M18-0 and GM-2

3.2 Dispersibility of GM Compound Superplasticizer

Fig. 4a shows the dispersion of GO in water, Figs. 4b and 4c show the dispersion of GO, GM-2 in saturated Ca(OH)2 solution. Due to the presence of functional groups containing oxygen, such as –OH, –COOH, C–O–C, and –SO3H on the surface of GO, it has good hydrophilicity, which is essential for good dispersion in aqueous solutions. Adding drops of GO aqueous solution to the saturated Ca(OH)2 solution immediately caused agglomeration, which resulted in precipitation and stratification when left to stand [31]. This is due to the high pH value of the saturated Ca(OH)2 solutions caused fast deprotonating of the –COOH forming more –COO–. The large amounts of Ca2+ coupled with the –COO– on the individual GO sheet to form the –COO–Ca2+–COO–, leading to the self-agglomeration of GO sheets. More importantly, the –COO– between two GO lamellae can also be coupled by Ca2+ bridging to form the –COO–Ca2+–COO–, contributing to the mutual agglomeration between the GO lamellae [32]. This interlamellar complexation continuously extended, causing GO to agglomerate in the cement slurry solution. This is the main reason for the precipitation and delamination of GO. The agglomerated GO was unevenly dispersed in the cement mortar, which tends to form defects and weak areas in the cement matrix. This weakens the performance of cementitious materials. After the co-blending modification, the spatial site-blocking effect of the long side chains of M18 polycarboxylate superplasticizer hinders the agglomeration between the GO layers. GM-2 can be uniformly dispersed in the saturated Ca(OH)2 solution.
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Figure 4: Changes in dispersion of GO/GM: (a) GO+H2O; (b) GO + saturated Ca(OH)2 solution; (c) GM+ saturated Ca(OH)2 solution

3.3 Effect of GM on the Working Performance of Cementitious Materials

The fluidity, initial setting time, and final setting time of cement slurry for the M18-0 group and GM experiment groups are given in Table 3. Compared with the M18-0 group, the fluidity values of GM-1, GM-2 and GM-3 were reduced by 34, 50, and 59 mm, respectively. The corresponding initial setting time was reduced by 9, 24, and 32 min, while the final setting time was reduced by 17, 26, and 38 min, respectively. This is because not only the GO surface contains a large number of active hydrophilic groups, such as –OH, –COOH and C–O–C, and GO itself, but also GO itself has the ultra-micro-size effect of nanomaterials. The GO has an extremely large specific surface area, capable of adsorbing a large amount of water [33]. After GO was compounded with M18 polycarboxylate superplasticizer, it can be uniformly dispersed in water, which reduces the quantity of free water and increases the friction between cement particles. The fluidity of GM was reduced, and with the increase of GO content, the fluidity decreased more. The shortening of the setting time indicates that GO promotes cement hydration.

[image: images]

3.4 Effect of GM on the Hydration Characteristics of Cement-Based Materials

3.4.1 Heat of Hydration

Fig. 5 shows the hydration heat release rate and cumulative heat release curve of cement. The behavior of hydration rate of each group is similar to that of ordinary silicates, which can be classified into five phases: (I) pre-induction; (II) induction; (III) acceleration; (IV) deceleration; and (V) stabilization [34]. The measured rate shows that the exothermic hydration in the GM component is significantly faster than that in the M18-0 group, with the fastest hydration rate was observed from the GM-1. For the heat release cumulated for 72 h, the GM-1 and GM-2 groups had higher values than that of the M18-0 group, while the GM-3 group had the lowest heat release. In the pre-hydration induction phase, the cement clinker dissolved. With the C3A being the first to hydrate, ettringite (AFt) was rapidly formed and the first exothermic peak occurred. Since the GO in GM compound superplasticizer can be uniformly dispersed in the cement, resulting in the reduction of free water and delaying the hydration reaction. This, the exothermic peak of the GM component was delayed. With the increase of the GO content, the delaying becomes more significant. Meanwhile, the –COO– functional groups on the GO binds with Ca2+, which reduces the free Ca2+ in the cement mortar with an accelerated C3S reaction. Hence, the exothermic peak from the GM component is higher than that from the M18-0 group. However, when the GO dosing is too high, the excessive water adsorbed by GO also hinders the exothermic hydration reaction of the cement. Thus, the exothermic peak from the GM-3 group is lower than that from the GM-1 and GM-2 groups. During the accelerated and decelerated phases of cement hydration, the reaction process is accelerated and C3S undergoes rapid hydration to form the hydration products of C–S–H gel and Ca(OH)2 to establish a second exothermic peak. The reason is that as a nanomaterial, The high specific surface area and rich active functional groups of GO can effectively reduce the nucleation potential, provide nucleation sites for the hydration products and facilitate the crystallization and precipitation of Ca(OH)2. It speeds up the hydration of the cement clinker and increases the early hydration heat release of the cement [35].
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Figure 5: The effect of GM on hydration heat of the cement. (a) The heat releases rate; (b) Cumulative heat releases

3.4.2 XRD

The effect of GM on the cement hydration was studied by comparing the differences in the types of hydration products and the Ca(OH)2 content in each group of specimens. XRD measurements were carried out on the cement slurry samples. Fig. 6 shows the XRD pattern of the GM-cement sample, while Fig. 7 shows the change of the crystallite size of the Ca(OH)2 along the [0 0 1] crystal plane. From Fig. 6, the GM did not change the composition of the physical phase of the specimen without new diffraction peaks. It means that GM does not directly participate in the hydration reaction of cement to form new hydration products. By analyzing the crystallite size of the hydration product of the Ca(OH)2, it was found that the crystallite size from the GM-1 and GM-2 groups was lower than that of the M18-0 sample. This is because the active functional group of –COO– on the GO sheets acts as a nucleus center to bind the Ca2+ by forming the COO–Ca2+–COO– aggregates, which facilitates the nucleation of Ca(OH)2 crystals. However, GO does not directly act as one of the cement hydration reactants and ultimately does not change the Ca(OH)2 content, so the Ca(OH)2 grain size is reduced, and this effect is more pronounced after 3 d aging.
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Figure 6: XRD spectra of GM/cement hardened slurry: (a) 3 d; (b) 28 d
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Figure 7: Effect of GM on the microcrystal size of the hydration product Ca(OH)2 [0 0 1]

3.4.3 TG-DSC

Fig. 8 shows the thermogravimetric curves of M18-0, GM-1, GM-2 and GM-3 samples after curing for 3 d and 28 d. According to the TG curve, three weight loss peaks appeared in each group of samples. The low-temperature peak between 50°C and 200°C is associated with the non-evaporative water in cement samples and the weak volatiles of bound water in AFt and C–S–H gel. The weight loss between 400°C~500°C corresponds to the thermal decomposition and dehydration of Ca(OH)2. The peak in the temperature range of 650°C~850°C is assigned to the thermal decomposition of calcium carbonate, which was produced by the carbonization during the long-term curing and preparation of cement samples [36]. Each component in the TG curve is similar to the weight loss features of ordinary Portland cement. This indicates that the incorporation of GM did not change the type of hydration products of the cement. GM-1, GM-2, and GM-3 had higher weight-loss rates in the first 3 d age with respect to the M18-0 sample, suggesting that GM promotes cement hydration in the early hydration stage. After 3 d of aging, the highest weight loss rate was achieved from the GM-2 sample, demonstrating that GM-2 had the highest hydration degree with the strongest hydration promotion effect on cement.
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Figure 8: TG/DSC curves of GM/cement: (a) 3 d and (b) 28 d

Fig. 9 shows the content of Ca(OH)2 calculated by TG curve and formula (4) for each component at 3 d and 28 d age. Compared to the M18-0 group, the Ca(OH)2 content of the GM component samples increased after 3 d of maintenance, by 1.23%, 2.56%, and 2.21% for GM-1, GM-2, and GM-3, respectively. This indicated that GM accelerates the early hydration of the cement and improves the hydration process. Since the effect of GO on Ca(OH)2 crystallization is mainly at the early stage of cement hydration, the Ca(OH)2 contents of the GM component samples and M18-0 sample are significantly different after curing for 3 d, which is consistent with the thermal analysis results for the hydration process. After 28 d of curing, the M18-0 group samples continued to hydrate represented by a larger increase in Ca(OH)2 content. However, for the GM group, the increase of Ca(OH)2 between 3 d and 28 d was insignificant due to the initial fast hydration promoted by the GO. At 28 d, the Ca(OH)2 content of the GM experimental group was similar to that of M18-0.
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Figure 9: Effect of GM on Ca(OH)2 content

3.5 Effect of GM on Pore Structure and Micromorphology of Cement Composites

The pore structure is an important part of the micromorphology of cement composites, which has an important influence on the working properties and durability of cement-based materials. Different pore sizes have a greater impact on the performance of cement. It has been suggested that pores can be classified into four classes: pores less than 20 nm in diameter are non-hazardous pores, in which water is bound to hydration products and cannot migrate. Pore sizes between 20 and 50 nm are less harmful pores, while between 50 and 200 nm, the pores are harmful, and pores larger than 200 nm are more harmful pores [37]. For large pores, the evaporation of free water leaves large cavities that can reduce the strength of the substrate [38,39]. MIP is a common method for characterizing the structure of porous materials. In this study, the change in pore size distribution and porosity of the cement at 3 d and 28 d of hydration was examined by MIP. Fig. 10 shows the pore structure parameters of the hardened cement slurry measured by MIP. After 3 d of aging, the total porosity of M18-0, GM-1, GM-2, and GM-3 was 16.29%, 16.01%, 15.90%, and 18.00%, respectively. GM-1 and GM-2 had the lowest porosity than that of the M18-0 group. GM-3 group had the highest content of GO, which led to a decrease in the fluidity of cement. The cement matrix was poorly formed and the residual air bubbles produced pores in the hardened cement slurry, resulting in a higher total porosity than the M18-0 group. After curing for 28 d, the total porosity of each component had little difference, but the harmless pores (<20 nm) and less harmful pores (20–50 nm) in the GM-1, GM-2, and GM-3 were higher than those in the M18-0 Group. This means that the GM has an optimizing effect on the pore structure. Cement dissolves immediately after contact with water. When the hydration reaction occurs, the volume of hydration products increases. They fill the voids between the cement particles which were initially occupied by free water. The promoted nucleation of the hydration products by GO can accelerate the hydration of the cement and increase the volume of the hydration products to fill more space. Fig. 11 shows the SEM pictures of the cement slurry after hardening and curing for 28 d. As seen from the SEM images, the microstructure of the M18-0 sample is mainly disordered and loosely packed containing large pores between crystals. The cement hydration crystals in the GM groups are much more compact with significantly reduced density of microscopic cavities due to the accelerated hydration by the addition of GO to form a dense hydration product. The reduced microporosity helps to hinder the crack expansion, which improves the strength and durability of the cement.
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Figure 10: Pore size distribution and porosity of GM/cement composites: (a) 3 d; (b) 28 d and (c) porosity
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Figure 11: SEM pictures of cement after curing at 28 d (a) M18-0; (b) GM-1; (c) GM-2 and (d) GM-3

3.6 Effect of GM on the Mechanical Properties of Cement-Based Materials

The results of the flexural and compressive strength tests of the cement mortar are displayed in Fig. 12. Compared to M18-0, the compressive and flexural strengths of the cement mortars in the GM-1 and GM-2 groups were increased. After 28 d, the compressive strength and the flexural strength of the GM-1 group were increased by 16.07% and 4.1%, respectively. Meanwhile, the compressive strength and the flexural strength of the GM-2 group were increased by 6.10% and 11.85%, respectively. The early strength of the GM-3 group is lower than that of M18-0. If the GO dose is too high, the cement strength was decreased. Since too much GO affected the flow of the cement, resulting in more air bubbles in the slurry, which is detrimental to the strength of the cement by the high density voids in the hardened cement slurry.
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Figure 12: The influence of GM on mechanical properties of the cement mortar. (a) Flexural strength; (b) Compressive strength

4  Conclusions

In this study, GM compound superplasticizer was obtained by thermally blending GO and M18 polycarboxylate superplasticizer. The effects of GM on cement hydration rate, hydration properties, type and content of hydration products, microscopic pore structure, and mechanical properties are investigated. The method in this paper provides an idea for the preparation of high performance concrete which promotes construction materials continued development. The result is as follows:

1.    The main forces between GO and M18 are hydrogen bonding and intermolecular forces. The long chain structure of M18 repels each other increasing the layer spacing of GO and weakening the force between GO sheets, thus enabling the GO sheets to be uniformly dispersed in the cement slurry.

2.    GM does not directly participate in the hydration reaction of cement and change the type of hydration products. But it can promote the early hydration process of cement and obviously affect the crystallization state of Ca(OH)2. GM increases the Ca(OH)2 content with a decreased grain size, in which GM-1 and GM-2 have a more obvious effect.

3.    GM can improve the micro pores of cement, refine the pore diameter and increase the proportion of harmless and less harmful pores. However, it affects the total porosity of cement to a lesser extent.

4.    GM improves the mechanical properties of the cement stone. After 28 d, the flexural strength of GM-1 and GM-2 groups increased by 4.10%, 11.85% and compressive strength increased by 16.07% and 6.10%, respectively, compared to the M18-0 group.
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Table 1: Chemical compositions of cement (wt.%)

Composition Percentage/%
Si0, 21.45
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Table 3: Effect of GM on the working properties of cement slurry

Sample Fluidity (mm) Setting time (min)
Initial Final
M18-0 206 202 240
GM-1 172 193 223
GM-2 156 178 214

GM-3 147 170 202
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Table 2: Mix ratio M18 and GO in GM compound superplasticizer

M18-0 GM-1 GM-2 GM-3

M18:GO 100:0 100:40 100:80 100:100






OEBPS/Images/JRM_22501-fig-2.png
Transmittance (%)

120

110

1004\ GO

0
-10
=20

70-Nl 8-0

GM-2

-OH

4000

T
3500

T
3000

T T
2500 2000
V (em™)

T
1500

T
1000

T
500





OEBPS/Images/jrm-logo.png





OEBPS/Images/copy.png





OEBPS/Images/JRM_22501-fig-10.png
3()

.30

e

N

3
1

pmY

- 0.201

0.15

0.10 1

-dV/d(logD) (x10%¢m?®

e

=

P
1

Macropores —————

(a)

Porosity (%)

100
Pore size-diameter (nm)

1000

-dV/d(logD) (x10%cm* pm™)

0.20

0.104

0.054

Macropores

—MI8-0
— GM-1

— GM-2
—GM-3

0.004

10

20+

16 1

121

Mi8-0 GM-1 GM-2 GM-3 -
3days 3days 3days 3days

Sample

©

[1>2000m
:l 50-200nm
[ 20-50nm
I <20nm

MiI8-0 GM-1 GM-2 GM-3
28 days 28 days 28 days 28 days

(b)

. 100.
Pore size-diameter (nm)

1000





OEBPS/Images/JRM_22501-fig-9.png
Ca(OII), content (%)

24

13 days
128 days

M18-0

GM-1

Sample

GM-2

GM-3





OEBPS/Images/JRM_22501-fig-3.png
Intensity (a.u.)

R e

M

20 40 60 80
2Thate (degree)






OEBPS/Images/JRM_22501-fig-5.png
(3/A\w) woyN[OAd JEIH

-l
~
| 2
=1
| =
w
| =
-
| =
(]
| =
o
| <
-
T =l
W > W < w > w; =
L] Le] (] o - -
(3/r) 358321 JBIY dADB[NWN))
| &
-~
[
&
-
-
L=
3
-l
0
L =
&
-1
L s
- k2
| el
1
1
1
"Le
I o
1
1
1
1
:
R e
PPt S ] !
1
!
—— = | e
T T T T T T
g 2 v = " S 2
-~ w o =3 -~ w S
® ~ b v Le) o

Time (h)

Time (h)

(b)

(a)





OEBPS/Images/JRM_22501-fig-12.png
Flexural Strength (MPa)

12

[ J3a
[2sa
10 T
— —
J oo
N o
6_
4_
2_
M18-0 GM-1 GM-2 GM-3
Sample
(a)

Compressive Strength (MPa)

[ Ja3a
60
[ 28a
50+
+ 1 & o4
40 I
30+
20+
10+
0
M18-0 GM-1 GM-2 GM-3
Sample

(b)






OEBPS/Images/JRM_22501-fig-7.png
Crystal size (nm)

40

307

20

[_13days
- 28 days|

M18-0

GM-1

Sample

GM-2

GM-3





