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Abstract: Due to the molding-free property and dry shrinkage of extrusion-based three-dimensional
printable concrete (3DPC), the precision issues of 3DPC have not been solved effectively. One of the
viable solutions for 3DPC precision improvement is to print using ultra-thin filaments. The challenges
of ultra-thin-filament printing are extrudability, flowability, and fast solidification. To overcome these
challenges and enhance precision, a customized 3D concrete printer with an ultra-thin diameter
nozzle (6 mm) and fully sealed extrusion system was developed, and the mix design of ultra-thin-
filament 3DPC (UTF-3DPC) was studied, including ingredients such as fly ash (FA), silica fume (SF),
ordinary Portland cement (OPC), sodium dodecyl sulfate and cellulose (SDSC), water reducer, water,
and sand. The function of UTF-3DPCs flowability and fast solidification with the proportion of water
and SDSC was explored to obtain the optimal mix design. The standard compressive and flexural
strengths of UTF-3DPC specimens were compared with the mold-cast vibrated and the mold-cast
non-vibrated concrete. Their meso-scale and micro-scale structures were analyzed to expose the
strength mechanism, according to the scanning electron microscope (SEM) images. A suitable mix
design of UTF-3DPC was obtained and UTF-3DPC strength reached 80% of standard mold-cast
concrete. The findings reported here provide a pathway to improve the precision of 3DPC and extend
the application of 3D printing technology in engineering.

Keywords: 3D printable concrete; ultra-thin filaments; flowability; fast solidification; strength;
microstructure

1. Introduction

3D printed concrete (3DPC) has been increasingly applied in the construction of
under-5-story houses [1,2], post-tensioned segmental bridges [3,4], facilities in gardens
or parks [5,6], complex templates [7], etc. worldwide. Engineering applications of 3DPC
benefit us with intelligent fabrication [8], being molding-free, less labor and material
consumption [9], being eco-friendly [10,11], etc. However, some barriers still hinder
extensive applications in civil engineering, such as lack of reinforced concrete printing,
full-graded concrete printing, and quality standards/specifications. Especially, we lack
a series of standards or specifications to evaluate the precision, strength, durability, and
anti-crack ability of 3DPC products including indoor, on-site experimental, and real-scale
structures.

Among those issues, the precision of extrusion-based 3DPC is a non-negligible factor
for structural security and integrity, which is mainly influenced by the configuration of the
printer, such as filament, nozzle size, XYZ motion systems accuracy, and too significant
dry shrinkage. Generally, filament or nozzle size is the primary factor for precision and
surficial flatness. As shown in Figure 1, the thicker filament causes inevitable voids and
surficial unevenness. The thinner the filament or nozzle is, the higher precision is and the
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better surficial flatness. Usually, the thinner the nozzle and filament are, the worse the
extrudability of the concrete slurry has.

Figure 1. Void may occur during path planning (a), and void appears during actual printing (b).
A 15 mm size is used for printing; the extrusion width changes to 25 mm (c). The designed layer
height is 105 mm, and the actual layer height is 100 mm (d).

As shown in Table 1, current research based on printers with larger than 10 mm nozzles
has been mostly reported. One exceptional example is cement-based materials printing
by a printer with a 1.63 mm nozzle [12], where the aggregates are absent. There are few
reports that the concrete printer with smaller than 10 mm nozzle succeeded in the research
community, because the concrete slurry is hard to be extruded out continuously and fast
solidify in a short time by a printer with thinner than 10 mm diameter nozzle, even though
these admixtures, such as nano attapulgite clay [13], sodium carboxymethyl cellulose water-
soluble polymer powder [14], hydrous magnesium aluminosilicate nanoclay [10], kaolinite
clay [15], nano clay [16], cellulosic materials [17], polyacrylamide aqueous solution [18],
are doped in to increase viscosity and reduce the yield stress. However, too small yield
stress will reduce the buildability of 3DPC. Yield stress and viscosity are used to define
the flowability of 3DPC. Besides the flowability, the fast solidification is also important for
3DPC. After extrusion, the deposited slurry should have sufficient strength to support the
continuously constructed layer without excessive deformation or damage.

Table 1. Print nozzle diameter and research contents used by other researchers.

Author The Size of Nozzle Research Results
Bai, G., et al. [11] 30 mm Explore the feasibility of eco-friendly concrete
. Explore high belite sulfoaluminate and medium-heat
Li Wang, etal. [19] 38 mm Portland cements for large-scale 3D printing
Ma, et al. [20] 10 mm Interlayer reinforcement in the process of printing.
L. Wang, et al. [21] 12 mm Realize the real-time quantification of fresh and

hardened mechanical property for 3D printing material

Jay G. Sanjayan, et al. [22]

25 x 10 mm rectangle

Explore the effect of surface moisture on inter-layer
strength of 3D printed concrete

T.T. Le, et al. [23]

9 mm

Research on the hardened properties of
high-performance printing concrete

A. Perrot, et al. [24]

35 mm circular nozzle and
21 x 42 mm rectangular nozzle

Assess the possibility of adapting the 3D printing
technique to earth-based material.

Suvash Chandra Paul, et al. [25]

10 x 20 mm rectangular nozzle and
8 mm diameter nozzle

Explore the fresh and hardened properties of 3D
printable cementitious materials for building
and construction

Jian Hui Lim, et al. [26]

13 x 30 mm rectangular nozzle

Research on flexural characteristics of 3D printed
geopolymer composites with in-process steel
cable reinforcement
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Table 1. Cont.
Author The Size of Nozzle Research Results
Biranchi Panda, et al. [27] 20 x 20 mm square nozzle and Measurement of tensile bond strength of 3D printed
15 x 30 mm rectangular nozzles. geopolymer mortar

G. Ma, et al. [28]

Printable properties of cementitious material containing

8-30 mm nozzle -
copper tailings

Arun R. Arunothayanet, et al.
[10]

Digital fabrication of eco-friendly ultra-high

30 mm nozzle . .
performance fiber-reinforced concrete

Shin Hau Bong, et al. [5]

Ambient temperature cured ‘just-add-water’

30 mm nozzle geopolymer for 3D concrete printing applications

Panda, B, et al. [13]

Improving the 3D printability of high volume fly ash

X . . .
30 > 15mm mixtures via the use of nano attapulgite clay

Sadegh Ghourchian, et al. [29]

Modelling the development of capillary pressure in

150 > 50 mm freshly 3D-printed concrete elements

Chao Liu, et al. [30]

Influence of hydroxypropyl methylcellulose and silica
20 mm nozzle fume on stability, rtheological properties, and printability
of 3D printing foam concrete

Nan Zhang, et al. [31]

Short-duration near-nozzle mixing for 3D

240 mm nozzle S
concrete printing

Bing Lu, et al. [32]

Effect of printing parameters on material distribution in

254 mm nozzle spray-based 3D concrete printing

Brahim Mazhoud, et al. [33]

21 x 40 mm? rectangular nozzle Underwater 3D printing of cement-based mortar

Lowke, D., et al. [34]

8 mm diameter nozzle Injection 3D concrete printing in a carrier liquid

To enhance the precision of 3DPC, a customized concrete 3D printer with 6 mm di-
ameter nozzle and fully sealed extrusion has been developed. To successfully fabricate
the ultra-thin filament 3DPC (UTF-3DPC), fly ash (FA), silica fume (SF), ordinary Port-
land cement (OPC), sodium dodecyl sulfate and cellulose (SDSC) at an optimal ratio are
introduced to mix fine aggregates and water. The flowability and fast solidification of
UTF-3DPC are measured to optimize the yield stress and viscosity. The standard samples
are printed by our customized printer. The compressive and flexural strengths of UTF-
3DPC have been tested and compared with ordinary standard mold-cast-vibrating and
mold-cast-non-vibrating specimens. To expose the printability and strength mechanism of
3DPC, SEM imaging has been conducted. In previous research [35], the impact of different
printing paths on the performance of 3DPC has been studied.

2. Material, Mix Design, Fabrication, and Testing Methods
2.1. Customized Concrete 3D Printer

To attain the robust fabrication of UTF-3DPC, we have developed our customized
concrete 3D printer and fabricated specimens. Our customized concrete 3D printer is
characterized by an ultra-thin nozzle with the diameter of 6 mm. Its benefits include higher
accuracy and better surface flatness. It consists of an entire framework, XYZ motion system,
extrusion system, slurry conveying system, mainboard, and embedded operating system
as shown in Figure 2a,c. The entire framework is combined by base tray and gantry crane
with the size of 500 mm long, 500 mm wide, and 700 mm high. The extruder in Figure 2b is
mounted on the beam in the gantry crane, which controls X and Z axis movement, while
the base tray moves along the Y axis. All X, Y, and Z axes movements in the XYZ motion
system are driven by stepper motors and screw rods. The extruding system is featured
by the fully sealed extrusion, including the extruder, plastic tube, and material tank. The
concrete slurry sealed in the material tank is propelled by the conveying system into plastic
tube and extruded out through the nozzle on the extruder. The slurry conveying system
includes air compressor and the piston in the material tank. The mainboard and embedded
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operating system are used to control nozzle or trays moving path as given route. The
maximum printing size of the specimens is 200 mm x 200 mm x 180 mm. The cylindrical
material tank with an inner diameter of 50 mm is placed vertically next to the printer to
ensure smooth propelling. The plastic tube with an inner diameter of 8 mm is used to
deliver slurry into the extruder. An air compressor provides the high-pressure air to propel
the piston at a stable velocity.

1 Framework 2 Extrusion system

3 Slurry conveying system

4 XYZ motion system

5 Z direction 6Y direction
7 X direction

8 Mainboard and embedded
operating system

9 Air compressor

10 Gantry frame 11 Tank
12 Extruder 13 PE tube
14 Printtray 15 Air compressor

L,=6mm L;=700mm L4=500mm

Figure 2. (a) The model diagram of the customized ultra-thin nozzle printer. It consists of entire
framework, XYZ motion system, extrusion system, slurry conveying system, mainboard, and embed-
ded operating system. (b) The extruder with 150 mm height and a 6 mm ultra-thin nozzle. (c) The
real image of customized ultra-thin nozzle concrete 3D printer.

2.2. Materials and Mix Proportion

The optimal admixtures and mix design have been explored to ensure extruding the
slurry out. To extrude the slurry smoothly, ingredients such as fly ash (FA), silica fume
(SF), ordinary Portland cement (OPC), sodium dodecyl sulfate, and cellulose (SDSC) at a
certain ratio are introduced to mix natural sand, water reducer, and water, and to fabricate
the concrete specimens. The SEM images of the main ingredients are shown in Figure 3.
The magnitude of 1000 times witnesses 2-10-micron spherical particles of FA in Figure 3a.
SF behaves as 200-500-nanometer spherical particles in Figure 3b, while OPC as angular
particles with the size of 1-50 micron in Figure 3¢, and SDSC as angular particles with the
size of 10-50 microns as well as fiber of 30 microns long in Figure 3d. The natural sand
ranges from 0.08 mm to 2 mm.
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(b)

Silica Fume(SF)

- PR R

Ordinary Portland Cement PC) Sodium Dodecyl Sulfate and Cellulose (SDSC)

Figure 3. SEM images of such main ingredients as (a) FA, (b) SE, (c) OPC, and (d) SDSC.

As a supplementary material for OPC, FA hydrates together with OPC, and adheres
other ingredients and aggregates. Since the nozzle diameter of the customized concrete
3D printer is smaller than the nozzle diameters mentioned in most papers, more attention
needs to be paid to the study of the extrudability and flowability of the concrete slurry.
To be extruded smoothly, SF and SDSC are introduced to reduce the shear force between
particles and the friction of the slurry and the nozzle or pipe. Also, SDSC is employed as a
water-retaining material to lock the water inside the slurry under high pressure and avoid
bleeding water out of the slurry. SDSC carrying water also feeds cementitious material
with water to extend the hydration process. As for the admixture, polycarboxylic acid high-
performance water-reducing agent is used as water reducer to control the workability of
the slurry. After previous research [35] and experiments, the ratio of fine aggregates and ce-
mentitious materials is set to approximately 0.5. To explore optimal water or SDSC, six mix
designs include W550SDSC14, W600SDSC14, W650SDSC14, W600SDSC7, W600SDSC14,
and W600SDSC21 as shown in Table 2.

The chemical composition of the materials used is identical to that used in previous
research [35].
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Table 2. Mix ratios design of flowability test (kg/m?3).

Mix Ratios Water OPC FA SF Sand Water SDSC
Design Reducer

W550SDSC14 550 14
W600SDSC14 600 800 400 50 800 0.12 14
W650SDSC14 650 14
W600SDSC7 600 7

W600SDSC14 600 800 400 50 800 0.12 14
W600SDSC21 600 21

2.3. Specimen Fabrication

According to mix designs, all ingredients are put together, stirred evenly to obtain
the slurry. Then the slurry is infused into the cylindrical tank. Before being sealed in the
tank, air in the pipe and tank should be discharged out to ensure continuous extrusion.
After 3D models of specimens are sliced into layers and filaments as shown in Figure 4a,
printing paths from bottom to top are generated, which guide the nozzle to move and
simultaneously extrude slurry out at a certain velocity under high-pressure air produced
by air compressor. As shown in Figure 4b, 6 mm-diameter filaments are stacked into a layer.
After stacking the current layer, the nozzle will move upward 5 mm to print a new layer
until the specimen in Figure 4c is printed out. To print concrete specimens smoothly, 6 mm
diameter filament or nozzle and 30 mm/s of nozzle moving velocity have been finally
adopted. Every single printing layer is 5 mm high. The infill density is set as 100%. The air
pressure of delivering the slurry is set as 0.4 MPa.

(a) (b)

Figure 4. The sliced 3D model (a), filaments in a layer (b), printed specimen (c), and polished
specimen of UTF-3DPC (d).

After curing for 28 days in a standard thermal and humid environment, specimens
are polished into standard concrete specimens (40 mm x 40 mm X 160 mm), as shown in
Figure 4d.
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2.4. Flowability and Fast Solidification Testing
2.4.1. Flowability

According to multiple standards, GB/T 2419-2005 [36], several methods are introduced
to test the flowability of concrete slurry, including the consistometer [5,11] and flow table
test [11,28]. The consistometer is used here because the penetrating cone bears friction and
resistance of the concrete slurry, which is similar to 3DPC.

During the experiment, the mixed mortar was placed in the consistometer, and the
depth of the cone barrel of the consistency instrument was 150 mm. The mortar inside the
cone barrel was punctured and the depth that the cone punched can be measured in the
consistency. By this method, the performance of the mortar with different mix ratios is
tested first, and the material performance is evaluated and printed after the relevant data is
obtained.

Flowability plays a significant role in 3DPC. During the 3D printing process, concrete
requires a lower yield stress and an appropriate plastic viscosity. The yield stress is
computed from the depth of penetration / of the standardized cone used in this study (tip
angle 0 = 30°, mass of m = 300 g) as Equation (1) [33]:

mx g x cos?0
7th? x tan6

T = 1)
where g is the gravity acceleration.

The dosage of water and the amount of SDSC are the main factors which affect the
flowability. Because the printer nozzle is ultra-thin (6 mm), even a small change in the
amount of water will have a great impact on the flowability of the slurry. As shownin Table 1,
5 mix designs are adopted according to the controlled variable method. To find out optimal
water or SDSC proportion, mix designs W550SDSC14, W600SDSC14, and W650SDSC14 take
water as variable floating +50 g, and mix designs W600SDSC7, W600SDSC14, W600SDSC21
take SDSC as variable floating +7 g. Three specimens are made in the same mix design.

2.4.2. Fast Solidification

According to ASTM GB/T 2419-2005, the velocity of solidification is depicted by the
time of initial solidification, which is tested by the penetrometer. For successful printing,
the materials used in 3DPC should be continuously extruded through the nozzle without
any blockage or segregation. After extrusion, the deposited material should have sufficient
strength to support the continuously constructed layer without excessive deformation
or damage.

2.5. Strength Testing

To investigate the hardened properties, the flexural and compressive testing have been
carried out. The distance between the two support columns in the flexural testing is taken
as 100 mm. Flexural strength is calculated according to Equation (2). After the flexural test,
two specimens are generated for compressive test with a compressive area of 40 x 40 mm.
The arithmetic mean value of the measured flexural strength of three specimens in each
group is taken.

2P p
= — =0.637— 2
fis = = = 0637 @
The compressive strength is calculated as
p
fcc == Z (3)

where fi; is the splitting tensile strength (MPa), P is failure load (N), A is specimen split
surface area (mm?), and f,. is compressive strength (MPa).
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2.6. SEM Imaging

To expose the strength mechanism of UTF-3DPC, the microstructures of concrete are
imaged by SEM scanning. The instrument for SEM pictures is JSM-7500F scanning electron
microscope produced by Japan Electronics Corporation. The software, Image-Pro Plus 6.0,
is used to analyze the porosity of specimens. This software can perform pixel analysis
based on the microscopic images.

3. Results and Discussion

By means of the controlled variable method, the optimal mix design of UTF-3DPC
is obtained. UTF-3DPCs flowability, fast solidification, strength, and microstructure are
evaluated. The precision of 3DPC has been effectively enhanced by ultra-thin filament.

3.1. Flowability

To find out the optimal flowability, the penetration resistance and yield stress of
5 mix ratios of UTF-3DPC have been measured as shown in Figure 5. Comparison of
the yield stress of W5505DSC14, W600SDSC14, and W650SDSC14 shows that the yield
stress decreases continuously from 387 Pa to 124 Pa as the dosage of the water increases
as shown in Figure 5f. Also, as the dosage of SDSC increases continuously from 7 g to
21 g, the yield stress decreases from 248 Pa to 144 Pa as shown in Figure 5f. The yield
stress of W600SDSC14 is 185 Pa, which is in the middle of all UTF-3DPC. Generally, the
appropriate yield stress ensures UTF-3DPC being extruded continuously and robustly.
Extrusion testing proves that 185 Pa is the best yield stress for UTF-3DPC, which is less
than 250.2 Pa of 30 mm-rectangular-nozzle 3DPC [5], but it is contained in 66-230 Pa of
20 mm-circular-nozzle 3DPC [30].

From Figure 5f, it can be seen that with the increase in water dosage from 550 to 600,
the water dosage only increased by 50, but the yield stress decreased by 31%. As the yield
stress decreased, the flowability gradually increased, indicating that with an increase in
the water content, the flowability gradually increased, but it is important to note that the
flowability may affect the printing quality. The reason is that the incorporation of water
makes the adhesion force between the various components of the 3DPC become worse,
and it is not so easy to gather into groups.

As a water retaining agent, SDSC can reduce the water loss to a certain extent and
promote the flowability, especially when extrusion-based UTE-3DPC slurry is compressed
by air pressure. The absence of SDSC always causes water to seep out of UTE-3DPC slurry
under the air pressure. The most important function of SDSC is to increase the water
retention of concrete and make the slurry be extruded smoothly. Therefore, it is necessary
to strictly control the water consumption and the amount of SDSC during the experiment
to achieve a balance between the flowability and fast solidification of concrete.

3.2. Fast Solidification

The solidification results of the experiment are shown in Figure 5. The horizontal
dashed line in Figure 5a—e represents the penetration resistance of 3.8 MPa, which corre-
sponds to the initial setting time of the printing material. The solidification time curves
of five different mix ratios of concrete have been fitted, respectively. It is indicated that
they are all approximately in line with the relationship of exponential functions such as
y = AePX. It can be seen that the amount of water is dominating in the entire solidification
testing process.

From Figure 5, it can be seen that as water dosage gradually increases, the slope of
the curve gradually decreases, which means that the hardening rate of 3DPC gradually
decreases, which is in line with expectations. However, for the increase in the amount of
SDSC used, its effect of enhancing early strength and accelerating hydration reactions is
not as significant.

The late solidification means that sufficient strength cannot be obtained in the early
stage to support the printing of subsequent layers. On the contrary, too early solidification
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causes the decrease of the adhesive strength between the previous layer and the subsequent
layer, which is also an unfavorable factor for constructability. So, either too early or late
solidification results in UTF-3DPC tilting or even collapsing during the printing process.
The initial setting time of our proposed UTF-3DPC is about 8 h, which is much longer than

the solidification time of other larger-filament printers [5].
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Figure 5. Comparison of fast solidification and flowability data under five different mix ratios.
(a) W550 means adding water 550 mL, SDSC7 means adding SDSC 7 g, (b) W600 means adding water
600 mL, SDSC14 means adding SDSC 14 g, (c) W650 means adding water 650 mL, SDSC14 means
adding SDSC 14 g, (d) W600 means adding water 600 mL, SDSC7 means adding SDSC 7 g, (e) W600
means adding water 600 mL, SDSC21 means adding SDSC 21 g. (f) The flowability data of printing
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3.3. Printability Evaluation

Extrudability is a comprehensive manifestation of flowability and rapid solidifica-
tion. The satisfactory extrudability is manifested by uniform discharge, no clogging, and
excessive discharge. When a pressure of 2 bar was applied, the granular slurry cannot
be continuously extruded out due to too low air pressure or too dry slurry. Appropriate
water, spherical SF and FA, and SDSC are introduced to increase flowability. When 5 bar air
pressure is used for extrusion in the experiment process, too much slurry was extruded at
one time, which caused the experiment to fail. After reducing the air pressure to 4 bar and
increasing the amount of water reducing agent, the extrusion can be performed normally.

It can be seen that many attempts are needed in the process of using the technology of
full seal extrusion, and different material properties need different technical parameters to
improve the printing quality. Compared with direct extrusion, the construction process of
full seal extrusion is more complex, but to some extent, it can improve printing accuracy.

In the experiment, it was found that the printing effect is the best when the yield stress
is 50 Pa to 65 Pa through observation and measurement. As can be seen from Figure 6, the
relevant data of the fitting curve can be used to obtain the best water consumption and the
best dosage of SDSC for the best printing effect. The percentages mentioned here refer to
the ratio of SDSC and water to the absolute mass of the cementitious material.

140 140
(a) (b)

T miaS 2 20
=100 | & 100 | 82,71
S 80 | e 6177 2 80 e. ~ OL77
z 7 g 47.88
Z 60T S 4134 = 60T -
=40 L g 'g 40 | 3

20 20 |

0 | 1 | 0 | | |

45.8 50 54 (%) 0.5 1.1 1.75 (%)
Water SDSC

Figure 6. The (a) Change in yield stress with changes in water consumption curve and (b) change in
yield stress with changes in SDSC consumption curve.

In fact, in ordinary 3DPC of larger than 10 mm nozzle, the extrusion is just used to
deliver the concrete slurry from material tank to pump hopper, while printing is attained
by self-gravity of the slurry and auger force. The extruder of our UTF-3DPC printer does
not include pump hopper and the auger, because the pump and auger disturb the sealed
slurry, which causes failure of printing process. Many attempts prove that fully sealed
extrusion guarantees smooth printing.

3.4. Opening Time and Printing Speed

To obtain optimal printing speed, the printing speeds of 10 mm/s, 30 mm/s, and
50 mm/s were used. Table 3 summarizes the extrudability and buildability parameters of
the mixtures printed at different speeds. The successful extrudability and buildability are
denoted as “Y’, while the failures are denoted as ‘N’.

The main difficulty encountered in the printing process is that extrusion-based 3DPC
needs to match the printing speed and extrusion speed; otherwise, cracks, breaks, or
accumulations occur. When the slurry is extruded out at 10 mm/s printing speed, the
slurry accumulates, while at a speed of 50 mm/s, the slurry bears excessive tension and
becomes discontinuous.
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Table 3. Evaluation of extrudability and buildability of the mixtures.
Print Speed W550 W600 W650 W600
(mm/s) SDSC14 SDSC14 SDSC14 W600 SDSC7 SDSC21
10 N/N Y/N Y/N Y/N Y/N
30 N/N Y/Y Y/N Y/N Y/Y
50 N/N Y/N Y/N Y/N Y/N

Compressive Strength (MPa)

40
35
30
25
20
15
10

Note: Y/Y denotes successful extrudability /buildability; Y/N denotes successful extrudability but unsuccessful
buildability.

3.5. Strength Analysis

Because the common compressive and flexural directions of concrete are in the Z
direction, the specimens of the three different molding methods are all carried out in the
Z direction. Under the above mix ratios (Table 1), three types of specimens have been
produced, namely printing, mold-cast-vibrating, and mold-cast-non-vibrating. The average
compressive strengths of these three in Figure 7a are 20.1 MPa, 31.6 MPa, and 22.35 MPa,
respectively. Compared with the mold-cast-vibrating specimens of the same mix ratio,
the compressive strengths of the printed and mold-cast-non-vibrating specimens decrease
by 36% and 29%, respectively. The average flexural strengths of these three types are
4.54 MPa, 5.98 MPa, and 4.92 MPa, respectively. The printed and mold-cast-non-vibrating
specimens are 24% and 17.7% lower than the mold-cast-vibrating specimens. Compressive
and flexural strength loss of the printed specimens result from relatively loose bonding
between the middle filaments, as shown in Figure 8a, which is mainly due to the fact that
40 mm width of specimens is not exactly divided by 6 mm of filaments.
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Figure 7. Comparison of compressive (a) and flexural (b) strengths of specimens with the same mix
ratio and different molding methods. Printing represents printed specimens. Vibrating represents
mold-cast-vibrating specimens. Non-Vibrating represents mold-cast-non-vibrating specimens.

From the perspectives of flexural strength and compressive strength, there appears to
be a significant gap, which is due to the obvious anisotropy of 3DPC, meaning that there
are significant differences in strength in the X, Y, and Z directions during strength testing.
During flexural strength testing, the combination bending strength of multiple printed
filaments is measured until all filaments have broken, at which point the entire specimen
is completely destroyed. For compressive strength testing, during the experiment, due
to possible gaps between the filaments, individual filaments may crack, at which point
the experimental equipment recognizes the damage and stops testing, only measuring
a filament of the strength. This is also one of the reasons why printed specimens have
significantly lower strengths compared to cast specimens.
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Figure 8. (a,d) are the cross-section and meso-scale view of the printed specimen. (b,e) are the
cross-section and meso-scale view of the mold-cast-non-vibrating specimen. (c,f) are cross-section
and meso-scale view of mold-cast-vibrating specimen.

3.6. Porosity Analysis

As shown in Figure 8a—c, macro-scale comparison of printing, mold-cast-non-vibrating,
and mold-cast-vibrating specimens cross section shows that mold-cast-non-vibrating and
mold-cast-vibrating specimens present more uniformly distributed porosity structures
than printed ones. Obvious voids occur in the printed specimen. Down to meso-scale
level, in Figure 8d,e, printing and vibrating specimens possess smaller pores than non-
vibrating, which is proved by the statistics on the total porosity area and proportion in
Figure 9a. The largest macro-scale porosity of the printed specimen is due to the fact
that 40 mm width of the specimen is not exactly divided by 6 mm width of the filament,
which causes inborn void in the middle section. Consequently, the voids weaken the
strengths of the printed specimen. The meso-scale picture of the printed specimen is taken
in the filament section. Because our UTF-3DPC is compressed dense in the material tank,
the compressed slurry is denser than mold-cast-vibrating and mold-cast-non-vibrating.
As soon as the voids between filaments are solved, the UTF-3DPC is more promising style
than traditional construction.

According to Figure 9b-d, various porosities are evenly distributed in three specimens.
But pore sizes of the printed specimen range from 0.1 to 0.4 mm, the mold-cast-non-
vibrating 0.04 to 0.8 mm, and the mold-cast-vibrating 0.01-0.08 mm, which also confirms
that the strength of the mold-cast-vibrating specimen is the best among these three.

However, it should be noted that during the process of porosity analysis, only a
portion of the image is selected for analysis, and the most characteristic image is used to
demonstrate the different effects brought about by different forming methods. Differences
in other sectional specimens can be further explored through X-ray scanning.

Further down to micro-scale level, comparison between micro-scale images of these
three indicates that calcium silicate hydrate (C-S-H) effectively adheres to SF, FA, SDSC, and
sand in Figures 10-12. C-5-H, which is a gel-like substance formed after cement hydration
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reaction, can be well distinguished in micro-images. FA, as a supplementary cementing
material, presents as round balls, while SF acts as a lubricant to reduce shear force between
various components, which facilitates better extrudability of the material. But the existence
of voids and cracks in different sizes and proportions results in the different macro-scale
strength of these three specimens. As shown in Figures 10a, 11b and 12b, the printed and
the mold-cast-vibrating specimens are denser than the mold-cast-non-vibrating. Due to the
compressing action of the piston, the UTF-3DPC has the approximate density as the mold-
cast-vibrating specimen. If the bad adhesion between filaments is improved, the strength of
the printed specimen will reach the strength of the mold-cast-vibrating specimen.
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Figure 9. Comparison of porosity of specimens made by three different methods. (a) The total
porosity and pore area of the specimens. (b) is the pore distribution of the printed specimen. (c) is
the pore distribution of the mold-cast-non-vibrating specimen. (d) is the pore distribution of the

mold-cast-vibrating specimen.
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Figure 11. 500 (a), 1000 (b), 5000 (c), and 10,000 (d) times magnified SEM images of mold-cast-non-
vibrating specimens.
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(d)

Figure 12. 500 (a), 1000 (b), 5000 (c), and 10,000 (d) times SEM images of the mold-cast-vibrating specimens.

4. Conclusions

To improve the precision of 3DPC, the ultra-thin filament 3DPC (UTF-3DPC) is pro-
posed and a customized concrete 3D printer with 6 mm circular nozzle and fully sealed
extrusion system is developed. To obtain optimal flowability, extrudability, and fast solidi-
fication of UTF-3DPC, FA, SE, SDSC, and water reducer are introduced to mix with OPC,
water, and sand in different proportions. To obtain the optimal mix ratio, the yield stress,
the penetration volume, and the initial setting time of UTF-3DPC of different mix ratios are
measured according to the standard methods. Optimal mix ratio, appropriate printing and
extruding speed, and air pressure ensure succeeding the fully sealed UTF-3DPC printing.
To verify the practicability of UTF-3DPC, the compressive and tensile strengths of UTF-
3DPC are compared with mold-cast-vibrating and mold-cast-non-vibrating specimens. To
explore the underlying mechanism of UTF-3DPC strength, the macro-scale, meso-scale, and
micro-scale porosity structures are imaged via camera and SEM method. Some conclusions
are made as follows:

1.  UTEF-3DPC can effectively improve print accuracy, but adjustments to printing param-
eters are significant during the printing process to achieve good print results;

2. The 6 mm-filament 3DPC can be printed successfully at 30 mm/s printing speed,
0.4 MPa air pressure;

3.  UTF-3DPC includes FA, SF, SDSC, water reducer, sand, water, and OPC. FA and SF are
helpful to optimize the gradation of UTF-3DPC. SDSC plays a key role in improving the
flowability, extrudability, and printability, and retaining water under the air pressure;

4. The optimal dynamic yield stress and initial setting time of UTF-3DPC are 175 Pa to
200 Pa, and 8 h, respectively;

5. The strength of UTF-3DPC reaches 80% of mold-cast-vibrating concrete;

6.  If the inter-filament adhesion of UTF-3DPC can be improved, the strength of UTF-
3DPC will be further enhanced;
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7. The meso-scale and micro-scale structures of UTF-3DPC indicate that air pressure
is beneficial to enhance its strength due to fully sealed extrusion system. Under the
air pressure, fully sealed UTF-3DPC becomes denser than mold-cast-non-vibrating
concrete;

8.  The findings reported here provide a pathway to improve the precision of 3DPC and
extend the application of 3D printing technology in engineering.
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