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Abstract

:

The mechanical performance of a printed object in 3D concrete printing is influenced by the interfacial bonding strength between the deposited filaments. Hence, the physical properties of the layer interface and the influential factors have been studied. This study aims to clarify the mechanism of aggregate distribution heterogeneity as well as the influence of printing material extrusion speed on the heterogeneity inside the filament. A laboratory-scale material extruder is developed and used in this study. The aggregate distribution is evaluated in a quantitative manner with the cross-sectional image obtained by X-ray computed tomography. The images were taken in the deposited filament and the material extrusion nozzle for printing. Results show that large aggregate moves from the outside of the printing nozzle toward the center with increasing extrusion speed from 1.8 to 7.1 mm/s. As extrusion speed increases, it is inferred that a lubrication layer forms on the inner surface of the nozzle, causing the transition of material extrusion behavior from laminate flow to plug flow. Thus, the aggregate distribution appears differently inside the filament. This finding indicates that the magnitude of friction against the nozzle wall alters the die swell during discharge as well as the aggregate distribution before and after extrusion.
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1. Introduction


3D concrete printing (3DCP) technology is rapidly developing, and it is promisingly expected to achieve free modeling [1,2,3] without the need for formworks. The realization of free modeling enables structures with cavity and truss structures to be included internally [3,4,5]. The cavity has been reported to enhance the thermal insulation of buildings [3,4]. An example showed that a curved wall, which is designed to damp acoustic waves, improved soundproofing properties [3]. Also, the new construction technology improves productivity [6] and economic efficiency [7] through the automated system. The extrusion-based method, which is currently the major method of 3DCP using cementitious materials, causes the oriented formation of the layer interface between the deposited filaments. It triggers two main challenges for printed objects. One of the challenges is weak interfacial adhesion strength between layers [8,9,10,11]. The other is the anisotropic mechanical property of the 3D-printed object [8,9,12].



In previous studies, it has been reported that interfacial adhesion strength affects the anisotropy of printed objects [8,13]. The 3D-printed objects show higher strength in the extrusion direction than in the perpendicular direction [12,14]. This means that the printing path affects the strength and anisotropy of the printed object. Additionally, the existence of fragile areas near the interface is identified by micro-indentation tests on the layer interface, which is the boundary layer formed between adjacent filaments [9]. The interfacial adhesion strength is affected by gap time (the time interval between the printing of each filament and the adjacent filament) [9,15]. Its main factor is the decreasing water content on the filament surface due to the increasing gap time. The decreasing water content induces a lack of hydration reactions at the interlayer [11,16,17,18]. Furthermore, the increase in porosity between layers is measured by image analysis using the X-ray CT method [19,20].



As for the conventional casting of concrete, it has been pointed out that local material segregation affects the mechanical properties of the concrete [21,22,23,24]. For example, it is difficult for coarse aggregate to be placed near formwork, which is known as the wall effect [23,24]. Some studies employed X-ray computed tomography to obtain aggregate distribution [24,25]. A study shows that the boundary layer of concrete at the formwork surface is cement paste with a thickness of 0.1 mm, and the interior layer is composed of mortar with a thickness of 5 mm [26]. The aggregate content increases with increasing distance from the boundary. The local segregation affects the mechanical properties of the concrete. It is analytically revealed that the load capacity of concrete decreases with increasing aggregate content [27]. Therefore, it is predicted that aggregate distribution heterogeneity also affects the strength and anisotropy of 3D-printed objects.



When cementitious material is discharged with its required flowability, the mortar used as the 3D printing material is flowed out under pressure to be extracted from the nozzle. The flow behavior of cementitious 3D printing material is similar to that in a pipe during conventional pumping of concrete. When concrete flows in a pipe, plug flow (flow with a uniform velocity distribution in the pipe cross section) occurs [28,29,30,31,32,33]. This is because a lubricating layer is generated near the inner surface of the pipe wall. The mechanism is the segregation of water and cement paste due to flow-induced particle migration [31,32,33]. Inside the pipe, shear stress from fresh concrete concentrates at the pipe wall [30,32]. Consequently, the aggregate moves away from the pipe wall in accordance with the velocity distribution and the shear force distribution. It is reported that the formation of the lubricating layer is caused by increasing pressure inside the pipe [28,29]. Additionally, it is suggested that before the lubricating layer is completely formed, the flow velocity is laminar flow, not plug flow [29,32,34]. Similarly, in 3DCP, the flow velocity distribution of mortar inside the nozzle is transformed depending on the extrusion speed. It is considered essential to investigate the variation of aggregate distribution in the cross-sectional direction with material extrusion speed.



As above-mentioned, the weak interlayer adhesion strength affects the anisotropy of 3D-printed concrete objects. The formation mechanisms and properties of the boundary layer have been investigated. However, there are few studies on aggregate distribution inside the filament or interfacial zone. Nevertheless, the occurrence of aggregate distribution heterogeneity and its effect on the mechanical properties of printed objects remain unclear. Therefore, it is important to evaluate the heterogeneity of aggregate distribution inside the filament as a fundamental study.



The objective of this study is (1) to evaluate aggregate distribution inside 3D printed filament; (2) to reveal the mechanism of the aggregate distribution heterogeneity inside the filament; and (3) to investigate the effect of material extrusion speed on the heterogeneity. A cartridge-type 3D printer was simplified and built for the experimental tests in the laboratory. Filaments were extruded by the printer at different material extrusion speeds. X-ray CT was employed to obtain consecutive cross-sectional images of the hardened filament and nozzle filled with the material after extrusion. To quantitatively evaluate the aggregate distribution heterogeneity, an image three-dimensional analysis method was applied.




2. Materials and Methods


2.1. Outline of the 3D Printer


An extruder for a cartridge-type 3D printer was developed. Figure 1 shows the material extrusion mechanics using a piston and the nozzle shape. The cartridge-type 3D printer includes a piston to stably extrude highly viscous material at high pressure. The extrusion speed is controlled by controlling the speed of the piston. The inner diameter of the piston is 50 mm. The system mechanically controls the moving speed of the piston and that of the platform, where the material is printed. Hereinafter, the moving speed of the platform is referred to as “nozzle speed” because it is the moving speed of the nozzle from the viewpoint of the platform. The nozzle is designed to be easily replaced to remove the hardened material inside the nozzle after extrusion. The inner diameter of the nozzle where the mortar flows in (inlet) is 50 mm, and that of the nozzle where the mortar is discharged (outlet) is 16.2 mm. While the inner diameter of the nozzle is small for real-scale construction, it facilitates high-resolution printing [35,36]. Consequently, printers equipped with small nozzles have the potential to produce highly detailed or smooth-surfaced structures. However, in this study, the small nozzle is utilized as experimental equipment to clarify the mechanism underlying the occurrence of heterogeneous aggregate distribution in 3D printed material.




2.2. Material


Mortar was used as the 3DCP filament material. Ordinary portland cement, silica sand, and a polycarboxylic acid-based superplasticizer were used. The water–cement ratio and sand–cement ratio of the mortar were 0.22 and 0.50, respectively. 3.0% of superplasticizer was added to the cement mixture. The use of silica sand was for better segmentation of aggregate on the CT image. The particle size distribution of the silica sand is shown in Figure 2. The superplasticizer was used as an admixture to improve both buildability and flowability while minimizing the change in flowability with the elapsed time after mixing. The cement and aggregate were mixed using a mixer at a rotating velocity of 140 revolutions per minute (rpm) and a revolution velocity of 62 rpm for 2 min. Water and superplasticizer were added to the materials and mixed at the same speed for 2 min. Then, the materials were mixed at a rotating speed of 285 rpm and a revolution speed of 125 rpm for 4 min. The mortar flow immediately after mixing was measured in accordance with JIS R5201. The mortar flow was 109.3 mm with no drop and 176.2 mm with 15 drops. Three cylindrical samples, each 50 mm in diameter and 100 mm in height, were prepared for the compression test. The average compressive strength of them was 47.3 N/mm2 in 28 days of curing in air at 20 °C and 60% R.H.




2.3. Sample Preparation


Table 1 shows the preparation conditions of each sample to quantify its aggregate distribution. Mortar was extruded from the outlet while the piston speed was controlled at 0.2 mm/s, 0.4 mm/s, or 0.8 mm/s, respectively. The nozzle speed was also controlled depending on the piston speed. A schematic view of the samples is shown in Figure 3. After the material was adequately hardened, the nozzles between 5 mm and 15 mm from the outlet were cut out and used as a 10 mm-thick sample (hereinafter referred to as M02n, M04n, or M08n, depending on the piston speed). A cylindrical sample with a diameter of 16.2 mm and a height of 10 mm (hereinafter referred to as “Mc”) was prepared as the reference specimen by the conventional casting method. The cylindrical sample (Mc) was intended to reproduce aggregate distribution inside the nozzle due to self-filling and without the influence of flow velocity during extrusion. 10 mm of filaments were cut at an arbitrary location and used as samples (hereinafter referred to as M02f, M04f, or M08f, depending on the piston speed).





3. Analysis Method


3.1. X-ray Computed Tomography


A micro-CT scanner was used to obtain grayscale, consecutive cross-sectional images of the samples. The imaging conditions were as follows: voltage across the X-ray tube 100 kV, X-ray tube current 200 µA, resolution 8.97 µm/pixel, image size 2864 pixel × 2864 pixel, number of images for each sample 1946, and imaging exposure time 4080 s.




3.2. Binarization Processing


To save computation time, the resolution of the consecutive cross-sectional X-ray CT images was reduced from 8.97 µm/pixel to 17.94 µm/pixel. The image size of each image after the resolution reduction is 973 images of 1432 pixel × 1432 pixel. Therefore, some of the 973 consecutive cross-sectional images for each sample do not capture the 10 mm-thick sample. A total of 400 consecutive images were selected as the region of interest so that all 400 images captured the sample, as shown in Figure 4. For noise reduction by smoothing, a Gaussian filter was applied to each cross-sectional image with a kernel size of 2 pixels.



Figure 5 shows an overview of the grayscale value (GSV) histogram for the mortar and the thresholding method to binarize the grayscale images. Due to the difference in density, the most frequent GSV of the aggregate in the GSV histogram is smaller than that of the cement paste. The difference between the GSVs is small. To binarize the images into aggregate and cement paste in the image analysis of this study, the threshold was set to the GSV that divides the most frequent GSV of the aggregate and that of the cement paste into 2 and 1.



The thresholding method assumes that the aggregate GSV distribution is symmetrical around the peak. Therefore, the GSV distribution below the peak was used to estimate that above the peak. Applying the above thresholding method, approximately 90% of the estimated aggregate GSV distribution was counted as aggregate.




3.3. Application of ADI and Obtainment of Centroid Coordinates


Figure 6a shows a cross-sectional image after binarization. Because the GSV of the aggregate and that of cement paste are close, the aggregates are extracted as they are combined with each other in the binarized images. Therefore, the volume and coordinates of each aggregate cannot be accurately obtained. An image analysis using ADI (Aggregate Distribution Index) was applied to the binarized images to separate the combined aggregate. Figure 7 shows a conceptual diagram of the ADI calculation. Equation (1) shows the calculation formula for the ADI.


  ADI =   N      ( 2  n +  1 )    3      × 100   [ % ]   



(1)







The ADI is calculated for every pixel. It is the number of pixels representing aggregate in the cube-shaped region of interest with 2n + 1 sides centered on the featured pixel (N). Divided by the total number of pixels in the region of interest ((2n + 1)3), it is expressed as a percentage value. The ADI of pixels that are not aggregated before the calculation is set to 0. It has been verified that all pixels that can be represented as aggregates are successfully extracted as aggregates after binarization. Images after the ADI calculation are also binarized with a given threshold value. Cement paste between aggregates is counted as cement paste in the processed image. Hence, aggregate cores are separated from each other. Figure 6b shows an image after ADI processing. Figure 6 indicates that the aggregate cores after the processing (Figure 6b) are smaller than the aggregate component before the processing (Figure 6a), but aggregate cores are extracted separately.



In this study, the size of the region of interest was set to n = 5, and pixels with ADI = 100 were treated as aggregate cores. As mentioned above, the image element size after the resolution reduction is 17.94 µm/pixel. Therefore, all pixels in the cubic-shaped region of interest have 197.34 µm sides centered on the featured pixel, and the featured pixel is extracted as an aggregate core component. The presence of extremely small aggregates that were not extracted as aggregate cores can be ignored. This is because the volume of the silica sand with a particle size less than 200 µm was less than 1% of the total volume, as shown in Figure 2. Open-source image processing software, ImageJ version 1.54c [37], was used to obtain the volume and centroid coordinates of each aggregate core. The particle size was defined as the length corresponding to the diameter of the aggregate core, since it is assumed that the aggregate core is spherical.





4. Evaluation Method for the Extrusion Speed Effect


The obtained particle size and centroid coordinates of each aggregate core are used to evaluate the aggregate distribution inside the nozzle (before discharge) and inside the filament (after discharge).



4.1. Aggregate Distribution Inside the Nozzle


As shown in Figure 8, the nozzle cross section is divided into eight regions. Since the nozzle has a regular circle cross section, eight circular regions were defined at distances of 0–1, 1–2, 2–3, 3–4, 4–5, 5–6, 6–7, and 7–8 mm from the center of the cross section (the distance from the center is hereinafter referred to as r). The particle-size distribution in each region was compared. 10% particle size (D10), 50% particle size (D50), and 90% particle size (D90) of each particle size distribution were used as evaluation indices for comparison between regions and between samples. D10, D50, and D90 change as particle size distribution changes, as shown in Figure 9. D10 represents the percentage of small aggregate particles in each particle size distribution. D50 represents the overall particle size of each particle size distribution. D90 represents the percentage of large particles in each particle size distribution.




4.2. Aggregate Distribution Inside the Filament


Figure 10 shows the target area and its demarcation to evaluate the aggregate distribution inside the filament. The filament, after discharge, is on the platform, and its shape is deformed due to self-weight with gravity. Therefore, the horizontal and vertical axes on the cross section plane can be determined from the cross-sectional shape of the sample image. As shown in Figure 10a, to evaluate the aggregate distribution heterogeneity along the h-axis, evaluation regions were defined for each 1 mm change in h between −1 and 1 mm in v. Similarly, as shown in Figure 10b, to evaluate the heterogeneity of the aggregate distribution along the v-axis, regions were divided for each 1 mm change in v between −1 and 1 mm in h. The particle size distribution for aggregate cores with centroids in each region was compared. D10, D50, and D90 were used as evaluation indices.





5. Results and Discussion


5.1. Aggregate Distribution Inside the Nozzle


As mentioned in the introduction, when pumped concrete flows in a pipe, plug flow (flow with uniform velocity distribution in the pipe cross section) occurs, and a lubricating layer is generated near the inner surface of the pipe wall [28,29,30,31,32,33]. The formation of a lubricating layer is prone to occur with an increase in the pressure inside the pipe [28,29]. The velocity distribution inside the pipe alters from laminar flow to plug flow, with lubricating layer formation [29,32,34]. Therefore, a lubricating layer is predicted to be similarly formed regarding the nozzle of 3DCP. Additionally, it is also expected that the extrusion speed affects the velocity distribution of mortar flow inside the nozzle and causes aggregate movement.



Figure 11a shows the relationship between r and D10, D50, or D90 for Mc. Similarly, Figure 11b–d show the relationship between r and D10, D50, or D90 for M02n, M04n, and M08n respectively. In Mc, which is a cylindrical reference sample prepared using the conventional casting method, D50 and D90 decrease in the region where r is 6 to 8 mm (on the nozzle wall side). For example, in the region where r is 7 to 8 mm, D90 is 22% lower compared to D90 in the region where r is 5 to 6 mm. Also, in the region where r is 7 to 8 mm, D50 is 32% lower compared to D50 in the region where r is 5 to 6 mm. It can be argued that few large aggregates are located near the inner surface of the nozzle wall due to the wall effect. In M02n with lower extrusion speed, D10, D50, and D90 are smaller in the region where r is 0 to 1 mm (near the center of the cross section). In particular, D90 is 0.27 mm in the region where r is 0 to 1 mm, whereas in other regions, it exceeds 0.4 mm. In other words, the proportion of large aggregate is smaller around the center of the cross section. In M04n with a higher extrusion speed, D10, D50, and D90 are approximately constant overall, which is independent of r. In M08n with an even higher extrusion speed, D10 tends to decrease with an increase in r. D90 in the region where r is 7 to 8 mm is 19% lower compared to D90 in the region where r is 0 to 1 mm. Also, when compared to the region where r is 6 to 7 mm, D90 in the region where r is 7 to 8 mm decreases by 13%. In other words, D90 tends to decrease with an increase in r, where the proportion of large aggregate is small on the nozzle wall side. It is the same as in the case of Mc. The above results indicate that, while mortar is being extruded through the nozzle under pressure, large aggregates move toward the outside, which is affected by the velocity distribution when the extrusion speed is low. It is also suggested that aggregate moves little because the influence of the velocity distribution is smaller when the extrusion speed is high. Thus, the aggregate distribution is comparably similar to that in the case of self-filling by casting (Mc).



Figure 12 shows the flow velocity distribution profile inside the nozzle. It was inferred that a flow velocity distribution is similar to a plug flow, as shown in Figure 12a when the extrusion speed is high. In particular, an increase in the pressure on the nozzle wall causes the formation of the lubricating layer near the nozzle wall. Therefore, it can also be inferred that aggregate is hardly moved inside the nozzle while the mortar is extruded under pressure. In contrast, increasing frictional force with the nozzle wall influences the flow velocity distribution, as shown in Figure 12b when the extrusion speed is low. In other words, flow velocity varies with the distance from the center, and large aggregates move toward the outside while the mortar is extruded.




5.2. Aggregate Distribution Inside the Filament


In the field of the polymer manufacturing process, it is known that the die swell phenomenon occurs during material extrusion [38]. Figure 13 briefly shows the diagram of the die-swell effect. The diameter of the fluid after discharge is larger than the inner diameter of the nozzle. The change in flow velocity distribution before and after discharge is one of the main causes of the phenomenon [38]. Especially before discharge, the flow velocity is zero on the nozzle wall due to the friction with the nozzle wall, while the velocity is maximum at the center. At the discharge phase, the influence of the nozzle wall suddenly disappears. It causes the flow velocity to increase outside and the velocity to decrease inside. Additionally, as for glass extrusion, when slip occurs at the nozzle wall, the flow velocity distribution before discharge is almost uniform [39]. The change in flow velocity distribution before and after discharge becomes smaller, resulting in a smaller die swell. Similarly, in 3DCP, the change in flow velocity distribution before and after discharge is considered to affect the aggregate distribution after discharge. Also, the behavior of material discharge is considerably affected by the frictional force on the nozzle wall.



Figure 14a shows the relationship between D10, D50, or D90 and h for M02f. Figure 14b shows the relationship between D10, D50, or D90 and v for M02f. Similarly, Figure 14c,d show the relationships between D10, D50, or D90 and h or v, respectively, for M04f. Figure 14e,f show the relationships between D10, D50, or D90 and h or v, respectively, for M08f.



In the case of M02f, the particle size is larger around the center with low extrusion speed, as shown in Figure 14a,b. This indicates that, after discharge, the aggregate moves toward the center again. As explained above, the aggregate moves outward at the material extrusion speed before discharging the material. At the discharge phase, the die swell phenomenon occurs, resulting in an increase in flow velocity near the inner surface of the nozzle wall and a decrease near the center. Hence, the aggregate moves toward the center of the nozzle. Meanwhile, in the case of M04f with a higher extrusion speed, D10, D50, and D90 have no relationship with h, as shown in Figure 14c. D50 and D90 are larger in the vertical downward region, as shown in Figure 14d. Similarly, in the case of M08f with an even higher extrusion speed, D10, D50, and D90 show no relationship with h, as shown in Figure 14e. D50 and D90 are larger in the vertical downward region, as shown in Figure 14f. This infers that changes in diameter and flow velocity distribution before and after discharge are small when the extrusion speed is high. This is because a lubricating layer forms inside the nozzle, resulting in reduced die swell and a flow velocity distribution similar to plug flow. It was observed that the filament undergoes horizontal deformation due to its own weight after extrusion. It is inferred that the flowability immediately after extrusion increased with the increase in the extrusion speed. Consequently, the mortar, initially positioned near the center of the circular cross section, moves relatively downward due to the aforementioned deformation.





6. Conclusions


This study has unveiled the mechanism behind aggregate distribution heterogeneity inside the filament while demonstrating the influence of material extrusion speed on its heterogeneity. We quantified the aggregate distribution inside the filament and nozzle using the extruder of a cartridge-type 3D printer. The results proved the heterogeneous aggregate distribution in the filament and nozzle. Also, it revealed the effects of extrusion speed on the aggregate distribution properties. Specifically, the following key insights were obtained:




	
At lower material extrusion speeds, many large aggregates are located near the inner surface of the nozzle. After discharge, many large aggregates are located near the center of the cross section inside the filament;



	
At higher material extrusion speeds, many large aggregates are located near the center of the cross section inside the nozzle. After discharge, many large aggregates are located vertically downward inside the filament.








These findings suggest that a lubrication layer forms near the inner surface of the nozzle with an increase in extrusion speed. This phenomenon alters the flow velocity distribution within the nozzle, transitioning from laminar flow to plug flow. This also indicates that a reduction in die swell occurs due to the mitigation of friction between the mortar and the nozzle inner surface. Future work is needed to expand the study in regard to the mix proportion, print speed, and nozzle shape, in the context of real-scale 3D-printed structures using cementitious materials.
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Figure 1. Material extrusion mechanics using the piston and the nozzle shape of the extruder. 
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Figure 2. Particle-size distribution of the aggregate. 
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Figure 3. Schematic view of samples: (a) nozzles (M02n, M04n, and M08n); (b) cast cylinder (Mc); and (c) filaments (M02f, M04f, and M08f). 
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Figure 4. Extraction of images to be used for analysis. 
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Figure 5. Overview of the grayscale value histogram and thresholding method. 
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Figure 6. Cross-sectional image: (a) before ADI processing; (b) after ADI processing. 
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Figure 7. Conceptual diagram of ADI calculation. 
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Figure 8. Evaluation region inside the nozzle. 
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Figure 9. Concept of increasing D10, D50, and D90 with increasing particle size. 
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Figure 10. Targeted area and its demarcation in filament: (a) h axis; (b) v axis. 
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Figure 11. Relationship between r and D10, D50, or D90: (a) Mc; (b) M02n; (c) M04n; (d) M08n. 
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Figure 12. Flow velocity distribution profile inside nozzle: (a) plug flow; (b) laminar flow. 
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Figure 13. Velocity distribution profile of the die swell phenomenon. 
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Figure 14. Relationship between h or v and D10, D50, or D90: (a) the relationship to h for M02f; (b) the relationship to v for M0