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The technology of 3D printing concrete has undergone rapid development in the last few years due to its lower environmental impact than that of conventional concrete. To investigate the fresh and the hardened behavior as well as the microstructure of 3D printing cementitious materials (3DPC) containing nano-CaCO3 (NC), four replacement ratios of NC to binder from 1 to 4% are investigated. 3DPC without NC was used as a control specimen. The workability, such as fluidity, extrudability, printability limit, and deformation under self-weight, and the flexural and compressive strength of 3DPC are tested. The strength development of 3DPC is compared with that of the cast specimens. The hydration products and the microstructure of specimens were also investigated by derivative thermogravimetry (DTG), thermogravimetry analysis (TGA), scanning electron microscopy (SEM), and backscattered electron (BSE) imaging. The results indicate that the fluidity, extrudability, printability limit, and deformation under self-weight demonstrate a decreasing tendency to increase the NC content. This is attributed to the large specific surface area of NC, which increases the mixtures’ consistency. Adding 2% of NC exhibited about 7.2, 39.1, and 22.5% higher compressive strength than that of the control mixture at 7, 28, and 90 days. The enhancement of strength of 3DPC with NC can be ascribed to the filler effects and the seeding effects of NC. Furthermore, NC refines the pore structure and improves the microstructure of 3DPC due to its filler effects and accelerating effects.
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INTRODUCTION

Three-dimensional concrete printing is defined as an automated process based on 3D model data to realize objects from bottom to top layer by layer. This technology decreases the building procedure to a one-step process (Ma G.W. et al., 2018), and concrete is only deposited whereby it is necessary. Therefore, it may contribute to a sustainable environment (De Schutter et al., 2018). Besides that, it would be one of the emerging technology in the construction industry due to its advantages such as rapid construction speed, a higher degree of customization, low-cost production, material savings, and energy conservation (Kazemian et al., 2017; Long et al., 2019).

In the past few years, 3D concrete printing systems have developed very rapidly. Some 3D printing systems have been developed. Contour crafting, invented by Dr. Behrokh Khoshnevis of the University of Southern California, is commonly recognized as the first building-scale 3D concrete printing process (Feng et al., 2015), and it would be a feasible way for constructing infrastructure on the moon or Mars (Khoshnevis et al., 2016). Other two well-known building-scale 3D concrete printing processes are D-shape and “concrete printing,” developed by researchers in Italy and the United Kingdom, respectively (Feng et al., 2015).

The novel idea of 3D printing concrete has been an important research topic for several years (Gao et al., 2015; Labonnote et al., 2016; De Schutter et al., 2018; Ngo et al., 2018). The performance of 3D printing concrete is very different from that of traditional concrete (Feng et al., 2015; Ma and Wang, 2018). In particular, the fresh-state performance of 3D printing concrete must be compatible with 3D printers (Long et al., 2019). Therefore, understanding the workability and the mechanical performance of 3D printing concrete is an essential issue in achieving building-scale application. The most critical performance of 3DPC is in terms of extrudability and buildability, which are influenced to no small extent by mix proportions and admixtures, such as superplasticizer, accelerator, and polypropylene fibers (Le et al., 2012a). This was followed by studies on the hardened performance of high-performance concrete for the 3D printing process (Le et al., 2012b). Hambach and Volkmer (2017) developed 3D printing cementitious composite reinforced short fibers. The novel materials exhibited high flexural and compressive strength. Soltan and Li (2018) introduced a novel approach for 3D printing self-reinforced cementitious composites. The material was designed to reduce or eliminate the need for steel reinforcement in printed structures, providing more freedom and efficiency for building-scale 3D printing processes. The inclusion of a small number of fibers is an effective method to enhance the ductility of cementitious materials and reduce the dependence of structural members on steel reinforcement (Yang et al., 2007; Ruan et al., 2018; Yu et al., 2020). Asprone et al. (2018) proposed a method for preparing reinforced concrete members based on 3D printing technology. Wolfs et al. (2018) reported a model to analyze the early age mechanical performance of 3D printing concrete. Although past studies have carried out some of the desirable performance of 3DPC (Wangler et al., 2016; Khalil et al., 2017), extensive research and experimental data of 3DPC are still needed.

Globally, ordinary Portland cement (PC) is one of the most commonly used cementitious materials. It has already been established that cement production gives rise to the emission of CO2, which contributes significantly to global warming and air pollution (Mikulcic et al., 2016; Hossain et al., 2017). To reduce CO2 emissions, some researchers have tried to replace cement by alternative sustainable materials such as fly ash (FA) (Tang et al., 2016; Shaikh et al., 2017). However, the early age performance of cementitious materials with FA is inferior to cementitious materials without FA. It was found that concrete containing NC showed a significant improvement in mechanical strength and durability performances, which can be attributed to the improved microstructure of the concrete (Yesilmen et al., 2015; Shaikh et al., 2017; Yang and Che, 2018). Thus, the use of NC to improve the performance of concrete containing a large amount of FA has gained much attention in recent years (Hemalatha et al., 2016; Long et al., 2016; Korayem et al., 2017; Yang and Che, 2019). However, the application of NC in 3DPC is extremely insufficient, although some investigations have been made regarding adopting NC in cementitious materials.

Especially cementitious materials containing NC should meet specific vital parameters to be compatible with the current 3D printing systems. The main goals of this work are to investigate the influences of NC on the fresh and the hardened performance as well as the microstructure of cementitious materials for 3D printing. A series of tests for workability such as flowability, mini-slump, extrudability, printability limit, shape stability, and deformation under self-weight of 3DPC mixtures was conducted. The strength development of 3DPC containing NC was measured. Besides that, the influences of NC on the microstructure of 3D printing cementitious materials were also investigated by derivative thermogravimetry (DTG)–thermogravimetry analysis (TGA), scanning electron microscopy (SEM), and backscattered electron (BSE) image analysis.



MATERIALS AND METHODS

In this work, type I 42.5 Portland cement (PC), NC, and FA were used as binders. NC and FA are supplied by Nanjing XFNANO Materials Tech. Co., Ltd., of China and China West Construction Group Co., Ltd., respectively. The chemical compositions of NC and FA are provided in Table 1. Figures 1A, 2 show the morphology and the particle size distribution of NC, respectively. The PC and FA show a similar range of particle sizes. However, the NC curve is significantly shifted to the left (indicating smaller diameters) relative to the PC and the FA curves. Also, the particle size distribution of the NC shows slightly larger sizes due to the agglomeration of nanoparticles. FA is known to improve both the workability and the mechanical performance of concrete (Kou et al., 2007; Berndt, 2009). The morphology and the particle size distribution of FA are also shown in Figures 1B, 2, respectively. The nominal maximum aggregate size of silica sand is 5.0 mm for achieving building-scale 3D printing. Superplasticizer (HRWRA) and hydroxypropyl methylcellulose (HPMC) are also commercial products.


TABLE 1. Chemical composition of nano-CaCO3 (NC) and fly ash (FA) (by weight).
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FIGURE 1. Morphology of nano-CaCO3 (NC) and fly ash (FA): (A) NC, (B) FA.
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FIGURE 2. Particle size distribution of PC, nano-CaCO3, and fly ash.


The mixture proportions of the samples are presented in Table 2. For comparison purposes, total cementitious material content, water-to-binder ratio, and sand-to-binder ratio were kept constant in all specimens. The mixtures are labeled according to the percentage of NC used. Four different percentages, 1, 2, 3, and 4% of NC within the cement mortar, were tested to study the influence of NC on the performance of 3DPC. Replacing FA with NC in the preparation process can affect the specific surface area of the binder. Due to the highly specific surface area of the NC, different HRWRA dosages were used to maintain the fluidity of the samples. NC0 is a reference sample. All solid ingredients were stirred by a mortar mixer at low speed for 30 s. Then, the water with HRWRA was added into the mixer, and mixing was continued for 60 s at low speed. After that, high-speed mixing was continued for 180 s.


TABLE 2. Mix proportion of specimens (by weight).

[image: Table 2]A digitally controlled concrete printer, made by JianYanHuaCe Science & Technology (Hangzhou, China), with a 30-mm diameter nozzle was used to test the extrudability, printability limit, shape stability, and deformation under self-weight of 3DPC mixtures. The printer can print 3DPC mixtures at different printing parameters, such as speed and deposition rate. The fresh and the hardened performance of 3DPC are highly dependent on the printing speed. The printing speed is set based on the fresh performance of the 3DPC, the dimension of the nozzle, and its deposition rate. The extrusion rate of 0.19 L/min and the printing speed of 60 cm/min were selected in this paper.

The fluidity, mini-slump, extrudability, printability limit, shape stability, and strength of the mixture were measured and investigated. These factors are essential to 3DPC. The description of the test method is as follows.

Fluidity and mini-slump ensure the fresh-state concrete transport from the storage bin to the nozzle of the printer smoothly. The fluidity of each mixture was determined according to GB/T 2419-2005. The change in fluidity of a mixture was calculated as (Eq. 1):
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where ΔD is the change in fluidity and D0 and Dt represent the fluidity at the initial time and at time t, respectively.

A mini-slump of each mixture was performed according to GB/T 10902-2012. The dimensions of the mini-slump cone were 100 mm at the base, 50 mm at the top, and 150 mm in height. The change of mini-slump of the mixture was calculated as (Eq. 2):
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where ΔS is the change of mini-slump and S0 and St represent the mini-slump at the initial time and at time t, respectively.

Printability limit is defined as the time interval during which concrete may be used in the 3D printing process (Buswell et al., 2018), beyond which concrete will lose its pumpability and extrudability. It has been related to an “operation window” where a specified volume of fresh-state 3DPC must be extruded through the nozzle with acceptable quality (Lim et al., 2012; Wangler et al., 2016). It is especially crucial in terms of the timing of mixture delivery to the nozzle and the operation of a building printer (Kazemian et al., 2017). In this work, the printability limit is evaluated based on the extrudability of 3DPC through the nozzle. As shown in Figure 3, each layer is printed every 10 min, starting from 10 min after the initial contact of water and cement. The time when the filament width is decreased to 90% of the initial width is recorded as the printability limit. When the reduction of the filament width is above 10%, the print quality is not acceptable.


[image: image]

FIGURE 3. Extrusion with a 20-mm-diameter round nozzle: (A) initial filament width, (B) reduction of filament width.


Shape stability is the ability to resist deformation during layer-by-layer concrete construction (Kazemian et al., 2017). The lowermost layer bears the largest load, and the weight of the following layers could lead to undesirable deformations. Lao et al. (2020) proposed an image processing method for the deformation analysis. To investigate the influence of NC on the shape stability of fresh-state 3DPC by improving flocs, which increase the yield stress and the viscosity of mixtures, deformation at the bottom layer was measured at six locations, as indicated in Figure 4. The vertical stack filaments are ten layers. The filament length is 300 mm, and the filament width is 30 mm. The average of six readings was reported as a test result.


[image: image]

FIGURE 4. Deformation under self-weight.


Flexural and compressive strengths were determined for the printed samples sawn and polished from larger printed components a day before testing. The control samples were also cast in molds with a dimension of 40 mm × 40 mm × 160 mm. After 24 h, the samples were cured in water at 20 ± 2°C until testing. The strength was tested according to the Chinese specification GB/T 17671-1999. The loading speed of the flexural strength and the compressive strength was 50 and 2,400 N/s, respectively. The final flexural strength is the average of three samples. The final compressive strength is the average of six samples. Since the 3DPC is constructed layer upon layer, one of the main shortcomings is their anisotropic performance in direction. It has been reported that the printing direction could significantly influence the strength of 3DPC (Le et al., 2012b; Feng et al., 2015; Paul et al., 2018). As shown in Figures 5A,B, the application of flexural and compressive loads is in the Z direction in this work. Furthermore, it is evident to note that the bond performance between layers also has a significant influence on the mechanical performance of the printed objects (Paul et al., 2018; Nerella et al., 2019). In this work, the printed objects are two layers, with a dimension of 40 mm × 40 mm × 160 mm, as shown in Figure 5. The compressive strength ratio between 3DPC and cast concrete was calculated as fPrint/fCast, where fPrint and fCast represent the strength of 3DPC and cast concrete, respectively.


[image: image]

FIGURE 5. Loading in the Z direction. (A) Flexural load in printed objects. (B) Compressive load in printed objects.


The DTG and TGA curves were obtained using a thermogravimetric gravimetric analyzer (STA449 F3, NETZSCH, Germany). The DTG plot shows the thermal decompositions of different phases in a sample, while the TGA simultaneously reveals the weight loss due to the decomposition of phases. The samples were taken from 7- to 90-day-old compressive testing specimens. The samples were heated from room temperature to 1,000°C at a constant heating rate of 20°C per minute under a nitrogen atmosphere. The weight loss between 400 and 500°C was the decomposition of calcium hydroxide (CH). Thus, the CH content for each sample can be calculated (Eq. 3) (Jain and Neithalath, 2009):

[image: image]

where WL(CH) represents the weight loss during the dehydration of CH, MW(CH) is the molecular weight of CH, and MW(H) is the molecular weight of H2O.

The microstructure of the samples was observed by a JSM-IT300 scanning electron microscope equipped with a backscatter detector. The samples were taken from 7- to 90-day-old compressive testing samples.

Slices with a thickness of ∼10 mm were cut from 7- to 90-day-old flexural testing samples for BSE image analysis. They were dried by ethanol replacement and finely polished by silicon carbide papers. The images were acquired randomly at ×500 magnification, and 10 fields were randomly chosen from each sample for analysis. A representative BSE image is shown in Figure 6. Its scale length is 50 μm, which consists of 250 pixels. Thus, the size of one pixel is about 0.2 μm. The brightness of the BSE image depends on the average atomic number of the sample’s local area (Scrivener, 2004). The hydration products have much lower average atomic numbers than that of the anhydrous. Thus, the anhydrous is significantly brighter than the hydration products. The dark areas are pores. As shown in Figure 7, the anhydrous, hydration products, and pores were distinguished using image analysis software. According to stereology principles, the area fractions on the random sections are equivalent to the volume fractions. Therefore, the area fraction of the anhydrous, hydration products, and pores could be estimated as the volume fraction (Igarashi et al., 2004). The hydration degree of cement was calculated by Eq. (4) (Scrivener, 2004).
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FIGURE 6. A representative backscattered electron image. U, anhydrous; HP, hydration products; FA, fly ash; P, pores.
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FIGURE 7. (A) Segmented image. (B) Anhydrous. (C) Hydration products. (D) Pores.
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UHi represents the area fraction of anhydrous at the age of ti, and UH0 represents the initial area fraction of anhydrous.



RESULTS AND DISCUSSION


Fluidity Evolution

Figures 8A,B illustrate the fluidity changes and the mini-slump changes for 3DPC containing NC, respectively. As can be seen in Figure 8A, the fluidity changes of NC0, NC1, and NC2 show a parabolic growth tendency. For instance, the fluidity changes in NC2 gradually increases to about 2.2% at the age of 20 min. Afterward, this value decreases to about −5.4% at the age of 120 min. Furthermore, all mixtures incorporating NC exhibited lower fluidity compared with the control mixture without NC addition. The addition of 3 and 4% of NC has significantly reduced the fluidity changes. At all ages, the fluidity of 3DPC almost decreased as the content of NC increased. For instance, at the age of 30 min, the fluidity changes of NC0, NC1, NC2, NC3, and NC4 are 3.1, 2.2, 2.1, −2.1, and −3.5%, respectively. Therefore, a greater addition of NC caused a lower fluidity of 3DPC. The change in trend may be attributed to the highly specific surface area of NC (Supit and Shaikh, 2014; Yang and Che, 2019), which would generally increase the viscosity and the yield stress of mixtures. Furthermore, due to the accelerating effects of NC on cement, additional hydration products, such as C-S-H and CH, increase the formation of the flocculation structure of cement pastes (Roussel et al., 2012).


[image: image]

FIGURE 8. Change of fluidity and mini-slump of mixtures: (A) fluidity, (B) mini-slump.


The mini-slump is also examined to evaluate the effects of NC on the fluidity of 3DPC. A more considerable mini-slump value corresponds to a greater fluidity and vice versa. From Figure 8B, it can be seen from this figure that NC1 and NC2 exhibited a similar behavior to that of the control mixture, which shows a parabolic growth tendency. Besides that, the mini-slump change of NC2 is lower than that of the control mixture after 40 min. The addition of 3 and 4% of NC has significantly reduced the mini-slump changes. These trends can also be ascribed to the increased yield stress and viscosity of the mixtures.

Preliminary tests showed that extrudability and shape stability are competing performances in that high fluidity and mini-slump promotes extrudability, while low fluidity and mini-slump promotes shape stability. Thus, there should be an appropriate range of fluidity or mini-slump, which must be balanced appropriately to allow printability. In our work, the change in fluidity between −2.0 and 2.0% is an appropriate target for extrusion, and the change of mini-slump between −20.0 and 20.0% is a suitable target for shape stability under self-weight. Therefore, the manipulation of viscosity via NC and other admixtures is successful in modifying the fluidity and the mini-slump to fall within this range.



Printability Limit

The printability limit was determined based on the extrudability of 3DPC through the nozzle. Figure 9 shows the reduction of filament width of 3DPC incorporating NC. It can be seen from this figure that the decrease of filament width of all mixtures shows a decreasing tendency with time. We found that when the reduction of filament width is above 10%, it is difficult to print a good-quality filament using the mixtures shown in Table 2. Kazemian et al. (2017) also believed that 10% of error is a reasonable target width for accepting or rejecting printed layers. As shown in Figure 9, the printability limit for NC0 and NC4 is about 90 and 45 min. The printability limit for NC1, NC2, and NC3 is about 50–90 min. It can be observed that, after these specified periods, the extruded filament hardly held its shape. Furthermore, the printability limit of mixtures containing NC is lower than that of the control mixture. The addition of 4% of NC has reduced the printability limit significantly. These phenomena can also be ascribed to the highly specific surface area and accelerating effects of NC.


[image: image]

FIGURE 9. Reduction of filament width.




Deformation Under Self-Weight

Preliminary testing showed that lower stiffness cementitious material (after being extruded from a nozzle) is not suitable for 3D printing due to its slower rate of hardening. Higher-stiffness cementitious material (after being extruded from a nozzle), due to its rapid hardening, has accommodated the weight of the deposited materials and facilitates rapid construction (Soltan and Li, 2018). The effect of NC dosage on deformation under self-weight of 3DPC is shown in Figure 10. As shown in this figure, NC is an effective admixture in manipulating the stiffness of 3DPC. All mixtures incorporating NC exhibited a lower vertical displacement tendency compared to the control mixture without NC addition. The displacement of NC2, NC3, and NC4 is lower than that of NC0 and NC1 after five layers. Therefore, a higher addition of NC caused the smaller vertical displacement of 3DPC. The higher stiffness of mixtures incorporating NC can be ascribed to the accelerating effects on cement hydration (Taijiro Sato and Diallo, 2010; Jayapalan et al., 2013; Shaikh et al., 2017). Thus, additional hydration products modify the flocculation structure of cement pastes (Zhang et al., 2018). Besides that, the large specific surface area of NC improves the absorption performance of the mixtures, which formed higher yield stress and viscosity of the cement paste.


[image: image]

FIGURE 10. Deformation under self-weight.




Mechanical Strength

Figures 11A,B show the flexural and the compressive strength of 3DPC specimens with curing ages. The test results indicate that NC can improve the early age and later-age strength of 3DPC. With the increase of curing age, the strength of all mixtures increases remarkably. Additionally, it is worth noting from this figure that the growth rate of the strength of 3DPC after 28 days is larger than at 7 days. Moreover, the strength of 3DPC increases with the increase of NC content at all ages. For instance, adding 2% of NC exhibited about 21.0, 13.8, and 5.3% higher flexural strength than that of the control mixture at 7, 28, and 90 days. Adding 2% of NC exhibited about 7.2, 39.1, and 22.5% higher compressive strength than that of the control mixture at 7, 28, and 90 days. This can be attributed to the filler effects of NC (Li et al., 2004; Shaikh and Supit, 2014; Wang et al., 2016), which fill the pores in 3DPC, leading to a denser microstructure. Furthermore, NC acts as the crystallization nucleus for the precipitation of hydration products (Camiletti et al., 2013; Li et al., 2016), resulting in a higher strength of 3DPC.


[image: image]

FIGURE 11. (A) Flexural strength, (B) compressive strength, (C) flexural strength ratio between 3DPC and cast concrete, (D) compressive strength ratio between 3DPC and mold cast samples, (E) typical section of 3D printing prismatic specimen, (F) typical section of mold cast prismatic specimen.


The development of fPrint-to-fCast ratios of different contents of NC-incorporated specimens is presented in Figures 11C,D, where fPrint is the strength of 3DPC and fCast is the strength of mold cast samples. As shown in this figure, the fPrint to fCast ratios of all mixtures are less than 1.0, which indicates that both the flexural strength and the compressive strength of 3DPC are lower than that of cast concrete. It was also found that the strength of 3DPC was lower than that of mold cast samples, depending on compression orientation concerning the printing direction (Le et al., 2012b; Ma G. et al., 2018). It can be attributed to the weakening interfaces between two layers (Le et al., 2012b; Wangler et al., 2016; Tay et al., 2019).

For the compressive strength, with increasing NC contents up to 2%, the fPrint-to-fCast ratios of mixtures increase, and the NC content of more than 2% leads to a reduction trend in this strength ratio. The fPrint-to-fCast ratios (compressive strength) of NC2 at 7, 28, and 90 days are 0.73, 0.64, and 0.75, respectively, compared to that of the mold cast samples. This phenomenon implies that the optimum NC content for the improvement of fPrint-to-fCast ratio (compressive strength) is around 2%, compared to the other NC contents.

As discussed above, the flexural and the compressive strengths of 3DPC are lower than that of the cast ones. This is because the concrete 3D printing process is fundamentally different from the cast concrete process, which results in a significant difference in the pore structure of the two concrete materials. It can be seen from Figures 11E,F that the morphology of the large voids in 3DPC is quite different from that of the mold cast samples. The voids of the latter are mostly circular or elliptical, while the voids of the former are mostly irregularly elongated strips with sharp ends. It was reported that the sharp edges often result in stress concentrations, thereby decreasing the mechanical properties of the concrete (Diamond, 1996). Furthermore, the structure of the former is looser than that of the latter. Therefore, the strip voids and the looser structure of 3DPC are the main reasons for the lower flexural and compressive strengths than those of mold cast samples.



DTG-TGA Analysis

Figures 12A,B present the DTG–TGA curves of 3DPC with and without NC at the age of 7 and 90 days, respectively. As can be seen in this figure, the dehydration of CH occurs between 400 and 500°C. Thus, the CH contents of the samples were estimated from this figure. At the age of 7 days, the CH content of NC4 is higher by 18.0% than that of NC0, indicating that NC accelerates the hydration reaction of cement at early ages. At the age of 90 days, the CH content of NC4 is higher by 46.1% than that of NC0, indicating that the hydration reaction of cement was also accelerated at later ages. It was reported that NC also accelerates the hydration of C3S, which increases CH production (Pera et al., 1999; Kakali et al., 2000). Furthermore, the CH content of 3DPC with and without NC at 90 days is lower than that at 7 days since FA consumes CH due to its pozzolanic nature. On the other hand, NC reacts with aluminate in cement, which also depletes CH (Bonavetti et al., 2001).


[image: image]

FIGURE 12. Derivative thermogravimetry–thermogravimetry analysis of specimens at 7 and 90 days: (A) 7 days, (B) 90 days.




SEM Analysis

Figures 13A–D present the SEM images of 3DPC at 7 and 90 days, respectively. A more considerable amount of porous area and CH can be observed in Figures 14A,C, which implies that the hardened 3DPC without NC has a relatively high porosity, and the CH has enough space to grow in. However, as shown in Figures 13B,D, the 3DPC incorporated 4.0% NC, showing a very dense microstructure, which can be attributed to the filler effect of NC, and a few relatively small CH can be found. Moreover, the accelerating effects of NC can promote cement hydration as it provides an additional substrate for the rate of nucleation and the growth of hydration products (Li et al., 2015). The NC also seems to reduce the formation of AFt in 3DPC incorporated with 4.0% NC. Such microstructure agrees well with the corresponding 44.1% compressive strength enhancement, as shown in Figure 11. The mechanism by which the NC could improve the microstructure of cementitious materials can be attributed to the filler effects and the accelerating effects.


[image: image]

FIGURE 13. Scanning electron microscopy of 3DPC: (A) NC0 at 7 days, (B) NC4 at 7 days, (C) NC0 at 90 days, (D) NC4 at 90 days.
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FIGURE 14. (A) Measured volume fractions of constituent phases in specimens. U, anhydrous; HP, hydration products; P, pores. (B) Degree of cement hydration. (C) The pore size distribution of 3DPC with and without NC.




Volume Fractions of Constituent Phases, Hydration Degree, and Pore Size Distribution

Figure 14A presents the measured volume fractions of the constituent phases in 3DPC after 7 and 90 days of curing at 100% relative humidity. The anhydrous volume fraction, hydration product volume fraction, and pore volume fraction are plotted for 3DPC with and without NC. It can be seen from this figure that NC0-90 days (3DPC without NC at 90 days) exhibited a higher volume fraction of hydration products but a lower volume fraction of anhydrous and pores than that of NC0-7 days (3DPC without NC at 7 days), which can be due to the hydration of cement particles with curing time. Compared to NC0-90 days, NC4-90 days (3DPC with 4% of NC at 90 days) showed a higher hydration product volume fraction but a lower anhydrous volume fraction and pore volume fraction. The hydration product volume fraction in NC4-90 days increased by 4.3% than that of NC0-90 days. However, the hydration product volume fraction and the pore volume fraction in NC4-90 days decreased by 1.8 and 16.2% than that of NC0-90 days, respectively. This could indicate that the addition of NC, which has a highly specific surface area, accelerates the hydration of cement even at later ages. A similar phenomenon was observed by Meng et al. (2017) and Catinaud et al. (2000) when NC was added to cementitious materials. The highly specific surface area of NC could also be contributing to the decrease in pore volume fraction.

Figure 14B shows the calculated hydration degree of 3DPC with and without NC at 7 and 90 days. As shown in this figure, the degree of hydration of NC0-90 days is higher by 3.9% than that of NC0-7 days, which is in agreement with the decrease of the anhydrous volume fraction shown in Figure 14A. The degree of hydration of NC4-90 days is higher by 0.9% than that of NC0-90 days, which could also indicate that the addition of NC promotes the cement hydration reaction at 90 days.

Figure 14C presents the pore size distribution of 3DPC with and without NC. It can be seen that NC0-90 days had a higher volume of small-sized pores (0.2–1 μm) and a lower volume of medium-sized (1–2 μm) and larger-sized pores (>2 μm) than that of NC0-7 days. Compared to NC0-90 days, NC4-90 days had a higher volume of medium-sized pores and a lower volume of larger-sized pores. The pore volume of the small-sized pores of NC4-90 days is equivalent to that of NC0-90 days. Thus, in the case of NC4-90 days, there is a refinement of the larger pores since the volume of the medium-sized pores increases. These results indicate that the use of NC could decrease the larger pores in 3DPC. The refinement of larger pores implies that the pores could become disconnected, and hence the permeability could decrease (Jayapalan et al., 2013).



CONCLUSION

The influence of NC on the workability, strength, and microstructure of 3D printing cementitious materials containing NC was investigated. The main conclusions could be drawn as follows:

(1) Due to the highly specific surface areas of NC, greater addition of NC caused the lower fluidity of fresh 3DPC. The large specific surface area of NC increases the consistency of the mixtures, thus increasing the stiffness of fresh mixtures and decreasing the vertical displacement of the filament.

(2) The printability of fresh mixtures can be determined by curves of reduction of filament width with time. After these specified periods, the extruded filaments hardly held their shape.

(3) The enhancement of strength of 3DPC with NC can be ascribed to the filler effects and the seeding effects of NC, which improve the microstructure of 3DPC.

(4) A pore size distribution analysis conducted on 3DPC with NC shows that medium-sized pores increase and larger-sized pores decrease when compared to 3DPC without NC at 90 days, which indicates pore refinement due to the addition of NC.
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