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ABSTRACT
This study explores the use of commonly utilized materials (sulphoaluminate cement, fly ash, expanding agent) 
in the creation of three inorganic coatings (C-coating, F-coating, E-coating) to improve the interlayer bonding 
properties of 3D printed mortar. The mechanical properties of mortar with/without coating were characterized 
by compressive test and flexural test. The bonding properties of the coatings were assessed through splitting 
tests and micron indentation tests. X-ray diffraction (XRD) and scanning electron microscopy (SEM) were 
employed to analyze the characteristics of hydration products and pore structure. The findings demonstrate that 
both F-coating and E-coating significantly enhance the mechanical properties of 3D printed mortar. Specifically, 
F-coating led to a 42% increase in flexural strength and a 71% increase in bond strength. The XRD and SEM 
analyses revealed that the fly ash contained in F-coating has a pozzolanic effect by reducing the content of 
Ca(OH)2 (CH), promoting the formation of calcium silicate hydrate (C-S-H) gel, and enhancing microscopic 
morphology. The expansion agent contained in the E-coating could significantly increase the content of AFt, and 
the needle-like AFt plays a good bonding performance between the interfaces. In this manuscript, two kinds of 
cheap and easy-to-obtain interlayer coatings for 3D printing mortar are found.
Keywords: 3D printed mortar; weakness zone; inorganic coating; interlayer bonding properties.

1. INTRODUCTION
The 3D printing technology of concrete is based on the mathematical model, and the concrete is made into a 
three-dimensional entity in a layer-by-layer stacking way through the printing equipment [1-4]. This technology 
integrates various advanced technologies such as computer science, numerical control, material science, and 
information engineering [5–7]. Compared with traditional concrete technology, 3D printing technology could 
reduce waste, labor costs and production time [8–11].

 Based on the existing technology, it is difficult for researchers to build an effective reinforcement 
system in 3D printed concrete buildings [12, 13]. As a result, these buildings often rely solely on the physical 
and mechanical properties of concrete to ensure structural safety [14]. However, the weak layer of 3D printed 
concrete has significantly lower mechanical properties compared to traditional concrete [15, 16]. This weakness 
directly impacts the overall mechanical properties of 3D printed concrete structures, compromising their safety, 
service life, and limiting the practical application and development of concrete 3D printing technology. 

The current research results show that the mechanism of the weak zone between the printed concrete 
layers is closely related to the printing process (printing time, printing height, printing thickness, printing speed, 
etc.), geometric factors (area of the extrusion nozzle, geometry of the extrusion nozzle, etc.), physical factors 
(air content in concrete, porosity of concrete, etc.) and material factors (setting time, fluidity, etc.) [17, 18]. In 
order to improve the interlayer bonding of printed concrete, researchers around the world have carried out a lot 
of research work. PAN et al. [19] added nano clay to the 3D printed cement mortar to reduce the water loss in 
the weak zone, and improved the bonding strength between the layers by reducing the width of the weak zone.  
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LI et al. [20] added 1.5% viscosity modifier into the 3D printed mortar for increasing the water retention of the 
materials, reducing the bleeding phenomenon of the materials, promoting the hydration reaction and improving 
the interlayer bonding properties, so that the flexural strength and fracture energy of the concrete are significantly 
improved. BEUSHAUSEN et al. [21] enhanced the interfacial bonding strength of the weak zone by increasing 
the roughness of the interface. This increase in roughness resulted in a 220% improvement in the shear strength 
of the structure. In order to improve the interlayer bonding strength of 3D printed concrete, WANG et al.  
[22, 23] applied mortar containing different polymers to the interlayer, and experimental results show that 
adding 8% epoxy resin to the mortar will increase the flexural strength by 222-277%. HOSSEINI et al. [24] 
formed a new polymer consisting of black carbon and sulfur was used to glue the two layers together, and the 
testing results show that the modified mortar could increase the flexural strength by 100%. A large number of 
researchers have effectively improved the interlayer properties of 3D printed concrete structure through different 
methods [25, 26]. However, the coatings utilized by the aforementioned researchers to enhance the properties 
of the interlayer interface need to be procured separately, thereby increasing the workload of operators in 
experiments or engineering. In the preliminary work, the author discovered an easy method that involves using 
thioaluminate cement and water with a water-cement ratio of 0.5 to create a cement slurry. This cement slurry 
exhibits excellent fluidity and adhesion. By applying this slurry between the layers of 3D printed concrete, 
it effectively improves the adhesion between the layers of 3D printing mortar. Therefore, the author of this 
paper aims to enhance the interlayer bonding performance of 3D printed mortar by refining the composition of 
inorganic coatings.

In previous research work [27], it was found that the cement slurry coating (C-coating), prepared with 
sulphoaluminate cement and water at a water-cement ratio (w/c) of 0.5, has a significant enhancement effect on 
the performance of cement-based materials. Additionally, it can also achieve the effect of using local materials. 
And the performance of the coating is further improved by incorporating fly ash and expansion agent into 
sulfoaluminate cement (F-coating and E-coating). The above three inorganic coatings (C-coating, F-coating, 
E-coating) were finally used to improve the performance of the printing mortar. The study involved testing 
the mechanical properties of the specimens through flexural strength and compressive strength measurements. 
The bond strength was evaluated using bond strength and micro indentation technique. The hydration products 
were analyzed using X-ray diffraction (XRD), and the microstructure was observed using a scanning electron 
microscope (SEM).

2. MATERIALS AND METHODS

2.1. Raw materials and mix proportions
The calcium sulfoaluminate cement (CSA) 42.5 used in this study was provided by Dalian Onoda Cement Co. 
Ltd. Fly ash (FA) and expansion agent (EA) were obtained from Henan Hengyuan New Materials Co. Ltd. The 
main chemical compositions of these materials are presented in Table 1. The fine aggregate used was quartz sand 
with a size range of 0.1 mm to 0.8 mm.

In this study, three types of cement slurry mixed with various additives were chosen as interlayer 
reinforcement materials. In the previous research conducted by the author’s research group, it was determined 
that the coating should be applied using a cement slurry with a w/c of 0.5 [27], and the material mixing ratios 
of the three types of coatings are presented in Table 2.

Table 1: Chemical composition of cementitious materials (%).

Sample SiO2 MgO CaO Fe2O3 SO3 Al2O3 TiO2

CSA 6.13 1.24 42.54 1.53 10.79 35.17 ̶
FA 52.97 1.71 6.27 5.27 1.46 28.77 1.66
EA 1.03 1.81 52.56 0.66 28.33 13.61 0.02

Table 2: Mixing ratios of three coating materials (%).

SAMPLE CSA FA EA
C-coating 100 – –
F-coating 94 6 –
E-coating 94 – 6
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2.2. Sample preparation
The 3D printing equipment (shown in Figure 1) in this study was provided by Dalian Xueqing Mingfeng 
numerical control technology Co. Ltd. The printer realizes multi-functional integrated 3D printing, which is 
composed of storage system, dry powder circulation system, printing system, computer numerical control 
device and machine tool body. The maximum size of the printing concrete specimen is 1.5 m × 1 m × 0.6 m. 

In order to achieve rapid setting of cementitious materials in 3D printing, the process involves conveying 
dry powder materials into a feeding bin, which are then transferred to the circulation system by a spiral winch. 
The material is delivered to the printing system through a combination of stirring blade action and gravity. Water 
is pumped into the system, with the flow controlled by a meter. Within the printing system, the dry material is 
mixed with water. The cement mortar is then extruded by a rotating print head, and the 3D object is built up by 
moving the guide rail to complete the printing process. 

The 3D concrete printer is utilized to print cement mortar by following a predetermined printing path. 
The printing parameters for this process are as follows: the spindle speed is set at 600 r/min, the travel speed 
is set at 1200 mm/min. The printing head has a circular section with a diameter of Φ18mm, and the printing 
thickness is 18.5mm. During the printing process, after each layer of printing is completed, coating (1 mm) is 
added by coating jetting equipment to the top surfaces of the last layer. 

2.3. Testing and analysis techniques
The hardened mortar was cut into the specimens with 160 mm × 40 mm × 40 mm and 40 mm × 40 mm × 40 mm  
for mechanical properties test [28]. The cut specimens are shown in Figure 2. The mortar specimens were placed 
in the curing box (temperature 25°C, humidity 95%) to the specified age (7days, 28days), and the flexural 
strength and compressive strength tests were carried out according to “Test Method of Cement Mortar Strength” 
(GB/T 17671-1999). 

The test method of interlayer bonding strength refers to “Test Method Ordinary of Mechanical Properties 
on Ordinary Concrete” (GB/T 50081-2002). The size of mortar specimens are 40 mm × 40 mm × 40 mm, and 
two steel tubes were placed at the interlayer junction of specimen (as shown in Figure 3). The average value of 
the test results of 6 specimens in each group was taken as the final test result.

After samples grinded and polished, the micron indentation test was carried out with the help of the 
micron mechanical test system (shown in Figure 4) which is independently developed by China Building 
Materials Academy Co. Ltd. The loading speed is 0.5 mm/min, the loading and unloading time is separately 
30s, and the maximum load is fixed as 1.5 mN to obtain the hardness of the selected area. To ensure the accuracy 

Figure 1: 3D printing equipment.
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Figure 2: The cut specimens for mechanical properties test.

Figure 3: The Bond strength test (1. Mortar, 2. Steel tube, 3. Loading plate, 4. Coating).

Figure 4: The micron mechanical test system.
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of the data, the needle pressing step is controlled at 20 mm. The test from mortar to coating was carried out in a 
straight line to avoid pores and cracks. 7 points were hit in each set of tests, and each value was the average of 
the three actual measurements.

An Empyrean X-ray diffractometer was used for XRD with 60 kV tube voltage and 50 mA tube current. 
The measurable 2θ range was 15° to 50°, and the scan rate was 4°/min. A JSM-6360LV stereo scanner was 
used for observation and photographing. The acceleration voltage of the scanner was 20 kV, the resolution was  
20 nm, the magnification was 500-30,000, the working voltage was 112 kV, the working current was 5mA, and 
the spraying thickness was 15–20 nm.

3. RESULTS AND DISCUSSIONS

3.1. The flexural strength
The test results of the flexural strength of the 3D printed mortar with/without three different inorganic coatings 
at the age of 7 days and 28 days are shown in the Figure 5. It can be seen that inorganic coatings could sig-
nificantly enhance the flexural strength of printed mortar. Compared with the specimens without coating, the 
flexural strength of the specimens coated with C-coating, F-coating and E-coating increases by 24%, 42% and 
37% at 7d, respectively. The flexural strength of specimens coated with C-coating, F-coating and E-coating 
increased by 24%, 35% and 27% at 28d compared with plain specimens. This indicates that the addition of all 
the three inorganic coatings could significantly improve the flexural strength of printed mortar, and the mortar 
with F-coating improves the most.

3.2. The compressive strength
Figure 6 shows the compressive strength test results of 3D printed mortar with/without three inorganic coatings 
at curing age 7 days and 28 days. 

It could be seen that the variation of compressive strength is similar to that of flexural strength. Compared 
with that of the specimens without coating, when the curing age is 7 days, the compressive strength of the 3D 
printed mortar specimen is increased by 22% by C-coating, 30% by F-coating, and 26% by E-coating. When the 
curing age is 28 days, the compressive strength of the specimens coated with C-coating, F-coating and E-coating 
increases by 13%, 31% and 21%, respectively. The results of flexural strength test and compressive strength 
test show that among the three inorganic coatings, F-coating has the most obvious improvement effect on the 
mechanical properties of printed mortar, followed by E-coating, and finally C-coating.

Figure 5: The flexural strength of the 3D printed mortar.
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3.3. The bond strength

The test results of interlayer bond strength are shown in Figure 7. It can be seen from the test results that the 
three inorganic coatings could significantly improve the bond strength between cement mortar layers. Compared 
with the specimens without coating, the bond strength increases by 71% when F-coating was added, 42% when 
E-coating was added, and only 7% when C-coating was added. Through the analysis of the results of bond 
strength test, flexural strength test and compressive strength test, it can be found that the mortar composition of 
all specimens is the same, but the mechanical properties are very obvious differences, indicating that the addition 
of coating will significantly enhance the bond strength of the interlayer interface, thus affecting the mechanical 
properties of cement mortar. The different composition of coatings also affect the bond strength of coatings, and 
the mechanical properties of cement mortar specimens with different coatings are obviously different.

Figure 6: The compressive strength of the 3D printed mortar.

Figure 7: The bond strength of coatings.
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3.4. The micron indentation
The micron indentation test results of mortar and coating are shown in the Figure 8. The hardness of mortar 
is about 100HV, the hardness of coating is 60-75 HV, and the interfacial transition zone (ITZ) between mortar 
and coating has the lowest hardness (61–69 HV). The maximum indentation displacement (MID) of mortar is 
about 100 μm, the MID of coating is 180-280 μm, and the MID of ITZ is 250–300 μm. The results show that the 
addition of three inorganic coatings increases the bonding strength between the mortar layers, but it is inevitable 
that a new weakness zone of bonding property will be formed between the coating and the mortar layer when 
coatings are added.

Among the three types of coatings, the hardness of F-coating is 72–74 HV, that of E-coating is 63–68 
HV and that of C-coating is 62-65 HV, indicating that the hardness of F-coating is the highest among the three 
types of inorganic coatings. It is worth noting that the hardness of F-coating and mortar layer in ITZ area is 
significantly higher than the other two coatings, and the hardness of E-coating and C-coating in ITZ area is 
basically equal.

3.5. XRD
As the main raw material of the three types of inorganic coatings is CSA, the crystal types and the amount crystals 
of coatings of all specimens had no significant difference. The hydration products are still mainly Ettringite 
(AFt), Calcium hydroxide (CH) and Aluminum hydroxide (AH3). Figure 9 shows the peaks of AFt, CH and 
AH3 of XRD patterns. In order to accurately detect the crystal composition of coatings, the fracture surface of 
specimens of the bonding strength was selected, and about 1 mm of the thickness of the upper surface of the 
fracture surface was cut and ground into powder. In this study, the content of hydration products in different 
coatings is indirectly compared by comparing the peak value. The AFt crests at 15.5º–18.0º and 22.5º–23.5º 
(2θ), the CH crests at 18.4º–19.2º and 34.5º–23.5º (2θ), the AH3 crests at 18.4º–19.2º and 34.5º–23.50º (2θ). It 
can be seen from Figure 9 that the peak of AFt (2θ = 15.8º) for E-coating was 5800, C-coating was 5000, the 
peak of AFt for F-coating was 5000.

The order of peak values of CH is basically the same as that of AFt. The CH crests value of E-coating 
is the highest, followed by C-coating and F-coating is the lowest. However, the order of peak values of AH3 is 
different from the above two results, being C-coating>F-coating>E-coating.

3.6. SEM
In order to explore the influence of different coatings on the morphology of interlayer interface, C-coating, 
E-coating, and F-coating specimens were selected. Figure 10 shows the micromorphologies of the three types 
of inorganic coatings. 

It can be seen from the electronic scanner photograph (Figure 10a) that there are a large number of pores 
and CH crystals inside the C-coating, there were a large number of unhydrated substances. What can be seen 
from Figure 10b is that there are a lot of C-S-H gels (amorphous colloidal form [12]) inside the F-coating, and 
these dense gels are evenly distributed at interlayer interface. In Figure 10c, a large number of CH and AFt exist 
in the pores of E-coating, and acicular AFt crystals and tabular CH crystals intersperse increase the adhesion of 
mortar. The two crystals filled part of the pores, but the filling ability is poorer than C-S-H gels.

Figure 8: The micron indentation test of specimens: (a) Hardness of specimens; (b) MID of specimens.
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Figure 9: The XRD pattern of coatings: (a) the peak value of AFt; (b) the peak value of CH; (c) the peak value of AH3.

3.7. The influence mechanism of coatings on cement mortar
The test results of XRD and SEM show that, compared with the other two coatings. When C4A3Š reacts with 
water alone at low water/solid ratios, it produces mono-sulfoaluminate (C4A3ŠH12 or Ms12) and 
aluminium hydroxide (AH3), show in equation (1). In environments with higher water content, the presence 
of ettringite (C6AŠ3H32 or AFt) can also be observed. The hydration of C4A3Š with calcium sulfate (CŠ) 
results in the formation of AFt and AH3, show in equation (2). When a certain amount of CŠ and calcium 
hydroxide (CH) are present in the system, two specific hydration reactions occur, leading to the formation of 
mono-sulfoaluminate and ettringite as the final hydration products, show in equation (3) and equation (4) [29]. 
The AFt and CH generated in the E-coating can be inserted into the mortar matrix to act like fibers.
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Figure 10: The microstructure of three types of coatings: (a) C-coating; (b) F-coating; (c) E-coating.

C4A3Š + 18H → C4A3ŠH12 + 2AH3� (1)

C4A3Š + 2CŠH2 + 34H → C6AŠ3H32 + 2AH3� (2)

C4A3Š + 2CŠH2 + 6CH + 26H → 3C4A3ŠH12� (3)

C4A3Š + 8CŠH2 + 6CH + 74H → 3C6AŠ3H32� (4)

The mechanical properties of F-coating is the best one among the three types inorganic coatings, which is 
also consistent with above conclusions on bond strengths. AFt and CH content in F-coating is lower, because the 
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main components of fly ash are SiO2 and Al2O3, which will react with AFt and CH and will reduce the contents 
of AFt and CH. [30] C-S-H gels or C-A-S-H gels (Figure 11a) with higher compactness and better mechanical 
properties were generated while AFt and CH contents were reduced. 

The content of AFt and CH in E-coating is higher than that of C-coating and F-coating. This is because 
E-coating contains a large amount of CaO (> 50%) [27], which will promote the formation of AFt and CH. 
The AFt and CH hydration products could increase the early mechanical properties (Figure 11b). Compared 
with C-S-H gels, these two hydration products show high brittleness and low compactness, so the strength of 
E-coating is lower than that of F-coating. Therefore, the enhancement effect of E-coating on the mechanical 
properties of 3D printed mortar is inferior to F-coating, but better than C-coating.

4. CONCLUSIONS
This study investigates the impact of three types of inorganic coatings applied to the interlayer zone of 3D printed 
mortar. Mechanical properties such as compressive strength and flexural strength were analyzed, while the bond 
strength of the interlayer zone was assessed through splitting and micron-indentation tests. The influence of 
coatings on hydration characteristics was explored using XRD, and the microstructure of the interlayer zone was 
examined with SEM. The findings and discussions lead to the following conclusions.
(1)	 Three types of inorganic coatings (C-coating, F-coating, and E-coating) were found to enhance the flexural 

strength (24%, 35%, 27%), compressive strength (13%, 31%, 21%), and bond strength (7%, 71%, 42%) of 
3D printed mortar at 28 days. The results indicated that E-coating and F-coating had a significant positive 
impact on the mechanical and bonding properties of 3D printed mortar, while C-coating did not show 
effective improvement in these properties. 

(2)	 E-coating is likely to increase the content of AFt and CH at the interlayer zone due to the high CaO content 
(> 50%) in the expansion agent, which promotes the formation of AFt and CH while decreasing the Al 
element content. On the other hand, F-coating is expected to reduce AFt and CH contents because fly ash, 
the main components of which are SiO2 and Al2O3, lowers the Ca element content. Additionally, fly ash 
reacts with AFt and CH to form C-S-H gels or C-A-S-H gels.

(3)	 The results of micron indentation test and SEM test indicate that neither F-coating nor E-coating can 
significantly enhance the hardness of hydration products. However, their characteristics enable hydration 
products to function similarly to fibers, enhancing the connectivity between layers and increasing the 
density of the interlayer zone. Consequently, when F-coating and E-coating are added to interlayers of 3D 
printing mortar, there is a notable enhancement in the overall mechanical properties.

(4)	 The raw materials of the three coatings are all common materials in the laboratory. These raw materials 
can achieve rapid synthesis of coatings with reasonable mixing ratios. The authors determined through 
experiments the mix ratio parameters of two coatings that are both easily available and can effectively 
improve the interlayer bonding properties. This paper provides data for 3D printing interface transition zone 
improvement methods.

Figure 11: The hydration products in interlayer interface: (a) C-S-H gels or C-A-S-H gels of F-coating; (b) AFt and CH of 
E-coating.
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