
i 

Development of 3D printed electromagnetic wave 

absorbing copper solid included concrete 

Junbo Sun 

M.Eng

This thesis is presented for the degree of Doctor of Philosophy of The University of Western 

Australia 

Department of Civil, Environmental and Mining Engineering 

2020 



 

ii 

 

Declaration 

 

I, Junbo Sun, certify that: 

 

This thesis has been substantially accomplished during enrolment in this degree. 

This thesis does not contain material which has been submitted for the award of any other degree or 

diploma in my name, in any university or other tertiary institution. 

In the future, no part of this thesis will be used in a submission in my name, for any other degree or 

diploma in any university or other tertiary institution without the prior approval of The University of 

Western Australia and where applicable, any partner institution responsible for the joint-award of this 

degree. 

This thesis does not contain any material previously published or written by another person, except 

where due reference has been made in the text and, where relevant, in the Authorship Declaration that 

follows. 

This thesis does not violate or infringe any copyright, trademark, patent, or other rights whatsoever 

of any person. 

 

This thesis contains published work and/or work prepared for publication, some of which has been 

co-authored. 

 

 

 

Signature:   

 
Date: 09/11/2020 

 

 



 

 iii  

 

Abstract 

The increasing electromagnetic energy and multiple reflections of electromagnetic waves 

(EMW) produce various negative effects on the human body and information security. Cement 

composites equipped with EMW-absorbing ingredients would be a directly applicable solution. 

However, ordinary EMW-absorbing concrete using current casting methods exhibit insufficient 

absorbing capacity. Therefore, the objective of this thesis is to propose a comprehensive study on 

macrostructural EMW-absorbing CSC structures using 3D printing technology. To achieve this, a 

novel EMW-absorbing CSC composite incorporating copper solids for extrusion-based printing and 

its mechanical enhancement mechanism will be studied. A double-layered element and ungraded 

structure containing a graded absorbent and a wave-shaped macrostructure will be developed to 

improve EMW-reflecting performance. The cementitious composite design, manufacture 

methodology, and structural configuration will be investigated to understand the EMW-absorbing 

mechanism in view of combined impedance matching and energy exhausting effect. The main 

methodology for each chapter and the corresponding importance findings include the following: 

First, a new EMW-absorbing copper solid concrete (CSC) incorporating copper slag and copper 

powder is manufactured. A compound printability model is proposed to assess the rheological 

properties of composites by extrudability and buildability. The rheological characteristic is thus 

evaluated and optimized to enable 3D printing. The influence of copper-absorbent dosage, 3D 

printing methodology, and structural configurations (surface texture and thickness) on EMW 

absorption capacity is explained as well. 
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Second, the mechanical properties of the 3D-printed EMW-absorbing CSC composite are 

carefully studied. Two enhancement methods are developed for the 3D-printed element to improve 

stiffness development and hardened mechanical strength. The porosity experiment is conducted 

using mercury intrusion porosimetry (MIP), which shows the enhancement mechanism of 

manufacture methodology. 

Third, a self-developed double-layered element is investigated containing a novel graded, 

nano-sized absorbent using extruded and sprayed printing. A detailed discussion of the microwave-

absorbing mechanism for the novel double-layered CSC structure is presented in both micro and 

macro magnitudes. Further theoretical optimization of the structural configuration is also conducted 

to explore the potential of the printed double-layered structures. 

Finally, to further fulfil the printed structural potential in EMW absorption, a 3D printed wave-

shaped, EMW-absorbing CSC element is generated. Finite element analysis simulates the explored 

space impedance characteristics including the synthetic vector electromagnetic field and surface 

current distribution. Simultaneously, the finite element method amends drawbacks in experiments 

and finally investigates the mechanism of how structural configurations (heave height and tangent 

value) affect EMW-absorbing capacity accurately. 

In this research, the importance of cementitious composite design, manufacture methodology, 

and structural configuration is carefully explored. The optimized wave element is identified to create 

a minimum reflectivity of -43.7 dB, a mean reflectivity of -25 dB, and an absorbing bandwidth of 

18 GHz. The real experiments drawbacks are fixed and the mechanism of wave and double-layer 

structural configurations in EMW-absorbing capacity is well analysed. The mechanical performance 
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for the printed element shows a 40% increase in compression strength at 7 days compared to cast 

counterpart and creates a peak value of 48 MPa at 28 days. Besides an outstanding EMW-absorbing 

capacity, well-balanced printability and mechanical performance are also ensured to satisfy the 

varying industrial demands. 
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Chapter 1. Introduction 1 

1.1 Background 2 

The modern electronics industry has developed rapidly, and different electronic 3 

facilities have been built, including computer networks, high-voltage transmission lines, 4 

radio and radar systems, and industrial and medical equipment [1-4]. Although it has 5 

greatly benefited many industries as well as the daily life of the general population, the 6 

concomitant, ubiquitous electromagnetic wave (EMW) pollution, including high-altitude 7 

electromagnetic pulse (HEMP), high-power electromagnetic radiation (HPER), and 8 

electromagnetic leakages (EML), substantially negate these benefits. 9 

As the EMW pollutions pose serious threats to human health and information 10 

security [5-7], various standards have been established to evaluate the electromagnetic 11 

environments including GB 8702-88 [8], GB-10437-89 [9], GB-10436-89 [10], GB-9175-12 

88 [11]. According to the standards, the safe corresponding public exposure limits are 13 

demonstrated in Table. 1-1. It is generally understood that the current modern electronic 14 

facilities and gadgets often release constant strong power, which is far beyond the standard 15 

limits at close range. Thus, the development of safeguard measures against EMW 16 

pollution is imperative. 17 

Table. 1-1. Summary of current standards for public exposure limits. 18 

Frequency range 

(MHz) 

Electric field strength 

(V/m) 

Magnetic field strength 

(A/m) 

Power density 

(W/m2) 

0.1-3 40-87 0.1-0.25 20-40 
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3-30 67f-0.5-150f-0.5 0.17f-0.5-0.4f-0.5 12f-0.5-600f-0.5 

30-3000 12-28 0.032-0.075 0.4-2 

3000-15000 0.22f0.5-0.5f0.5 0.001f0.5-0.0015f0.5 f/7500-f/1500 

15000-30000 27-61 0.073-0.16 2-10 

Concrete constructions are the most prevailing building forms to accommodate most 19 

of the modern industrial manufactures and social activities. The cement-based composites 20 

exhibit highly superior EMW absorbing characteristics. Microwaves can be further 21 

substantially consumed if conductive and magnetic additives are added into the cement 22 

material. As a result, numerous microwave absorbent materials, such as fly ash [12], ore 23 

tailings [13], ferrite and steel fibre [14], have been explored to enhance the EMW 24 

absorbing capacity of cementitious materials. Meanwhile, nano-material, chirality 25 

material, conducting polymer, conductive macromolecule material, high-temperature 26 

ceramics have also been studied as potential absorbent candidates to improve the EMW 27 

absorbing capacity of manufactured materials [15-17]. Experimental studies [18, 19] have 28 

derived the wave absorbing performance indicators of some absorbents for cement as 29 

shown in Table. 1-2. 30 

Table. 1-2. Wave absorbing performance indicators of concrete absorbents. 31 

Type and weight  

content (%) 

Peak shielding 

effectiveness /dB 

Peak reflection loss 

/dB 

Maximum Reflectivity bandwidth 

(<-10 dB) /GHz 

Iron ore tailings 28   -17.6 2 

Mn-Zn ferrite 44 -14.8 9 

Carbon fibre 34 -42.5 2.5 

Graphite 130 -32 2 

file:///F:/æ��é��è¯�å�¸/Dict/7.5.0.0/resultui/dict/
file:///C:/Users/user/ä¸‹è½½çš
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Graphene oxide 22 -7.96 1.5 

However, successful application of these EMW absorbing concrete materials is still 32 

far-fetching. It is because that the EMW absorbing capacity of the absorbents is limited 33 

and the corresponding effective absorbing bandwidths are narrow due to the frequency 34 

range-specific electromagnetic parameters (permittivity and permeability). Thereby, 35 

individual material exhibits EMW absorbing capacities within a specific frequency range 36 

[20]. On top of that, the addition of the conductive additives may compensate for the 37 

mechanical strength and durability of the cementitious composites. It leads to non-uniform 38 

grading and variable water-cement ratio to ensue insufficient bonding strength and poor 39 

workability [21]. As a result, the macroscale EMW absorbing structures can be a feasible 40 

solution because the novel structures compensate un-uniform electromagnetic parameters 41 

distribution by improved space impedance matching. The structures can also perform a 42 

considerable energy consumption and diminish surface microwave reflection to improve 43 

the EMW absorbing peak value as well as the bandwidth significantly. Thereby, if 44 

appropriately designed, new macroscale EMW absorbing structures are desirable to 45 

achieve balanced EMW absorption capacity, mechanical performance and other functions 46 

in demand. 47 

1.2 Motivation and objective 48 

This thesis carries out a comprehensive study on macrostructural EMW-absorbing 49 

CSC structures using 3D printing technology consisting of a double-layered structure and 50 
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a wave-shaped structure to provide a foundation for understanding the mechanism of 51 

macrostructural EMW-absorbing structures. The importance of cementitious composite 52 

design, manufacture methodology and structural configurations including structural 53 

thickness, height, and slope on the microwave-absorbing mechanism are carefully 54 

explored in both micro and macro contexts. The proposed structures are thus capable of 55 

absorbing microwaves flexibly and controllably with a combined impedance matching 56 

and energy exhausting effect to satisfy different industrial demands. Except for 57 

outstanding EMW-absorbing capacity, well-balanced printability and mechanical 58 

performance are also achieved. The objectives of the present study include the following: 59 

⚫ Develop a new EMW-absorbing cementitious composite incorporating copper 60 

solids; evaluate and optimize the rheological characteristic to enable 3D printing; 61 

analyse the mechanism of absorbent dosage, 3D printing methodology, and single-62 

layered structural parameters (surface texture and thickness) in EMW absorption 63 

capacity. 64 

⚫ Establish methodologies to enhance mechanical properties (stiffness development, 65 

compressive and flexural hardened strength, etc.) for the 3D-printed CSC 66 

composite; conduct a porosity experiment using mercury intrusion porosimetry, 67 

which shows the enhancement mechanism of manufacture methodology. 68 

⚫ Develop a double-layered CSC element containing the newly explored nano-sized 69 

graded absorbent using two different 3D printing methodologies, establishing the 70 

microwave-absorbing mechanism model in both micro and macro magnitudes; 71 
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optimize the structural configuration theoretically to explore the potential of the 72 

double-layered structures. 73 

⚫ Develop wave-shaped macrostructure EMW-absorbing CSC structures to fulfil the 74 

electromagnetic grading potential; conduct finite element analysis to study space 75 

impedance distribution consisting of synthetic vector electromagnetic field and 76 

surface current; amend drawbacks in experiments to further investigate the 77 

influence of wave structural configurations (heave height and tangent value) on 78 

EMW-absorbing capacity in an accurate way. 79 

1.3 Thesis organization 80 

This thesis includes 7 chapters. The introduction is given in Chapter 1. Other chapters 81 

are organized as below: 82 

Chapter 2 shows a comprehensive review of EMW-absorbing mechanisms, raw 83 

absorbent cementitious materials, and the relevant preparation methods. Meanwhile, the 84 

EMW-absorbing mechanisms are summarized. Lastly, the potential for applying 3D 85 

printing technology to EMW-absorbing concrete is discussed. 86 

In Chapter 3, a new EMW-absorbing cementitious composite incorporating copper 87 

slag and copper powder for complicated macrostructures is proposed. The rheological 88 

characteristic is carefully evaluated and optimized to enable 3D printing. The influence of 89 

copper absorbent dosage, 3D printing methodology, and single-layered structural 90 
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configurations (surface texture and laminar thickness) on EMW absorption capacity are 91 

investigated. 92 

Chapter 4 investigates the mechanical properties from the early age state to the 93 

hardened state for printable EMW-absorbing CSC composite. Two enhancing methods are 94 

developed to improve stiffness development behaviour and hardened mechanical strength. 95 

A mercury intrusion porosimetry porosity experiment is carried out to explain the 96 

enhancement mechanism of manufacture methodology. 97 

Chapter 5 describes a self-developed double-layered CSC structure employing a 98 

novel graded, nano-sized absorbent using extruded and sprayed printing technology. The 99 

absorbent microscale wrapping effect, porosity characteristics, and EMW-absorbing 100 

capacity are fully analysed. A theoretical model of the EMW-absorbing mechanism is 101 

presented, and a theoretical optimization of the structural configuration is also conducted. 102 

In Chapter 6, a novel wave-shaped macrostructure EMW-absorbing CSC structure is 103 

proposed. The finite element method is employed to study space impedance distribution 104 

and to address experimental drawbacks. Based on simulation calibration, the influence of 105 

wave-shaped structural configurations, including heave height and slope, on EMW-106 

absorbing characteristics are explored in detail. 107 

Chapter 7 summarizes the key conclusions of this research and provides 108 

recommendations for future studies. 109 

  110 
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Chapter 2. Literature review 111 

This chapter presents a literature review on the EMW absorbing mechanism 112 

including energy exhaustion and impedance matching. Subsequently, the raw absorbent 113 

cementitious materials and the relevant preparation methods for EMW absorbing 114 

performance of cementitious materials are summarized. Lastly, the potential for applying 115 

3D printing technology and EMW absorbing concrete is discussed. 116 

2.1. EMW absorbing mechanism  117 

The EMWs are oscillating particle waves with light speed emitted from an electric 118 

field and a magnetic field that are perpendicular to each other. The microwave band falls 119 

in the frequency range from 300 MHz to 300 GHz (1 mm to 1 m wavelength) [22]. In the 120 

300 MHz to 300 GHz range, the 1-18GHz domain is the most applied range, which is 121 

usually divided into L band (1-2 GHz), S band (2-4 GHz), C band (4-8 GHz), X band (8-122 

12 GHz) and Ku band (12-18 GHz).  123 

As shown in Figure 2-1, the internal energy relationships of EM wave propagation 124 

govern the electromagnetic absorbing and shielding capacity. The corresponding 125 

measurement and evaluation systems are thus established based on this relationship. 126 

file:///C:/ä¸�è½½ç��å��ç§�ç¨�åº�/æ��é��è¯�å�¸/Dict/7.2.0.0703/resultui/dict/
file:///C:/Users/å�æµ�å��/å®�è£�ç¨�åº�/æ��é��è¯�å�¸/Dict/7.2.0.0703/resultui/dict/


 

 8  

 

 127 

Figure 2-1. Illustrative energy relationships of EMW propagation inside an absorber [23]. 128 

The law of energy component lays the foundation for absorbing mechanism. The 129 

components of EMW energy can be expressed as 130 

 𝑊𝑖 = 𝑊𝑡 + 𝑊𝑟 + 𝑊𝑎 (1) 

 𝑊𝑟 = 𝑊𝑓 + 𝑊𝑓
∗ (2) 

where Wi is the incident microwave energy; Wr specifies the total reflected energy; Wt 131 

stands for the transmitted wave energy and Wa represents the energy absorbed; Wf 132 

indicates the reflected energy on the concrete surface; Wf
* denotes the energy propagating 133 

through the material and get reflected when reaches the boundary. 134 

Dividing Eq. (1) by Wi yields 135 

 1 = 𝑅(𝜔) + 𝑇(𝜔) + 𝐴(𝜔) (3) 

where 𝜔 is the angular velocity of EMW, R(ω) is the reflectivity energy given by Wr/Wi; 136 

T(ω) represents the transmissivity energy given by Wt/Wi; and A(ω) denotes the 137 

absorptivity energy given by Wa/Wi. From Eq. (3), we define 138 
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 139 

where r(ω) denotes the reflecting velocity and t(ω) means transmission velocity. 140 

2.1.1. EMW exhaustion mechanism  141 

Based on the Maxwell equation, the energy exhaustion effect is vital in EMW 142 

absorption for cementitious materials and can be divided into two main categories, namely 143 

dielectric loss and magnetic loss [24, 25]. For dielectric loss, absorbents generate local 144 

conductive networks to form oscillating current, conversing electromagnetic energy to 145 

thermal energy. For the magnetic loss, absorbents experience irreversible magnetization 146 

due to the external magnetic field. Thereby, the magnetic hysteresis loss is formed to 147 

transfer part of EMW into thermal energy. Specifically, in the magnetization process, eddy 148 

currents are formed which is opposite to original magnetic field to further shield EMW. 149 

The EMW field and the two-loss processes are described by relevant parameters: 150 

permeability 𝜇, permittivity ε and electrical conductivity σ. EMW propagation can be 151 

described as follows [26], 152 

 𝐴(𝜔) = 1 − 𝑅(𝜔) − 𝑇(𝜔) (4) 

 𝐴(𝜔) = 1 − |𝑟(𝜔)|2 − |𝑡(𝜔)|2 (5) 

 
𝜎 =

1

𝜌
 (6) 

 𝐷 = 휀𝐸 = 휀0휀𝑟𝐸  (7) 

 𝐵 = 𝜇𝐻 = 𝜇0𝜇𝑟𝐻 (8) 
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where ρ is the electrical resistivity in Ω/m; D stands for the electrostatic flux density; E is 153 

the electric field intensity; B represents the magnetic induction intensity; H denotes the 154 

magnetic field intensity; ε0 specifies the vacuum permittivity and is equal to 8.85×10-12 155 

F/ m; 𝜇0 describes the vacuum permeability at 4π×10-7 H/m, εr stands for the relative 156 

permittivity and 𝜇r represents the relative permeability. εr  and 𝜇 can be expressed as 157 

where χE is the polarizability; χM expresses the magnetic susceptibility. In the form of 158 

complex function, there are 159 

where ε’ and 𝜇’ are the real parts of relative permittivity and relative permeability, 160 

demonstrating the polarization and magnetization degree in electric and magnetic fields. 161 

The terms ε″ and 𝜇″ are the imaginary parts of the permittivity and permeability standing 162 

for the degree of rearrangement energy exhaustion for electric dipole moment and 163 

magnetic dipole moment. There is no EM energy loss when both ε″ and 𝜇″ are equal to 164 

zero, while absorption of EMW increase with increasing ε″ and 𝜇″. 165 

The reflection loss is the critical parameter of EMW absorbing capacity. The 166 

attenuation data is expressed as dB value and the higher dB value contributes to higher 167 

EMW absorption. The ideal scenario is fulfilled when R(ω) is equal to zero, demonstrating 168 

the best combination of electromagnetic energy exhaustion and electromagnetic 169 

 휀𝑟 = 1 + 𝜒𝐸  (9) 

 𝜇𝑟 = 1 + 𝜒𝑀 (10) 

 휀𝑟 = 휀′ − 𝑖휀′′ (11) 

 𝜇𝑟 = 𝜇′ − 𝑖𝜇′′ (12) 
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impedance matching [27]. Based on the building protocols, the reflection loss should be 170 

less than -10 dB within a frequency range from 1 GHz to 18 GHz, standing for at least 171 

90% EMW reflection (Wr) or 68% wave transmission loss (Wt) [28]. Reflection loss is 172 

expressed as 173 

where Z0 denotes the impedance in a vacuum; Zin stands for the input impedance.  174 

For a single-layer structure, the impedances Zin1 can be expressed as                             175 

where d is the thickness; εr specifies the relative permittivity; and 𝜇r denotes relative 176 

permeability; ε0 and 𝜇0 represent the permittivity and permeability in a vacuum; f stands 177 

for the frequency; c is the propagation velocity of the wave in free space. 178 

For a multi-layer structure, the input impedance Zink can be expressed as 179 

 
𝑅 = 10log （

𝑊𝑟

𝑊𝑖
） 

(13) 

 
𝑅 = 20log|

𝑍in − 𝑍0

𝑍in + 𝑍0
| 

(14) 

 

𝑍0 = √
𝜇0

휀0
 (15) 

 

𝑍in l = √
𝜇0𝜇𝑟

휀0휀𝑟
tanh [

j2πfd

𝑐
√휀𝑟𝜇𝑟] (16) 

 𝑍in k

= 𝜂𝑘

𝜂k-1tanh(𝛾k-1𝑑k-1) + 𝜂𝑘tanh(𝛾𝑘𝑑𝑘)

𝜂𝑘 + 𝜂k-1tanh(𝛾k-1𝑑k-1)tanh(𝛾𝑘𝑑𝑘)
 

(17) 

 

𝜂𝑘 = √
𝜇0𝜇rk

휀0휀rk
 (18) 
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where k is the number of layer (k≥2); 𝜂k stands for the intrinsic impedance at kth layer; 180 

and γk specifies complex propagation constant in the kth layer; εrk is the relative permittivity; 181 

and 𝜇rk denotes relative permeability regarding kth layer. 182 

2.1.2. EMW matching mechanism  183 

The impedance matching generates islanding effects (scattering, diffraction, multiple 184 

reflections) to prolong microwave propagation and provide multiple EMW loss paths by 185 

porous and inhomogeneous EMW absorbers [29-31]. The term loss factor tan𝛿 is usually 186 

used to describe the microwave absorbing degree for dielectric loss tan𝛿ε and magnetic 187 

loss tan𝛿𝜇 defined as 188 

where tanδis the exhaustion ratio of EMW and higher loss factor ensures higher EMW 189 

absorbing degree. The transmission line theory and impedance matching principle comply 190 

with the impedance matching condition as given below [28] 191 

The macrostructural properties also influence the impedance matching. Among the 192 

properties, the thickness is most widely analysed. The relationship among thickness, 193 

EMW frequency and reflectivity peaks can be described by the interference as [32] 194 

 𝛾𝑘 = jω√휀0휀rk𝜇0𝜇rk/c 
(19) 

 𝑡𝑎𝑛 𝛿𝜀 = 휀′′/휀′ (20) 

 𝑡𝑎𝑛 𝛿𝜇 = 𝜇′′/𝜇′ (21) 

 tanδ𝜀 = tanδ𝜇 (22) 

 
𝑓 =

(2𝑛 + 1) ⋅ 𝑐

4𝑑√휀𝑟𝜇𝑟

𝑛 = 0,1,2,3... 
(23) 
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where f is the frequency; d stands for the thickness of the sample and n represents the 195 

number of peaks.3.2 EMW impedance matching raw materials.  196 

2.1.3. EMW shielding mechanism  197 

In addition to reflection theory, the shielding effect can be expressed by the degree 198 

of microwave attenuation energy, i.e., 199 

where SE can be decomposed as 200 

where SER specifies the microwave reflection depletions; SEA refers to the microwave 201 

absorption depletions; and SEM stands for the reflection depletions in multiple times; SER 202 

represents the interaction result between charged particles and EM field. When the SEtotal 203 

exceeds 15, SEM is usually regarded as zero. 204 

2.2. EMW absorbing raw materials 205 

The rapid development of modern electronic industry and widely use of diverse 206 

electronic products, industrial and medical equipment have caused a massive increase in 207 

electromagnetic pollution [33-35]. Electromagnetic energy and multiple reflections of 208 

electromagnetic wave produce various negative impact on the human body, equipment, 209 

information security [36-39]. However, normal cementitious composite generally 210 

exhibits limited EMW absorption capacity due to insufficient magnetic or electric 211 

 
SE(dB) = 10log(

𝑊𝑖

𝑊𝑡
) 

(24) 

 SEtotal = SE𝑅 + SE𝐴 + SE𝑀 (25) 
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additives (2CaO·SiO2, 3CaO·SiO2, 3CaO·Al2O3, 4CaO·Al2O3·Fe2O3, etc.) to trigger 212 

limited EMW absorption capacity and narrow effective absorption bandwidth [40, 41]. 213 

This is because the EMW absorption is decided by the media impedance which is directly 214 

influenced by permeability and permittivity shown in Eqs(13)-(16). However, except 215 

chiral materials, most absorbent’s permeability and permittivity do not distribute 216 

uniformly among the frequency range. Thereby, the EMW absorbing performance will 217 

be significantly interrupted by inferior or fluctuated electromagnetic parameters [42, 43]. 218 

As a result, a combination of different absorbents will compensate for the nonuniformity 219 

nature in parameter distribution for individual absorbent. The well-organized 220 

combination enhances the uniform degree of electromagnetic parameters for stable 221 

EMW absorbing behavior at changing frequency ranges [44, 45]. Various materials such 222 

as ferrites, steel fibres, mining tailings, carbon materials, resonance materials have been 223 

explored to serve as absorbents for EMW.  224 

2.2.1. Industrial by-products and solid wastes 225 

In engineering practice, the industry by-products such as fly ash (FA), slag and 226 

magnetite can be utilized in the cementitious material to absorb EMW due to their various 227 

types of ferrites contents. The FA cement composite exhibit considerable mechanical 228 

properties, e.g. 55.92 MPa of compressive strength, 9.3 MPa of flexural strength and 42.74% 229 

of porosity [46-50]. The prioritized beauty of FA concretes lies in the superior EMW 230 

absorption capacity and conductivity due to the high ferrite content and the porous texture 231 
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[51-54]. The copper slag, natural magnetite (Fe3O4) [55] and metallurgical slag [56] 232 

demonstrate desirable EMW performances with large absorption bandwidth (up to 233 

0.7GHz), outstanding absorption capacity (lowest at -28 dB) and a maximum EMW 234 

absorption of 80-85%. The solid wastes, including co-combustion bottom ash [57], 235 

styrene-butadiene rubber [58, 59], and recycled construction aggregates [60] can be 236 

recycled to manufacture energy absorption cementitious materials (at least 0.8 sound 237 

absorption coefficient). Other wastes，such as carbonized peanut shell [61] and crushed 238 

electronics [62], are also potential EMW absorbents with considerable absorbing capacity 239 

with a -10.52 dB reflection value and a 3.9 GHz bandwidth. EMW performances of the 240 

industrial by-products and solid wastes reinforced composites are summarized in Table. 241 

2-1 (C band, X band and Ku band). The EMW absorbing performance is evaluated as 242 

outstanding when the average reflection loss (RL) value is below -10dB within the range. 243 

It is specified as effective when the RL value in the specific range falling in the range from 244 

-5dB to -10dB, while the perforamnce is regarded as poor when the RL value is between 245 

0dB and -5dB. From Table 2-1, the industrial by-products and solid wastes generally 246 

perform well in middle and high-frequency ranges. 247 

Table 2-1. EMW absorbing capacity of industrial by-products and solid wastes [26, 248 

55, 56, 61, 63]. 249 

 L band 

1-2GHz 

S band 

2-4GHz 

C band 

4-8GHz 

X band 

8-12GHz 

Ku band 

12-18GHz 
FA                        (25wt%) / Effective Effective Effective Outstanding 

Copper slag          (50wt%) / / / Effective / 
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Natural magnetite (15wt%) Poor Effective Outstanding Poor Effective 

Metallurgical slag (5wt%) / / / Effective / 

Carbonized peanut shell (0.5wt%) Poor Poor Effective Effective / 

2.2.2. Carbon materials 250 

The carbon materials have been used in the cementitious material because of their 251 

excellent conductivity, dielectric property, low density, as well as preferable mechanical 252 

performances in view of compressive strength, flexural strength and toughness [64, 65]. 253 

Meanwhile, carbon absorbents can contribute significantly to the loss of EMW due to their 254 

superior characteristics of the thermal transformation, electronic polarization, ionic 255 

polarization, molecular polarization, interfacial polarization and scattering effect. Besides, 256 

the carbon material reinforced concrete can also serve as a smart flow monitoring 257 

composite [66]. Generally, carbon materials are contained in the carbon black, graphite, 258 

carbon powder, carbon fibre, carbon nanotubes, silicon carbide [67]. 259 

The carbon black (CB) is a prevailing additive with high dielectric constant and 260 

suspending bonding strength, leading to multiple scatterings. The carbon black can also 261 

integrate with other absorbents to ensue outstanding reflection loss of -18 dB [68]. The 262 

nanometer carbon materials are special helical structural additives (0.1~100 nm particle 263 

sizes) with high specific surface area, low weight and thickness, outstanding EMW 264 

absorbing capacity (up to -42.53 dB) and considerable EMW shielding capacity (32% 265 

improvement in SE value) [69]. In general, the nanometer carbon material includes silicon 266 

carbide nanowires (SiCNW), multi-walled carbon nanotube (MWCNT), carbon nanofibre 267 
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(CNF), carbon nanotube (CNT) and graphite nano-platelet (NGP). The nano-materials are 268 

expected to be applied in large-scale, repeatable, low-energy and multiple function 269 

structural constructions [70, 71]. The graphite displays effective EMW absorbing capacity 270 

because its layered structure forms mutual conductive chains or networks. Singh et al. [72] 271 

found SE value of 46 dB for graphene oxide-ferrofluid composite (30 wt%). Chen et al. 272 

[73] explored graphene oxide-carbon fibre concrete to get an RL value of 34 dB. Moreover, 273 

the physical diameters, preparation methods (vapour deposition treatment, activation 274 

modification, etc.) and temperatures have significant effects on carbon reinforced EMW 275 

absorbing composite apart from carbon absorbent category and content [74, 75]. As for 276 

the absorbent physical diameter, 0.1 µm diameter of discontinuous carbon filaments 277 

contributes to a lower RL value at -14 dB, which is 4dB lower than that of 15 µm filaments 278 

with the similar volume ratio of 0.7% [76]. For the preparation methods, the compression 279 

moulding method [77], melt-processing method and dispersion method [78, 79] 280 

demonstrate considerable EMW shielding capacity. Especially, a high aspect ratio for the 281 

dispersion method is recommended and an EMW shielding efficiency rank by aspect ratio 282 

is also determined as carbon black<carbon fibre<carbon nanotube<graphene sheet [80]. 283 

Dahawi et al [81] identified the optimum mixing rate to be 100 revolutions/minute to 284 

achieve 359 Ω/m of resistivity for 0.25 wt% carbon nanotube composite, which was 316 285 

Ω/m higher than that by other mixing methods. Meantime, higher temperature led to 286 

increased real part permittivity by shortening the relaxation time of electron polarization 287 

[82, 83]. However, the freezing-thawing cycle treatment negated the EMW absorption by 288 
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degenerating the peak RL value from -12.5 dB to -6 dB and eliminating all effective 289 

frequency bandwidth for composites blended with 0.4% carbon fibre [84]. Table 2-2 290 

shows the EMW absorbing performance of the carbon material-composite with 291 

outstanding capacity in middle and high-frequency ranges (C band, X band and Ku band) 292 

[69, 74, 75, 85]. 293 

Table 2-2. EMW absorbing capacity of carbon materials. 294 

 L band 

1-2GHz 

S band 

2-4GHz 

C band 

4-8GHz 

X band 

8-12GHz 

Ku band 

12-18GHz 
Carbo fibre              (25wt%) / Effective Effective Effective Outstanding 

Carbon black          (0.5wt%) / / / Outstanding Outstanding 

SiCNW                    (35wt%) / Poor Outstanding Outstanding Poor 

2.2.3. Steel fibres and ferrites 295 

As a prevailing cementitious material reinforcement, steel fibre has high 296 

permeability and permittivity to ensue magnetic hysteresis loss, eddy-current loss and 297 

dielectric loss although the material is weak in spectral characteristic, oxidation resistance, 298 

and acid-resistant capacity. As a result, the fibre reinforced concretes exhibit compound 299 

electromagnetic behaviour including maximum 16 Ω/cm resistivity, 87 dB shielding value, 300 

-11 dB reflectivity and 10 GHz bandwidth (RL<-4 dB) [86-89]. The ferrite is a promising 301 

cementitious raw material with excellent EMW absorption capacity in a broad frequency 302 

range because the material has high permeability and electrical resistivity, which avails 303 

the EMW attenuation. Applications of ferrite reinforced concretes are firstly found in 304 

construction. Yamane et al [90] invented a fin ferrite-glass curtain wall to perform -29 dB 305 
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reflection loss. Oka et al patented [91] a wood-ferrite-steel powder composite with 30 dB 306 

SE peak valve. Oda [92] investigated a four-layer building material in electromagnetic 307 

shielding rooms containing an Mn-Zn ferrite layer (2.5 mm) and an iron powder layer (0.5 308 

mm) to achieve superior EMW absorbing capacity of -14.8 dB. Theoretical analysis and 309 

experiments on ferrite composites have also been reported. Ni Zn-ferrite composite [93], 310 

Bi2O3 reinforced composite [94] and electric arc furnace steel slag composite [95] are 311 

explored and exhibited considerable EMW absorption capacities (up to 0.18 cm-1 linear 312 

attenuation coefficient) and mechanical performances (a maximum compression strength 313 

of 125MPa). 314 

Microwave absorbing capacity is strongly related to the geometrical morphology of 315 

ingredients per se and the corresponding preparation methods. The fine aggregates, 316 

especially nano-sized aggregates (nano-sized Al2O3), can improve the mechanical 317 

properties substantially to flexural strength of 5.2MPa and split tensile strength of 2.8MPa 318 

[96]. The dispersive particle grading contributed to the EMW absorption by combing 319 

Co2Z particles and Ba-ferrite particles in polymer composites to improve the RL value 320 

from -27 dB to -44 dB [97]. The section shape was also a critical factor in EMW 321 

absorption. Roslan et al. [98] proved that steel sludge had a higher reactivity than that of 322 

the steel slag due to a higher conductivity loss (72.9% against 43.3% for steel slag) 323 

accordingly to the pozzolanic activity tests. Ge et al. [99] compared carbonyl iron, 324 

ultrafine iron, ultrafine ferrite and carbon particle in varying cross-sectional shapes and 325 

found that the disc shape exhibited the highest absorption performances for carbonyl iron 326 
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(13.7×10-2µm2), ultrafine iron (3.33×10-2µm2), and carbon particle (0.823×10-2µm2), 327 

while sphere shape demonstrated the highest absorption capacity for ultrafine ferrite 328 

(1.39×10-2µm2). The preparation methods include quench-heat preparation treatment 329 

[100], sol-gel treatment [101, 102] and co-precipitation treatment [103]. These methods 330 

modify the surface electromagnetic parameters and demonstrate a minimum reflection 331 

loss of -38.3 dB and an absorption bandwidth of 5.0 GHz. Table 2-3 lists typical EMW 332 

absorbing capacities of steel fibre and the ferrite reinforced concrete. The steel fibre and 333 

ferrites absorb EMW primarily in X band and Ku band and still exhibits sufficient EMW 334 

absorbing capacity in the S band. 335 

Table 2-3. EMW absorbing capacity of steel fibre and ferrite [88, 91, 101, 104]. 336 

 L band 

1-2GHz 

S band 

2-4GHz 

C band 

4-8GHz 

X band 

8-12GHz 

Ku band 

12-18GHz 
Iron fibres                        (20 vol%) / Poor Effective Effective Poor 

Wood-ferrite-steel powder composite / / / / Outstanding 

TiO2 composite                   (30 wt%) / / / Poor Outstanding 

Lithium ferrite   (sol-gel methodology) / Effective Effective Effective Effective 

 337 

2.2.4. Resonance materials  338 

As a prospective cementitious material, the resonance materials exhibit high pore 339 

volume, low density and low dielectric constant to exhaust EMW by impedance matching 340 

effect, scattering and multiple reflections [105-107]. The materials include natural 341 

resonance materials (dredged silt [108], silica fume [109], diatomite ingredients [110, 111]) 342 
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and artificial materials (nano-SiO2 particle, glass microsphere, expanded polystyrene, 343 

etc.). 344 

Recently, the nano-SiO2 particle (7 nm-15 nm) has been explored and is proved to 345 

have improved EMW absorption capacities and mechanical performances with preferable 346 

1.02 radiation attenuation coefficient, 140 MPa compressive strength and 25 MPa flexural 347 

strength [112-115]. The hollow glass can be used to constitute self-healing cementitious 348 

composite for micro-crack monitoring and ultra-lightweight cement composite (ULCC) 349 

with a considerably low average density (505.6kg/m3) and sufficient compression strength 350 

(33.03MPa) especially at low temperatures (-60℃) [116-120]. The material also 351 

demonstrates potential in EMW absorption due to a maximum 100% noise reduction 352 

coefficient [121]. However, due to low electromagnetic parameters, the hollow glass 353 

microspheres are normally wrapped with dielectric and magnetic coatings to guarantee 354 

sufficient EMW absorbing capacity [122]. The expanded polystyrene (EPS) demonstrates 355 

porous characteristic to be beneficial for absorbing EMW despite influencing adversely 356 

the mechanical property to yield 39.3MPa of peak compression strength, a -15.27 dB of 357 

RL peak value and a 12.5 GHz of bandwidth [123-125]. The steel fibre and ferrite 358 

concretes’ EMW absorbing capacity is shown in Table 2-4. According to the table, the 359 

impedance matching mechanism based absorbers reduce reflected EMW mainly in high-360 

frequency ranges, such as X band and Ku band and demonstrate limited EMW absorbing 361 

capacity in low-frequency range including L band and S band. 362 

Table 2-4. EMW absorbing capacity of resonance absorbents [109, 122, 126]. 363 
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 L band 

1-2GHz 

S band 

2-4GHz 

C band 

4-8GHz 

X band 

8-12GHz 

Ku band 

12-18GHz 
Silica fume                         (9 wt%) / / Effective Outstanding Effective 

Hollow glass microspheres coated 

with CoFe2O4 

/ / Poor Poor Effective 

EPS                                   (60 vol%) / / / Effective Outstanding 

 364 

2.3. Integrated material and structural applications 365 

2.3.1. Multi-phase composites 366 

The multi-phase composites including MWCNT-FA-silica fume composite [127], 367 

carbon nanotube/poly/magnetite composite [128] and carbon nanotube-Fe3O4 composite 368 

[129] are explored to exhibit outstanding EMW absorbing and shielding capacity. As a 369 

result, the SE peak value of 50 dB, the RL peak value of -28.8 dB and the maximum 370 

bandwidth of 7 GHz can be achieved. The ferrite composites are also a focus of recent 371 

research. The applications include FeSiAl/MnO2 composite [130], nano-372 

NiFe2O4/polystyrene composite [131], polyaniline/γ-Fe2O3 nanocomposite [132], 373 

carbonyl-iron/Fe91 Si9 [133] and carbonyl-iron/Fe91.2Si3.1P2.9Sb2.8 composites. The 374 

corresponding coating technology for graded multi-phase absorbent is trendy research 375 

solutions in micro as well as nanoscales. For example, the chemical vapour infiltration 376 

(CVI) technology is detected to treat short carbon fibres to improve EMW absorbing 377 

performance significantly. The coating treatment is also conducted upon hollow glass 378 

microspheres with dielectric and magnetic CoFe2O4 nanosized particles to render graded 379 

electromagnetic parameters, which avails sufficient EMW absorbing capacity [134]. Table 380 
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2-5 shows the concrete EMW absorbing characteristics reinforced by fibre and the ferrite. 381 

The multi-phase composites are thus highly recommended due to its enlarged EMW 382 

absorbing ranges and increased SE peak value. 383 

Table 2-5. EMW absorbing capacity of multi-phase composites [129-132, 135]. 384 

 L band 

1-2GHz 

S band 

2-4GHz 

C band 

4-8GHz 

X band 

8-12GHz 

Ku band 

12-18GHz 
Carbon nanotube/poly/magnetite composite  / Outstanding Outstanding Outstanding / 

FeSiAl/MnO2 composite Poor Poor Poor Effective Outstanding 

Nano-NiFe2O4/polystyrene composite / Poor Poor Effective Effective 

Carbonyl-iron/Fe91.2Si3.1P2.9Sb2.8 composites  / Outstanding Outstanding / / 

Polyaniline/γ-Fe2O3 nanocomposite / / Outstanding Outstanding Outstanding 

2.3.2. Multi-structural structures  385 

The multi-structural structure constitutes of variable shapes and combines the 386 

impedance matching and energy exhaustion in a graded manner at the structural level. For 387 

an example of a multi-layer structure, the matching layer in the upper position obtaining 388 

low electromagnetic parameter to reduce reflected surface EMW by impedance matching 389 

effect and benefits propagating reactions for incident microwave, while the absorbing 390 

layer in lower position mainly consumes EMW energy using the magnetic absorbents 391 

[136]. The MnO2 is utilized in the impedance matching layer and CB is used in the 392 

absorbing layer to render a 4.6 GHz effective bandwidth and a -27.5 dB peak RL value 393 

[137]. Meanwhile, the silica fume-ferrite (magnesium-manganese-zinc alloy) double layer 394 

composite exhibits over 6.6GHz bandwidth [138]. Xie et al. [139] explored a double-layer 395 

board consisting of 2 wt% carbon black to yield 90% EM wave absorption value 396 
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throughout the overall frequency spectrum (2~18 GHz). As for three-layer structure, 397 

Zhang et al. [140] employed rubber powder in the surface impedance matching layer, the 398 

ferrite in middle-layer, and spinel ferrite and carbon fibre in absorbing layer, achieving -399 

15 dB RL value and 6.6 GHz effective bandwidth. Kimura et al. [141] constituted a three-400 

layered structure incorporating coarse aggregate and fibre to achieve EMW absorption 401 

peak at -22 dB. The EMW absorbing performance of multi-layer composites is 402 

demonstrated in Table 2-6 and the materials absorb effectively EMW in X band and Ku 403 

band with ever better EMW absorbing capacity in S band and C band.  404 

Table 2-6. EMW absorbing capacity of multi-layer structures [92, 137, 138, 140]. 405 

 L band 

1-2GHz 

S band 

2-4GHz 

C band 

4-8GHz 

X band 

8-12GHz 

Ku band 

12-18GHz 
MnO2/CB composite  / / / Outstanding Outstanding 

Four-layer building material  Poor Effective Outstanding Effective Outstanding 

Silica fume/Mn-Zn ferrite composite  / / / Outstanding Outstanding 

Rubber powder-ferrite-carbon black-ferrite composite / / / Outstanding Outstanding 

 406 

Except for multi-layer structures, other macrostructure EMW absorbing concretes 407 

are promising solutions because these structures are expected to modify EMW 408 

interference, impedance matching, thermal conversion, mutual scattering and multiple 409 

EMW reflections when appropriately fabricated and geometrically configured [142]. The 410 

pyramid-shape-structure [143], triangular and sine structure [144], hollow honeycomb 411 

structure [145] and L-shaped channel structure [146] have been developed. Specifically, 412 

Wang et al. [147] developed an over-expanded honeycomb structure covered with a 413 
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carbon powder absorbent and found it balanced well between the EMW absorbing 414 

capacity and load resistance. Bollen et al. [148] constructed honeycomb polymer 415 

composites reinforced with carbon nanotubes, leading to effective absorption within the 416 

frequency range of 2 GHz~40 GHz. 417 

 418 

2.3.3. EMW absorbing industrial applications  419 

Effective EMW absorbent materials are in great demands for civil facilities. For 420 

example, the telecommunication base stations usually release EMW pollutions between 421 

900MHz and 3GHz, while various radar systems release EMW in a frequency range of 1-422 

18GHz, which can be absorbed by varying materials. The radiation rooms in hospitals or 423 

laboratories in institutes emit X-ray and γ-ray (>30 PHz), which can be shielded by the 424 

absorbents. The American business continuity group manufactured the first EMW 425 

shielding building, which is capable of preventing intentional electromagnetic 426 

interference, high altitude electromagnetic pulse, blast attacks, eavesdropping and natural 427 

disasters [149]. Tuan and Lim from Nebraska's Peter Kiewit Institute developed an EMW 428 

absorbing concrete against intense pulses of electromagnetic energy, which was ready for 429 

commercialization licensed under the name of the University of Nebraska-Lincoln [150]. 430 

2.4. Potential of applications integrated with 3D printing technology 431 

Despite the intensive EMW absorbing material research, current conventional 432 

casting methodology faces challenges of low manufactory automation, low cost-433 
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efficiency, insufficient construction accuracy, inferior design flexibility, and inherent 434 

heterogeneity, which hinders general practical applications of EMW absorbing concrete 435 

[151, 152]. Recently, significant improvement has been made in developing largescale 3D 436 

printing to accommodate the need for automation in construction, which is of the high 437 

degree of automation and high accuracy of manufacturing [153-155]. Concrete 438 

manufacturing using 3D printing technology may be able to overcome these challenges as 439 

it has great flexibility to improve mechanical characteristic. As a new construction 440 

technology, this innovative technology can automatically and accurately print cement-441 

based composite layer by layer to manufacture the computer designed structures without 442 

extra formworks, which significantly contribute to the advantages of material saving [156, 443 

157]. This technology also enables sufficient buildability, bonding behavior and increases 444 

structural integrity, enhancing the mechanical property based on its inherent anisotropic 445 

characteristics [158, 159]. Specifically, a company called Apis manufactured a 38 m² 446 

building using the 3D printer with cost as low as $10,000 and in a time period as short as 447 

24 hours [160]. Another company, New Story, also printed a 650 square feet house with 448 

expense as low as $4,000 within 24 hours [161].  449 

In view of EMW absorption performance in 3D printed element, the distinct surfaces 450 

roughness induced by the undulant printing route is regarded to prolong EMW 451 

propagation, providing more frequency selective surface to absorb EMW effectively [162]. 452 

The mesoscale longitudinal flaws formed in the deposition process of extruded filaments 453 

can also enhance the electromagnetic waves absorbing performances. Therefore, based on 454 
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the functional performances of composites and the high degree automation of 3D printing, 455 

integrating the application of 3D printing and EMW absorbing materials paves an 456 

innovative way to enhance the advantages of material saving, high efficiency, design 457 

flexibility and environmental-friendly, as well as the improvement of EMW absorbing 458 

performance of civil structures and the automation of construction processes [163, 164]. 459 

It is thus a great challenge for the adopted materials to meet the favourable 460 

printability, sufficient mechanical property and distinct EMW absorbing property 461 

simultaneously. The combination of 3D printing technology and EMW absorbing 462 

technology could bring along many advantages from the perspective of both material 463 

exploration and construction manufacture.  464 

2.5. Chapter Summary 465 

This chapter presents a critical review of EMW absorbing mechanisms concerning 466 

the corresponding raw absorbent materials. The industrial by-products, solid wastes, 467 

carbon materials, resonance material mainly exhibit high EMW absorption in middle and 468 

high-frequency ranges (C band, X band and Ku band) with much-reduced performance in 469 

L band and S band comparable to that of general material. The steel fibre and ferrites 470 

mainly absorb EMW in X band and Ku band and still exhibit satisfactory EMW absorbing 471 

capacity in the S band. The multi-phase composites, multi-layer composites and other 472 

macrostructure materials will be prospective research topics with the base material of the 473 

aforementioned raw materials. The multi-phase composites and macrostructure materials 474 
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demonstrate flexible EMW absorbing ranges to meet specific requirements and the multi-475 

layer composites presented better EMW absorbing capacity in the S band and the C band 476 

compared to single-layer structures. At last, this chapter demonstrates the promising 477 

potentials of compatible development on EMW absorbing concrete and 3D printing 478 

technology. 479 

  480 
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Chapter 3. Development of 3D printed EMW absorbing CSC 481 

composite 482 

In this chapter, an EMW absorbing concrete employing copper solids is proposed. 483 

The printable capability is evaluated for extrusion-based printing. The electromagnetic 484 

parameters for copper solids and reflectivity tests for the proposed composite are 485 

measured in the range of 1-18 GHz to deduce the optimized copper solid dosage. Besides, 486 

the influence of single-layer structural configuration includes surfaces roughness and 487 

thickness on the EMW absorption are elaborated. 488 

3.1. Introduction 489 

Copper slag is a by-product obtained in smelting and refining process of copper and 490 

this common industrial waste reveals high ferrite fraction, environmental-friendly and 491 

cost-effective potential [165, 166]. Copper slag mainly comprising of various ferrites as 492 

well as SiO2 can contribute to the EMW absorbing property of concrete due to its high 493 

fraction of magnetic or conductive ingredients [167, 168]. Copper powder is an 494 

outstanding conductive additive in the cement composite for the reason of its outstanding 495 

electromagnetic characteristics [169, 170]. Moreover, the materials can substitute part of 496 

fine aggregates in high-strength concretes to improve the mechanical properties as well as 497 

the durability due to the considerable uniform particle distributions. [171-173]. The 498 

copper solids it will be great promising to keep sufficient EMW absorbing capacity for 499 

the manufacturing of concrete composites to improve the EMW absorbing performance 500 
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as well as the mechanical capacities [174]. Although a certain of attempts have been 501 

conducted to apply copper slag for EMW absorbing concrete, however, the application of 502 

tailings in cementitious materials for 3D printing is extremely insufficient and the 503 

coordination effect with printing systems is yet to be explored. 504 

The applying copper solids as the raw material for extrusion-based 3D printing shall 505 

meet certain vital criteria to be compatible with the printing processes [175-177]. Different 506 

from the castable concrete, the mixtures are designed to be easy-extrusive, low-slump, 507 

well buildable, fast-setting and with good mechanical strength to produce a continuous 508 

paste from the printing nozzle and to ensure rapid modelling of freeform construction [178, 509 

179]. The goal of the printability controlling is to ensure that each printed layer can retain 510 

its original shape and sustain subsequent layers right after extrusion, and yet stay sufficient 511 

flowable properly to consolidate voids among adjacent layers by its self-weight. There 512 

exists a sensitive balance between the material properties (flowability, extrudability, 513 

buildability, open time, etc.) and the process parameters (printing speed, nozzle opening, 514 

extrusion rate, etc.)[180-182].  515 

This chapter is dedicated to proposing a promising cementitious composite to 516 

accommodate the urgent requirements for functionalizing the 3D printing by newly well-517 

proportioned using waste slag and copper powder to reveal balanced 3D printable and 518 

EMW absorbing performances. Well-proportioned solid waste of copper slag and power 519 

are combined adopted to introduce a relatively large amount of Fe and Cu elements to the 520 

mixture, intending to enhance the EMW absorbing behaviours. Meanwhile, distinct 521 
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compatibility between fresh property and 3D printability of functional cementitious 522 

composites is optimized by balancing the raw material and mix proportions. Integrating 523 

application of EMW absorbing cementitious materials and 3D printing technology is 524 

promising to improve the electromagnetic interference shielding performance of civil 525 

structures and the automation of construction processes. 526 

3.2. Material design 527 

3.2.1. Mixture design and preparation 528 

Raw material including ordinary Portland cement (P.O 42.5 R) and silica fume is 529 

used as the binding materials. Silica fume is employed to modify water-retaining property 530 

of the cement composite and terminally enhance cementitious composite flowability. On 531 

the topic of the electromagnetic parameters, silica fume exhibits much lower permittivity 532 

than cement paste, contributing to the improvement in surface impedance matching 533 

performance. The silica sand (SS) serves as the fine filling aggregate in mixture with 534 

particle size ranging from 0.2mm to 0.4mm. Table. 3-1 denotes the chemical composition 535 

and physical property of raw materials. Besides, high-efficient polycarboxylate-based 536 

superplasticizer (SP) is adopted to achieve the required flowability and stability for the 537 

mixture. Viscosity modifying admixture (VMA) is selected to increase water-retaining 538 

property, avoiding the formation of bleeding and disintegration of cement pastes. 539 

Additionally, a proper amount of basalt fibres (BF) are employed to reduce the formation 540 

of shrinkage due to early drying and in particular to improve the toughness of proposed 541 
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composite materials. It is highly important for printing concrete since 3D printing is a 542 

non-reinforcement process. The specifications of basalt fibres are listed in Table. 3-2.  543 

Table 3-1. Chemical composition and physical property of raw materials. 544 

GP Cement Silica Fume Silica Sand 

Chemical Composition Chemical Composition Chemical Composition 

CaO 63.40% Silicon as SiO2 98% SiO2 99.86% 

SiO2 20.10% Sodium as Na2O 0.33% Al2O3 0.02% 

Al2O3 4.60% Potassium as K2O 0.17% Fe2O3 0.01% 

Fe2O3 2.80% Available Alkali 0.40% MgO 0.00% 

SO3 2.70% Chloride as Cl- 0.15% Na2O 0.00% 

MgO 1.30% Sulphate as SO3 0.90% CaO 0.00% 

Na2O 0.60% 
Sulfuric 

Anhydride 
0.83% 

 

Total Chloride 0.02%  

Physical Property Physical Property Sieve Size (μm) 

Specific Gravity 3.1 t/m3 Bulk Density 625kg/m3 600 0.3% 

Fineness Index 390 m2/kg Relative Density 2.21 425 11.9% 

Initial Setting Time 120 min Moisture 1.1% 300 40.8% 

Final Setting Time 210 min Pozzolanic 

Activity 

111% 212 31.6% 

UCS (28 days) 58.5 MPa UCS (28 days) 31.3 MPa 150 12.6% 

Table 3-2. Specifications of basalt fibres. 545 

Properties Length 

(mm) 

Diameter 

(μm) 

Density 

(g/cm3) 

Elastic modulus 

(GPa) 

Tensile strength 

(MPa) 

Linear strain at 

failure (%) 

Quantity 18 13 2.55 76.5 1,950 2.55 

In this chapter, seven mass ratios (5%, 10%, 15%, 20%, 25%, 30%, 35%) of copper 546 

slag to cement are firstly adopted to improve the EMW absorbing property of composites, 547 

which are denoted by CS5, CS10, CS15, CS20, CS25, CS30 and CS35, respectively. 548 

Thereafter, five weight percentages (2%, 4%, 6%, 8%, 10%) of copper powders (70% 549 
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brass powder and 30% red copper powder) to cement are explored to enhance the EMP 550 

absorption efficiency based on the optimized mixture for favourable printing. Table 3-3 551 

shows the raw materials used for material preparation. The raw materials and chemical 552 

additives keep fixed in quantity, aiming at specifying the influence of copper slag on 553 

extrudability and buildability characteristics for vertical stacking of layers. 554 

In the manufacturing process, copper slag, cement, silica sand, silica fume, viscosity 555 

modifying admixture are mixed and blended in the container for 300 seconds. In the first 556 

30 seconds during this period, basalt fibre is scattered to ensure the fibre is evenly 557 

distributed. Simultaneously, the water is blended with superplasticizer along with 558 

sufficient stirring to manufacture the liquid commixture, which is later divided into two 559 

equal parts. Then, the dry composite mixes up with the first half liquid mixture are stirred 560 

for 80 seconds until the second half liquid recipe is sprinkled. After extra 200 seconds 561 

stirring, the fresh paste is terminally produced and delivered to the 3D printing system to 562 

evaluate the printable performance. After resting, all samples are printed at universal 563 

horizontal and vertical printing speeds until all pastes are vertically stacked. The prepared 564 

cement materials with different copper slag contents are extruded from the printer nozzle 565 

to form layered structures. 566 

Table 3-3. Mixture proportions of EMW absorbing cementitious composite for 3D 567 

printing to the cement. 568 

 569 
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 OPC 

(kg/m3) 

SS 

(kg/m3) 

SF 

(kg/m3) 

BF 

(kg/m3) 

SP 

(kg/m3) 

VMA 

(kg/m3) 

Water  

(kg/m3) 

CS 

(kg/m3) 

Ratio 

CS5 350 350 49 1.96 5.2 0.098 86 17.5 5% 

CS10 350 350 49 1.96 5.2 0.098 86 34.2 10% 

CS15 350 350 49 1.96 5.2 0.098 86 51.5 15% 

CS20 350 350 49 1.96 5.2 0.098 86 68.8 20% 

CS25 350 350 49 1.96 5.2 0.098 86 85.8 25% 

CS30 350 350 49 1.96 5.2 0.098 86 102.4 30% 

CS35 350 350 49 1.96 5.2 0.098 86 120.2 35% 

3.2.2. Characteristics of copper slag and powder 570 

To uncover the effect of copper slag and powder on the printability and EMW 571 

absorbing property, the physical and chemical characteristics of both materials are 572 

measured. The adopted of copper powder consists of 70% brass powder and 30% red 573 

copper powder. The chemical composition of copper slag and powder are examined by 574 

energy dispersive spectrometer technique (EDS) and X-ray fluorescence method (XRF). 575 

The microstructure of copper absorbents is meanwhile detected through a scanning 576 

electron microscope. 577 

3.2.3. Cementitious material extrusion system 578 

Figure 3-1 schematically presents the 3D printing system for cementitious material. 579 

According to the sketch, the extrusion system consists of a steel base, a steel gantry, sliders 580 

in three directions, three stepping motors, an extrusion machine, a screw blade, a material 581 

container, a nozzle, a platform and a software control system. The steel frame owns the 582 

size of 1.2m (L) × 0.6m (W) × 0.8m (H) and the fixed platform located at the top of the 583 
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steel frame is equipped for placing printed specimens. By the cooperation of sliders (X, Y, 584 

Z-axis), corresponding stepping motors (400W) and steel gantry, the system can fabricate 585 

samples up to the volume of 0.45m (L) × 0.35m (W) × 0.28m (H) with flexible printing 586 

speeds. The material container is fixed on the steel frame by six vertical screw rods to 587 

store up to 5 L volume freshly prepared paste. An awl-shaped mixing blade with its 588 

corresponding extrusion machine serves the system to slow down cement hardening speed 589 

and squeeze cementitious material to the nozzle with adjustable speeds. The nozzle 590 

diameter of 12 mm is determined to be employed in this research. The operation procedure 591 

of the 3D printer is controlled by a self-developed software system. The printing 592 

parameters, such as extrusion speed, layer thickness and printing speeds can be 593 

automatically set or manually calibrated in the software system. The proposed hardware 594 

and software of the 3D printing system is a preliminary attempt. Furthermore, advanced 595 

pumping delivery system is in great demand to be established based on the current system.  596 
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 597 

Figure 3-1. 3D printing system for cementitious material. 598 

3.2.4. Evaluation of printability of cementitious material 599 

Printability of cementitious material is the ability to smoothly and contentiously pass 600 

through a narrow opening without blockage and interrupt as well as the ability to sustain 601 

the self-weight of subsequently stacked layers without obvious deformation or even 602 

collapse [183]. Only through a continuous and smooth printing/extruding process without 603 

interruption and blockage can the printed cementitious material have desirable loading 604 

capacity, shrinkage resistance, deformation, and shape retention [184]. Also, the 605 

printability is significantly affected by the rheological parameters including initial stress 606 

and thixotropy, which characterize the stiffness development and buildable properties of 607 

the cementitious materials [185]. The studies of printing parameters influence upon 608 
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rheological performance also develops rapidly. Zareiyan et al. [186] introduced three 609 

critical qualitative descriptors comprising buildability, extrudability and pumpability for 610 

3D printing technology. Asprone et al. [187] claimed both extrudability and buildability 611 

were closely related to inter-aggregate force and were comprehensively determined by the 612 

printed composite’s rheology properties including static/dynamic yield stress and plastic 613 

viscosity. 614 

Normally, the increase of plastic viscosity and yield stress can improve the 615 

buildability performance but may negate the extrudability property [188]. Besides, 616 

printing parameters can also be affected by the workability (consistency) of the concrete 617 

and mix proportions (e.g. cementitious binder/aggregate ratio, water/binder ratio, 618 

admixture usage and material grading) [189, 190]. Specifically, the increase of 619 

composite’s packing fraction may decrease the plastic viscosity according to the 620 

Thompson Model and Marson-Percy model [191]. Meanwhile, the open time for 621 

cementitious material and time interval between layers are also significant influence 622 

factors because improper time is prone to form cold joints or weak interfaces, resulting in 623 

degenerated buildability and extrudability with mechanical strength losses. 624 

Besides shear stress and plastic viscosity behavior is also crucial. The detailed 625 

mechanism of dynamic shear stress and plastic viscosity is described by Bingham Plastic 626 

model shown in Eqs(25) and the Eqs(26) [184]. 627 

 𝜏 = 𝜏𝑑 + 𝑘�̇� (25) 
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where τ (Pa) is shear stress, τd (Pa) means dynamic shear stress, τs (Pa) demonstrates 628 

the static shear yield stress, k (Pa.s) describes plastic viscosity, �̇� (1/s) symbols shear rate, 629 

H (m) denotes element buildability height,α means the geometric factor, g (m/s2) describes 630 

the gravitational constant, ρ (g/cm3) symbols density. 631 

Moreover, the pumping configuration determined by flow rate and nozzle geometry 632 

is also significantly influencing the rheological performance shown in Eqs(27) [192]. 633 

where P (Pa) symbols pumping pressure, Q (m3/s) means the flow rate, R (m) denotes 634 

the pipe radius, L (m) is the length of pipe.  635 

The proposed equations show that, when the rheological property is constant in the 636 

fast printing procedure, the buildability is in proportion relationship with static shear stress. 637 

Meanwhile, increased plastic viscosity (k) and dynamic shear stress (τd) result in raised 638 

the extruding pressure, negating extrudability behavior. Also, plastic viscosity is superior 639 

to dynamic shear stress in affecting extrudability. As a result, the printable material ought 640 

to own high yield stress characteristic and low plastic viscous performance to satisfy the 641 

buildability and pumpability [193]. 642 

Previous experiments of printing parameters including aggregate gradation, printer 643 

nozzle setting, open time, interlaminar time interval, slumping performance, penetration 644 

stress for rheological performance have been conducted [194, 195]. Based on the previous 645 

 𝐻 =
𝛼

𝜌𝑔
𝜏𝑠 (26) 

 
𝑃 = (

8𝜏𝑑

3𝑅
+

8𝑘

𝜋𝑅4
𝑄) 𝐿 

(27) 
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study, a maximum of 40 kPa of penetration resistance Cp was determined. The ideal 646 

particle size of 246 μm for tailing and 378.5 μm for sand was selected. Besides, a 12 mm 647 

of nozzle open and a 10 minute of rest time was also fixed. Thereby, the most sensitive 648 

and significant variables comprising flow rate and speed control were utilized to evaluate 649 

extrudability and buildability and thus comprehensively assess the cementitious 650 

composite’s printability. After numerous evaluation of shape-retention and load-651 

sustainability for printed structures flowing the method described in our previous works 652 

[194], opening time t is determined as 10 minutes. Meanwhile, the printing nozzle opening 653 

d is verified as 12mm with a circular shape. This is because 12 mm size produces a suitable 654 

filament width to balance transverse stiffness of vertical stacking layers and 655 

manufacturing accuracy. Based on the round shape printing nozzle, the specially designed 656 

screw blade extrudes pastes smoothly from the material container. Moreover, printing 657 

speed v is also crucial in the printing configuration, which shall be compatible with the 658 

extrusion flow of fresh composite, otherwise, interruption or excessive deposition may be 659 

induced. The time interval i among adjacent layers is also determined to 6 seconds. On 660 

top of these configurations, other setting detail for the 3D extrusion system can be referred 661 

to previous exploration [197]. 662 

The cementitious composite’s printability consists of two critical parameters: 663 

extrudability and buildability. The extrudability evaluation is determined by the number 664 

of cracks perpendicular to the printing direction as well as the distance between cracks 665 

[196]. The total filament length is designed to be 200 cm long in eight return routes, and 666 
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each subsection of the filament is 250 mm long. In this paper, the total filament length is 667 

increased to 320 cm with a 200 mm subsection length as demonstrated in Figure 3-2. Good 668 

extrudability is characterized by no cracks or few cracks with long distances between them, 669 

while un-extrudability or un-printability is determined when an interrupted filament is 670 

found. Cracks in high quantity and concentrated distribution will degrade the extrudability. 671 

This evaluation criterion is demonstrated in Table 3-4. Specifically, the evaluation 672 

criterion is flexible because the crack distribution varies with 3D printing speed, printed 673 

filament dimension, and material rheological characteristics in other experiments. 674 

(a) (b) 675 

Figure 3-2. Samples for extrudability evaluation; (a) ideal result, (b) poor result. 676 

Table 3-4. Extrudability evaluation criteria. 677 

Extrudability （Ei） Cracking Number Cracking Distribution 

0 None / 

2 Minor  Distant 

3 Minor Close 

3 Mass Distant 

5 Mass Close 

6 Filament breakage Filament breakage 

The buildability is also a crucial parameter in printability performance and is defined 678 

as the ability that cementitious composite retains its extruded shape and the deformation 679 

resistance toward stacked the weight of deposited material. In another word, the 680 
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buildability is closely related to shape retention because it indicates how well the materials 681 

can be stacked stably with desirable plastic viscosity and static/dynamic yield stress. In 682 

view of buildability evaluation, all proposed paste mixtures are manufactured as layered 683 

elements at a constant printing velocity in both the vertical and horizontal directions as 684 

demonstrated in Figure 3-3. The 20-layer element yields an average stacking height H of 685 

110 mm. Table 3-5 denotes the criterion of the buildability evaluation model. A parameter 686 

α is introduced to evaluate the ratio of slump height to total stacking height H after 48 687 

hours of the depositing procedure. After trial and error, collapse or any α larger than 9% 688 

is regarded as unacceptable buildability, and α less than 3% is regarded as ideal 689 

buildability. The structure is determined to have acceptable buildability when it maintains 690 

stability without any collapse during the depositing procedure. Also, in this chapter, the 691 

overall stacking height H and the average horizontal width W of the structure are measured. 692 

The factor height to width ratio H/W is thus calculated to elucidate the influence of mixture 693 

design, mixture preparation, printing system configuration on layer stacking process and 694 

structural stability of printed structures.  695 

(a) (b) 696 

Figure 3-3. Evaluation of the buildability of fresh composites by measuring the 697 

H/W ratio. (a) front view, (b) oblique view. 698 
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Table 3-5. Buildability evaluation criteria. 699 

Buildability (Bi) Structure Slump Rate (α) 

0 α≤3% 

2 3%＜α≤6% 

5 6%＜α≤9% 

6 9%＜α 

Regarding the succession of extrudability and buildability marking criteria, a 700 

printability evaluation model is thus developed shown as (28), and its evaluation criteria 701 

are shown in Table 3-6. This model satisfies the need to evaluate varying behaviors in 702 

both extrudability and buildability in a flexible manner. In this study, the flowability 703 

experiment is not conducted because this parameter only governs the slumping 704 

characteristics as one of the rheological properties. The slumping characteristics can 705 

already be well demonstrated by buildability experiment. Additionally, the buildability 706 

simultaneously evaluates the loading capacity, shrinkage resistance, deformation, and 707 

shape retention, which is superior to flowability. 708 

 709 

Table 3-6. Printability evaluation criteria. 710 

Printability (Pi)  Level Evaluation 

0≤Pi≤2 Ⅰ Ideal 

2＜Pi≤5 Ⅱ Printable but unused 

5＜Pi Ⅲ Unprintable 

3.2.5. Electromagnetic experiment system 711 

The EMW reflection loss for cement samples are usually measured by vector 712 

network analyser systems, mainly comprised of naval research laboratory (NRL) testing 713 

 𝑃𝑖 = 𝐸𝑖 + 𝐵𝑖 (28) 
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method, radar cross-section testing method (RCS) and model space translation testing 714 

method. Among these methods, NRL testing method is extensively utilized, consisting of 715 

a network analyser, transmission lines, an arched beam, a transmitter, a receiver, a 716 

reflection plate and pyramid absorbers [198, 199]. The network analyser releases signals 717 

via the transmitter to penetrate samples. Part of EMW will be directly reflected by the 718 

sample surface and some other EMW will be consumed in multiple mechanisms during 719 

the propagation process. Part of it will be reflected by the Aluminium sheet (reflection 720 

plate). All reflected signals will reach the receiver network analyser. 721 

The electromagnetic parameters of copper slag and copper powder are measured 722 

through the transmission line method in the frequency ranges of 1-18GHz as illustrated in 723 

Figure 3-4(a). The utilized sample is toroid-shaped and the size is 7mm in outer diameter, 724 

3.04mm in inner diameter and 2 mm in height. The EMW absorbing properties of the 725 

cement samples in the range of 1-18 GHz are analysed by the naval research laboratory 726 

system (see Figure 3-4(b)). Based on the standard GJB 2038-94 [200], the specimens are 727 

cut to slabs with the dimension of 180mm × 180mm. Before the reflectivity test, the 728 

samples are cured in the moist cabinet (the relative humidity of 95±5%, the temperature 729 

of 20±1℃) for 28 days. After that, the samples are dried at a low temperature (60℃) until 730 

the weight remains unchanged to eliminate the influence of free water on EMW absorption. 731 
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(a) (b) 732 

Figure 3-4. Experimental set-up of (a) transmission line system and (b) NRL system. 733 

3.3. Results and discussion 734 

3.3.1. Determination of characteristics of copper slag and powder 735 

The chemical composition of copper slag and powder are examined by energy 736 

dispersive spectrometer technique, and the results are presented in Figure 3-5, where the 737 

elements of Cu and Zn are found to be the main compositions. Copper slag is comprised 738 

of oxide, silica, iron, calcium and alumina with no hazardous industrial metallic elements.  739 

(a) (b) 740 

Figure 3-5. EDS results of (a) copper slag and (b) copper powder. 741 

In addition to the EDS result, specific chemical compositions of copper slag and 742 

copper powder measured by X-ray fluorescence method are demonstrated in Table 3-7. 743 

From the chart, ferrites in copper slag occupy 65% of the total weight to present 744 
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considerable electromagnetic property. Compared to copper slag, the copper powder owns 745 

higher metal content, Cu and Zn element are found to contribute to more than 99% of the 746 

composition. The XRF method releases strong x-ray to obtain fluorescence spectrum by 747 

crystal diffraction process between lattice distances of elements, the measured wavelength 748 

governs the existence of element while spectrum intensity decides element content. 749 

However, the exact element valences and corresponding to their metallic oxides cannot be 750 

properly demonstrated. As a result, the 54.93% weight ratio may represent the 751 

combination of FeO, Fe2O3 and Fe3O4. 752 

Table 3-7. Chemical composition of copper slag and copper powder by mass ratio. 753 

The Fe element and Cu element have excellent EMW absorbing capacity with 754 

outstanding magnetic anisotropy and high resonance frequency. The spinel ferrites 755 

containing Fe element can be found with tetrahedral and octahedral crystal structures and 756 

Cu powder is regarded as a face-centred cubic crystal structure [201]. Compared to other 757 

structures, the Fe and Cu electron inside the crystal structure is more prone to generates static 758 

and dynamic magnetic fields during the polarization process. The crystal structure significantly 759 

affects the intrinsic capacity of forming magnetic field under different microwave frequencies, 760 

which is defined as the natural resonance effect. Besides, crystal structure masters the domain 761 

Copper slag 

Fe Si Al Ca Na Mg S Zn K Mo Cu 

54.93 32.19 3.76 1.93 1.30 1.23 1.07 0.91 0.7 0.4 0.38 

Copper powder 

Cu Zn Fe Pb Sn As AL Cd Bi S Sb 

91.97 7.7 0.024 0.014 0.008 0.0076 0.007 0.003 0.001 0.001 0.0006 
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wall frequency threshold formation when an exerted domain is applied. When domain wall 762 

frequency matches with the natural resonance frequency, the domain wall movement oscillates 763 

the offending domains, which significantly promotes EMW consumption. Lastly, when the 764 

exerted external magnetic field has reached the maximum magnetization, the total magnetic 765 

flux density is determined as a saturation magnetization degree. The crystal structure will 766 

enhance this value because of it obtains strong electron magnetic moment in polarization 767 

procedure. 768 

Meanwhile, when a magnetic field is exerted, the random orientated magnetic dipole 769 

moment is reordered and to line up to the direction of the magnetic field, demonstrating 770 

strong magnetic anisotropy. The Fe and Cu element with crystal structure demonstrates 771 

activate a tendency to in creating the reordering effect, which terminally enhances the 772 

EMW absorbing behavior. In the process, eddy currents are produced to shield against 773 

original magnetic field action and converse part of EMW into thermal energy. 774 

The scanning electron microscope (SEM) photos (FEG 450, Quanta, American) give 775 

details to the microstructure of copper slag and copper powder at different magnifications 776 

in Figure 3-6. Copper slag has sharp edges because the material mainly experiences 777 

crushing treatment while copper powder owns smooth edges because it mainly withstands 778 

electrolysis treatment in the preparation process. A comparison chart of the particle size 779 

distribution (PSD) between copper slag and copper powder on cumulative percentage is 780 

recorded in Figure 3-7(a). Beside the volume-based cumulative distribution, the particle 781 
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sizes are reorganized and tabulated as individual percentage retained chart by volume 782 

shown in Figure 3-7(b). 783 

(a) (b) 784 

Figure 3-6. Microscale investigation of (a) copper slag and (b) copper powder at 785 

2000X magnification. 786 

(a) (b) 787 

Figure 3-7. (a) Cumulative and (b) individual percentage retained chart of copper 788 

slag and copper powder. 789 

The microstructure of the absorbent edges can contribute to the EMW absorption to 790 

a certain extent. The election, cation and anion may be caught by traps among transition 791 

zones around the absorbent edges to accumulate as a spatial charge under the external 792 

electric field. Thereby, the electric charge distributed at heterogeneous transition zones 793 

generates an electric dipole moment and result in interfacial polarization. Besides, the 794 
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absorbent edges, particle sizes and particle grading pose significant influence in 3D 795 

printing capacity. The microstructures influence the bonding strength between aggregates 796 

and void content for all cementitious composite, which are strongly related to the flowing 797 

speed, extruding friction and mechanical properties of cement. 798 

The specific particle size distribution parameters of the two ingredients are 799 

demonstrated in Table 3-8. Both copper slag and copper powder obtain similarly particle 800 

size range from 20 μm to 100 μm. The copper powder particle fraction smaller than 10 801 

μm and greater than 300 μm are negligible. Meanwhile, the copper powder curve is 802 

slightly shifted to the left side when the particle sizes exceed 30 μm, which means that 803 

copper powder possesses finer grain than that of copper slag. Moreover, the copper slag 804 

keeps broader grain distribution (PSD) than the copper powder, which indicates good 805 

particle grading. While the grains of copper powder is mostly concentrated in a small 806 

range of 30-180 μm. Based on the analyzed parameters, it can be predicted that the median 807 

particle diameter, as well as the average grain size of copper powder, will be lower than 808 

copper slag. Table 3-8 is in agreement with the conclusion, indicating the median particle 809 

diameter of the copper powder is 56.43 μm, which is 28.59 μm finer than copper slag. The 810 

average particle size of the copper powder is 60.10 μm, 46.64 μm smaller than copper slag.  811 

Table 3-8. Particle size distribution parameters for copper slag and copper powder. 812 

 D(0.1) (μm) D(0.5) (μm) D(0.9) (μm) Average (μm) Specific area (m2/g) 

Copper slag 26.530 85.013 221.460 106.730 0.283 

Copper powder 34.088 56.428 91.897 60.094 0.115 

 813 
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3.3.2. Determination of printability of composite containing slags  814 

To evaluate the printability, in particular, the buildability, seven mixtures containing 815 

different slag content are deposited to vertically construct 22-layer structures in length of 816 

240 mm and width of 28 mm. Theoretically, the 22-layer structures are 110 mm in height 817 

when the materials are with zero-slump. Each printing layer comprises two contiguous 818 

filament lines. The round-section paste facilitates the extrusion process and will slump 819 

into flat shape section due to the self-weight of subsequent layers, terminally exhibiting 820 

distinct load-sustainability. Thereby, H can be found around 110mm with excellent shape-821 

retention and load-sustainability. 822 

The printed structures of cementitious material containing different slag are shown 823 

in Figure 3-8 and the printability results were demonstrated in Table 3-9. It can be seen 824 

that CS5 collapses with a distorted shape. With the increase of slag dosage, CS10 and 825 

CS15 achieve better buildability. The stacked structure keeps stable with a height/width 826 

value of 3.5 and 4.0 respectively. Theoretically, the height/width value of 22-layer 827 

structure measures 4.58 based on the pre-designed layer thickness and the nozzle opening. 828 

The structural geometry of printed structures varies little when the content of slag rises 829 

from 15% to 30%, indicating that the buildability reaches a stable state and will not be 830 

influenced by the addition of slags. This phenomenon may contribute to the self-831 

supporting effect of copper slag particles on the weight of upward materials as well as the 832 

water retention property of viscosity modifying admixture on the cementitious materials. 833 

From the reported studies of A. Perrot [202, 203], liquid drainage in the extrusion process 834 
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may increase the particle friction and therefore lead to a certain increase of the extrusion 835 

load, unsuitable extrusion quality and even a process blockage. The addition of VMA 836 

contributes to the water retention property, and the proper grading of particles can reduce 837 

the paste permeability, both of which decrease the risk of water drainage. 838 

Table 3-9. Printability evaluation for CSC composite. 839 

CS5 CS10 CS15 
 

➢ Extrudability:          0 

➢ Buildability:            5 

➢ Printability Grade: Ⅱ 

➢ Mode: 

Excessive Slumping 

➢ Extrudability:           0 

➢ Buildability:            0 

➢ Printability Grade: Ⅲ 

➢ Mode: 

Slight Slumping  

➢ Extrudability:          2 

➢ Buildability:            0 

➢ Printability Grade: Ⅰ 

➢ Mode: 

No weakened surface 

 

CS20 CS25 CS30 CS35 

➢ Extrudability:           0 

➢ Buildability:             0 

➢ Printability Grade: Ⅰ 

➢ Mode: 

No weakened surface 

➢ Extrudability:          0 

➢ Buildability:            0 

➢ Printability Grade: Ⅰ 

➢ Mode: 

No weakened surface 

➢ Extrudability:          5 

➢ Buildability:            0 

➢ Printability Grade: Ⅲ 

➢ Mode: 

Massive cracking 

➢ Extrudability:          5 

➢ Buildability:            0 

➢ Printability Grade: Ⅲ 

➢ Mode: 

➢ Blockage 

 840 
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 841 

Figure 3-8. Printability investigation and buildable characteristics of the 842 

cementitious composite containing seven dosages of copper slag. 843 

However, enormous cracks and breakages are observed along the printing direction 844 

of filaments within the structure printed by CS30 mixture (Figure 3-8). It may be due to 845 

the copper slag quantity has already exceeded a reasonable threshold, the increased 846 

aggregate gaps cannot be filled with an insufficient cement binder. Thereby, the bonding 847 

fraction in micro-structural magnitudes is reduced and mechanical strength also decreases.  848 

The observation can also be related to the extrusion testing of CS35. In the sample, when 849 

the content of slag increases to 35%, the paste blocked the nozzle head to validates its 850 

poor extrudability. The phenomenon attributes to exorbitant copper slag content that 851 

results in gap grading and low water fraction. As a result, low water retaining ability and 852 

poor workability of the mixture leads to obvious bleeding at the surface. Thereby, due to 853 

the water loss, the interior component becomes severely dry and give rise to the friction 854 

force between aggregates and nozzle, which is higher than the propulsive force supplied 855 
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by the extrusion system. Hence, CS30 and CS35 are low applicable to be utilized in 3D 856 

printing technology. Among the remaining specimens, the CS25 mixture contains a 857 

relatively higher copper slag content and demonstrates considerable extrusion and 858 

buildability performance. Thereby, the 25% fraction of the copper slag is regarded as the 859 

optimal content for the cementitious composite of 3D printing. 860 

3.3.3. Printability of composite containing both copper slag and powder 861 

Although the utilization of copper slag as microwave absorbent is beneficial, 862 

denouncing environmental-friendly and cost-effective advantages, copper slag still 863 

possesses a certain amount of impurities which neither help to absorb EMW nor modify 864 

printing performance and limit to the containing of Fe elements. As a result, a 865 

supplementary electric and magnetic absorbent with high purity is in great demand to be 866 

enriched in the proportion design of EMW absorbing material for 3D printing. Copper 867 

powder is the feasible solution due to the high content of Cu and Zn elements which 868 

contribute to optimizing the EMW absorbing performances. Thus, based on the previous 869 

design of CS25, a further investigation of copper powder content is conducted to optimize 870 

the microwave absorbing characteristics and printing property. 871 

Five weight percentages (2%, 4%, 6%, 8%, 10%) of copper powders (70% brass 872 

powder and 30% red copper powder) are explored to enhance the EMP absorption 873 

efficiency based on the optimized mixture for favourable printing, which is characterized 874 

by the symbol of CS25P2, CS25P4, CS25P6, CS25P8, CS25P10, respectively. In 875 
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particular, for the listed five designs, copper slag content remains the same weight 876 

proportion of 25% and other components all sustain unchanged.  877 

The compatible buildability experiment is conducted to meet the demand of the 878 

compatible printability. Besides, in the mortar preparation process, the copper powder is 879 

blended into dry ingredients before mixing and all printing parameters (mortar opening 880 

time, nozzle opening, and printing speed) are all kept the same as before. Similarly, 22-881 

layer structure deposited by the composite with both copper slag and powder is 882 

constructed to evaluate the buildability. Figure 3-9 and Table 3-10 illustrate the 883 

printability investigation and buildable characteristics of the cementitious composite 884 

containing 25% copper slag and five dosages of copper powder.  885 

 886 

Figure 3-9. Printability investigation and buildable characteristics of the 887 

cementitious composite containing 25% copper slag and five dosages of copper powder. 888 

Table 3-10. Printability evaluation for CSC composite containing CP. 889 

CS25 CS25 CS25 
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➢ Extrudability:          0 

➢ Buildability:            0 

➢ Printability Grade: Ⅰ 

➢ Mode: 

No weakened surface 

➢ Extrudability:           0 

➢ Buildability:            0 

➢ Printability Grade: Ⅰ 

➢ Mode: 

No weakened surface  

➢ Extrudability:          0 

➢ Buildability:            0 

➢ Printability Grade: Ⅰ 

➢ Mode: 

No weakened surface 

CS25 CS25 CS25 

➢ Extrudability:           0 

➢ Buildability:             0 

➢ Printability Grade: Ⅰ 

➢ Mode: 

No weakened surface 

➢ Extrudability:          0 

➢ Buildability:            0 

➢ Printability Grade: Ⅰ 

➢ Mode: 

No weakened surface 

➢ Extrudability:          0 

➢ Buildability:            0 

➢ Printability Grade: Ⅰ 

➢ Mode: 

No weakened surface 

As the vertically stacked structures, it can be seen that the structures are all in a 890 

relatively stable state and the deposited layers are of uniform thickness. There are neither 891 

huge cracks among printed filaments nor distorted component in the printing process, 892 

indicating favourable buildability. Meanwhile, the buildability features of height/width 893 

ratio (H/W) and the overall height of the manufactured materials are shown. Even though 894 

a certain small amount of copper powders are added to the mixtures, the variation of 895 

structural stability is in an acceptable range to meet the requirement of printability. 896 

3.3.4. Determination of electromagnetic microwave absorption performances 897 

Intrinsic absorbent permeability and permittivity parameters 898 

In electromagnetic parameter measurement, the wax is utilized as a fixing agent and 899 

electromagnetic medium. As a result, it is of great significance to subtract its unnecessary 900 

influence to reveal precise intrinsic electromagnetic parameters. The Bruggeman mixture 901 
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permeability and permittivity equations demonstrated below in Eq. (29) are thus employed 902 

[174]. 903 

In the listed equation, μeff symbolizes wax- absorbent powder mixture effective 904 

permeability while μm identifies paraffin wax permeability and equals to 1. Besides, μr 905 

means the intrinsic permeability for copper slag or copper powder. Lastly, f is the volume 906 

proportion of the ingredient particles and equals to 44% as described above. Similarly, 907 

Bruggeman mixture permittivity equation is represented below. 908 

 909 

where εeff symbolizes wax-absorbent powder mixture effective permittivity while εm 910 

stands for paraffin wax permittivity and equals to 2.18. As aforementioned, εr means the 911 

intrinsic permittivity for tested specimen and f is also regarded as 44%.  912 

As a result, based on experimental data, the complex permittivity, as well as complex 913 

permeability for copper slag and copper powder, are illustrated in Figure 3-10. 914 

(a) (b) 915 

 𝑓 (
휀𝑟-εeff

휀𝑟+2εeff
) + (1-f) (

휀𝑚-εeff

휀𝑚+2εeff
) =0 

(29) 

 
𝑓 (

𝜇𝑟 − 𝜇𝑒𝑓𝑓

𝜇𝑟 + 2𝜇𝑒𝑓𝑓
) + (1 − 𝑓) (

𝜇𝑚 − 𝜇𝑒𝑓𝑓

𝜇𝑚 + 2𝜇𝑒𝑓𝑓
) = 0 

(30) 
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(c) (d) 916 

(e) (f) 917 

Figure 3-10. Measured results of (a) permittivity and (b) permeability of copper slag, 918 

(c) permittivity and (d) permeability of copper powder, (e) loss tangent comparison of 919 

copper slag, and (f) loss tangent comparison of copper powder. 920 

As for copper slag, the real part permittivity ε’ firstly decreases from 5.18 to 4.94 921 

with considerable fluctuations until 4.8 GHz with the increase of frequency. The 922 

phenomenon attributes to the reduced net displacement of charge and results in higher 923 

difficulty of electron hopping between Fe2+ and Fe3+. The ε’ keeps increasing with three 924 

maxima of 5.23, 5.24, 5.28 at 8.6, 13.5 and 17.1 GH showing an upward trend. The 925 

irregular fluctuations as well as maximums are mainly caused by the existence of 926 

impurities in copper slag especially SiO2 and Al2O3. Similarly, as the polarization lag 927 

result, the imaginary part permittivity ε’’ demonstrates the same trends. The phenomenon 928 

can be attributed to high matching degrees among applied field frequency and jumping 929 
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frequency between Fe2+ and Fe3+ electrons. Specifically, the value reduces to nearly 0 with 930 

slight fluctuations and later shifts to 5.5 in the range of 7.8–18 GHz with two maxima of 931 

0.35 and 0.31 at 14.1 GHz and 15.6 GHz respectively. 932 

As for the magnetic loss of copper slag, the heterogeneity degree of copper slag, the 933 

duplication level of spin rotation, the domain wall movement all influence the 934 

permeability values significantly. The realistic permeability reduces persistently from 1.17 935 

to 0.67 and the imaginary permeability also decreases from 0.44 to 0.009 at 1-18 GHz 936 

frequency ranges. With the increasing frequency, there is less energy that electrons can 937 

obtain and overcome constraint posted by the atomic nucleus to finally transfer to free 938 

electrons. Besides, the resonance frequency is found to be around 1 GHz, which is higher 939 

to those spinel ferrites analyzed to lie in 5–100 MHz [204]. Based on Snoek's rule, the 940 

arithmetic product of resonance frequency and relative permeability ought to be constant. 941 

When the massive impurities within copper slags degenerate the realistic permeability, the 942 

corresponding resonance frequency will thus occur at a higher frequency. The loss tangent 943 

of magnetic loss fluctuates around 0.1 and the values are 0.08 higher than corresponding 944 

dielectric loss tangent values in 1–15.5 GHz frequency range. It can be concluded that 945 

magnetic loss mainly leads to EMW energy dissipation of copper slag. 946 

As for copper powder, the real part permittivity ε’ initially stands at 17.2 and then 947 

recovers to 17.4. After medium fluctuations, the value stops at 14.5. The imaginary part 948 

permittivity ε’’ also experiences a drop from 2.54 to 1.38 and then rises to 6.81. After two 949 

considerable fluctuations, the value ends at 3.46. The realistic permeability 𝜇’ exhibits a 950 
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pretty uniform downward tendency, dropping from 1.48 to 0.98 from 1 GHz to 18 GHz. 951 

Meanwhile, the imaginary permeability 𝜇’’, regarded as the result of lag between 952 

magnetization reactions, also decreases from 0.42 to 0.01 among 1-18GHz ranges. 953 

Compared to spinel ferrites in copper slag, Cu element does not belong to ferromagnetism 954 

and exhibit lower magnetic property. Although there is a little interruption of magnetic 955 

flux caused by non-magnetic ingredients in the copper powder, its realistic permeability 956 

is still 0.3-0.5 lower than that of copper slag. As for tangent values, tan(δε) increases from 957 

0.148 to 0.52 from 1 GHz to 9.2 GH and terminally drops to 0.24 with two fluctuations. 958 

The tan(δ𝜇) value keeps downward trend from 0.379 to 0.009 among 1-18 GHz, Moreover, 959 

the tan(δε) value does not exceed tan(δ𝜇) value at 1-7.4 GHz range which means the copper 960 

powder consumes EMW energy mainly on magnetic loss in the low-frequency range. 961 

Contrarily, the tan(δε) value is higher than tan(δ𝜇) value at the range of 7.4-18 GHz, 962 

demonstrating dielectric loss mainly takes charges of EMW absorption in the high-963 

frequency range. 964 

Reflectivity loss analysis for printability-optimized cementitious composite 965 

As the aforementioned analysis, after primary and compatible buildability 966 

experiments, the cement group including CS25, CS25P2, CS25P4, CS25P6, CS25P8, and 967 

CS25P10 are designed to access the capacity of EMW absorption. Concrete specimens 968 

are printed up to three layers (15mm height) and then cut to 180mm × 180mm size slabs.  969 
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In the test, the printing route direction on slab surface is set to be perpendicular to 970 

the plane formed by the wave propagating direction and reflected wave direction to 971 

prolong EMW propagation, as the figure inserted in Figure 3-4(b). The experiment result 972 

of the reflectivity loss of various cementitious materials is depicted in Figure 3-11. 973 

Generally, the EMW reflectivity values kept decreasing with the content of copper powder 974 

increases from 0% to 6%. Specifically, the peak reflection loss value decreased from -975 

7.49 dB to -10.2 dB and the absorption bandwidth (reflection loss <-10 dB) is broadened 976 

from 0 GHz to 3.48 GHz. However, the reflectivity values tend to increase when the 977 

addition of copper powder increase from 6% to 10%, which attributes to the influence 978 

posted by percolation threshold. When considerable magnetic ingredients are introduced 979 

in the mortar to break the threshold, the conductivity will increase sharply like 980 

percolations. The magnetic particle will not absorb EMW but reflect EMW. In this process, 981 

the average reflection loss value in high frequency (6-18 GHz) increased 1.5 dB on 982 

average and the absorption bandwidth decreased from 3.48 GHz to 1.73 GHz. Meanwhile, 983 

the absorption band tended to shift towards lower frequency range. 984 
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 985 

Figure 3-11. Reflectivity loss of cementitious composites containing copper slag and 986 

copper powder. 987 

Effect of 3D printing configuration on EMW absorption 988 

The continuous deposition process of materials will result in a distinct macroscale 989 

configuration of printed models, which is different from the flat surface of mould-cast 990 

ones. When specimens are manufactured by 3D printer, the printing routes on the surface 991 

will give rise to surface roughness. It is necessary to elaborate on the influence of surface 992 

roughness on the EMW absorbing capacity of materials. Cement roughness influences the 993 

propagation distance of EMW as well as surface impedance matching. Meanwhile, the 994 

influence of the thickness of structures on the EMW absorbing behaviours is investigated. 995 

This is because sample thickness dominates the EMW energy propagation pathway and 996 

may lead to a certain of interference matching. Based on the mix design of CS25P6, a 997 
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batch of specimens with different thicknesses and preparation methods are prepared, 998 

which include cast 3-layer structure (CS25P6L3C), printed 3-layer slab (CS25P6L3), 4-999 

layer slab (CS25P6L4) and 5-layer slab (CS25P6L5). The three, four and five layers slabs 1000 

are in the thickness of 15, 20 and 30 mm, respectively. Figure 3-12 illustrates the outer 1001 

faces of both mould-cast and printed slabs fabricated by the identical cementitious 1002 

material. Both samples are in the length of 180 mm and a width of 180 mm. 1003 

(a) (b) 1004 

Figure 3-12. Illustration of outer surfaces of slabs fabricated by (a) casting method 1005 

and (b) 3D printing method. 1006 

The corresponding reflectivity experiment result is presented in Figure 3-13. As the 1007 

measured data of reflectivity of various samples, the material deposition and printing 1008 

process results in higher EMW absorption than the cast sample and generally 2 dB lower 1009 

than the cast sample in most frequency ranges. The enhanced EMW absorbing capacity 1010 

of great probably attributes to the surface roughness which results in more EMW energy 1011 

consumption in 2-18GHz range. As a result, the rough surface or regularly distributed 1012 

heaves of the printed samples are proved to contribute to matching transition and diffusing 1013 

reflection effectively and thus reduce surface EMW reflection. 1014 
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Meanwhile, the absorption peak at 4.5 GHz shifts to the lower frequency about 1.6 1015 

GHz then moves to a higher frequency when composite thickness increases. It is also 1016 

observed that 15 mm composite has a broader absorption band and a more uniform 1017 

distribution of reflectivity value. Compared to 15 mm thickness, the 20 mm composite 1018 

has higher EMW absorption in the low-frequency range (1-3.5 GHz) and part of the high-1019 

frequency range (17.1-18 GHz). The increase of sample thickness substantially prolongs 1020 

the EMW absorbent element as well as EMW propagation distance. Thereby, the 1021 

consumption degree and EMW absorbing time will be enhanced to guarantee EMW 1022 

absorption. However, when sample thickness continues to exceed the critical value, the 1023 

impedance matching will degenerate. Although the penetrated EMW are exhausted 1024 

effectively, massive EMW are reflected on the surface due to the varied surface matching 1025 

and degenerates the EMW absorbing capacity. 1026 

 1027 

Figure 3-13. Reflectivity loss of macroscale configuration experiment. 1028 
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3.4. Summary 1029 

In this chapter, a promising and 3D printable cementitious composite incorporating 1030 

copper slag and powder is proposed for EMW absorbing. The results provide an 1031 

experimental basis and reference for functionalizing the cementitious composite for 1032 

infrastructure applications. The following conclusions are drawn: 1033 

(1) From the SEM investigation, the shape of the angular particle of copper slag 1034 

serves as an angular skeleton to ensure shape-retention and has the potential in improving 1035 

the bonding strength. Otherwise, for smooth-shape microscale raw material, collapse, 1036 

interruption or bleeding may be caused by the gap grading and poor water retention. The 1037 

optimal content of copper slag for favourable printability is determined as 25% by mass 1038 

ratio. The fresh properties are compatible with extrusion settings. 1039 

(2) From XRF results, copper slag is of the high content of Fe elements (54.93 wt%) 1040 

and copper power mainly contains Cu element (91.97 wt%). The combined application of 1041 

copper slag and power introduces a relatively large amount of Fe and Cu elements to the 1042 

mixture, significantly enhancing the magnetic and conductive behaviour of the 1043 

manufactured composite. 1044 

(3) The composite incorporating 25wt% copper slag and 6wt% copper powder is 1045 

proved to demonstrate favourable EMW absorbing performance. A 10.2 dB peak 1046 

reflection loss value and a 3.48GHz absorption band over the 1–18 GHz range are 1047 

approached. 1048 
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(4) Rough surfaces of printed samples result in higher EMW absorption, 1049 

approximately 2 dB lower than cast ones in frequency ranges in 1-18 GHz. Meanwhile, 1050 

samples with 15mm thickness perform broad absorption band and relative uniform 1051 

reflectivity distribution, while 20 mm samples own higher EMW absorption mainly in the 1052 

low-frequency range and can serve the constructions regarding mobile base stations. 1053 

However, further researches and studies are needed to explore the following issues. 1054 

The following challenges are drawn: 1055 

(1) The mechanical property for proposed EMW absorbing CSC composite including 1056 

the rheological property, hydration velocity and hardened performance (stiffness 1057 

development, compressive and flexural hardened strength, etc.) have not been carefully 1058 

explored and optimized. The corresponding reinforcement mechanism upon 3D printed 1059 

composite also needs to be identified. As a result, Chapter 4 will emphasis on the 1060 

mechanical enhancement methods as well as the consolidation mechanism for extrusion-1061 

based 3D printing technology. 1062 

(2) The EMW absorbing capacity for sheet structure is still insufficient due to its 1063 

limited and ungraded space impedance distribution simple sheet structure. As a result, the 1064 

macrostructural improvement, absorbent grading modification of EMW absorbing CSC 1065 

structures is in great demand to maximize the matching and absorbing capacities. Chapter 1066 

5 and Chapter 6 will explore the double-layer and wave shape structures to fulfil the 1067 

grading potential and printed characteristic for the proposed CSC composite.  1068 

  1069 
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Chapter 4. Mechanical behaviour of 3D printed EMW absorbing 1070 

CSC 1071 

This chapter explores the mechanical performance for the 3D printed CSC composite. 1072 

Two methods are developed to enhance the mechanical capacity from the very early age 1073 

state to hardened state measured by ultrasonic pulse velocity (UPV) device and smart lead 1074 

piezoelectric zirconate titanate (PZT) transducers. Mercury intrusion porosimetry 1075 

experiment is undertaken to elaborate on the mechanical reinforcing mechanism of 1076 

manufacture procedure. 1077 

4.1. Introduction 1078 

Compared with conventional casting methodology, 3D cementitious printing 1079 

technology avails EMW absorbing capacity by the undulant printing route to form rough 1080 

corrugated surfaces in both transverse and longitudinal directions summarized in Chapter 1081 

3. The distinct rough surfaces or printed corrugated texture have been proven to prolong 1082 

the EMW propagation route and render more effective frequency selective surfaces, 1083 

diminish propagated energy and substantially promote the multiple EMW reflections 1084 

[205-207]. However, the 3D printing methodology has an intricate relationship with the 1085 

mechanical behaviors of the printed concrete in view of the rheological property, 1086 

hydration velocity and hardened performance [208, 209]. On the one hand, the 3D printing 1087 

technique is proved to exhibit sufficient bonding capacity, element integrity and structural 1088 

buildability, considerable path-oriented anisotropy to promote mechanical performance 1089 

javascript:;


 

 66  

 

[210, 211]. Based on the consolidation theory, for concentrated and saturated cement, the 1090 

3D printing methodology leads to a drainage effect that consolidates the material with a 1091 

growing and heterogeneous consolidated area, leading to decreased void fraction, and thus 1092 

increased mechanical strength [212, 213]. On the other hand, challenges for the 1093 

specification of the printing parameters rise from undesirable inherent heterogeneity 1094 

results in internal friction and shear stresses, even leading to printing blockage in the worst 1095 

case [214, 215]. Meanwhile, inappropriate printing configuration also produces massive 1096 

cold joints and weak interfaces and promotes the growth of the void to reduce mechanical 1097 

capacity. In view of that, the cementitious materials ought to render balanced printability, 1098 

sufficient mechanical property and distinct EMW absorbing property simultaneously. 1099 

This chapter develops an integrated mechanical enhancement methodology for 3D 1100 

printing technology through hydration chemical addition and printing parameter 1101 

optimization. Based on the proposed enhancement methods, the stiffness development 1102 

over 28 days for a self-proposed EMW-absorbing concrete is evaluated using lead 1103 

zirconate titanate (PZT) and an ultrasonic device. Meanwhile, the standard cube and prism 1104 

compressive resistances are investigated. The concrete porosity is analyzed to determine 1105 

the improved influence of 3D printing technology to demonstrate the effectiveness of the 1106 

proposed methods. Lastly, the EMW absorption experiment is conducted to study how 3D 1107 

printing technology using an enhancement methodology improves the microwave 1108 

absorption. 1109 
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4.2 Experimental design 1110 

4.2.1. Hardened mechanical experiment configuration 1111 

Anisotropy configuration 1112 

The 3D printing technique exhibits sufficient bonding capacity, element integrity, 1113 

and structural buildability to promote mechanical performance to a certain extent [194]. 1114 

The filament extrusion and stacking-up procedure orient the fibre along the printing path, 1115 

and longitudinal flaws and voids in the interstices are also inevitably created between the 1116 

printed interfaces [216, 217]. The fibre and weak interface distribution cause mechanical 1117 

anisotropy in the cementitious material and largely influence fundamental mechanical 1118 

performance to include flexural compressive strength, split tensile strength, and shear 1119 

strength. As a result, the anisotropic configuration or the extruded route-loading direction 1120 

relationship ought to be carefully designed. The 3D-printed specimens are mainly loaded 1121 

in three directions: x, y, and z, which are described by Fx, Fy, and Fz as demonstrated in 1122 

Figure 4-1. 1123 

 1124 
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   1125 

(a) (b) 1126 

Figure 4-1. Printed sample of anisotropic mechanical performance configuration 1127 

showing (a) compressive and (b) flexural experiments from x, y, and z orthogonal 1128 

directions. 1129 

Based on our previous study [156, 218] and other similar results [219], the Fz 1130 

direction represents the best comprehensive design and is determined as the loading 1131 

configuration in this study. Specifically, in view of the crack-bridging mechanism, when 1132 

the cold joints are perpendicular to the load direction (Fz), the existence of oriented fibre 1133 

delays the micro-cracking procedure and yields enhanced energy absorption performance 1134 

and mechanical toughness for printed composites, especially with regard to flexural 1135 

resistance behaviour. On the contrary, when the weak interfaces are perpendicular to the 1136 

proposed loading, the brittleness is increased among the weak interfaces between adjacent 1137 
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layers, and cracks are thus more prone to developing at the tensile zone at the bottom 1138 

position. In conclusion, this paper will not repeat the validated anisotropic configuration 1139 

and will directly determine the Fz direction as the loading direction in mechanical 1140 

experiments. 1141 

Compressive strength experiment setup 1142 

Tests for both the cast and printed samples are conducted complying with the Chinese 1143 

National Testing Standards GB/T 50081-2002 [220] using a 2000 kN digital servo-1144 

hydraulic universal testing machine. The ultimate fracture capacity for all samples is 1145 

obtained automatically over 3, 7, and 28 days to determine the influence of the 3D printing 1146 

technology upon the mechanical performance of the currently proposed concrete. All the 1147 

loading displacement curves are automatically obtained until failure for three individual 1148 

specimens in a batch. 1149 

In view of specimen size configuration, after sufficient curing, the samples are cast 1150 

or sawed from the printed block into segments measuring 50 mm × 50 mm × 50 mm for 1151 

the standard compressive experiment and 100 mm × 50 mm × 50 mm for the prism 1152 

compressive test demonstrated in Figure 4-2. The loading rate is 0.6 MPa/s for the 1153 

compression tests following the Chinese national standard [220]. 1154 
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(a) (b) 1155 

Figure 4-2. Sketch for (a) standard compressive experiment and (b) prisms compressive 1156 

experiment. 1157 

4.2.2. Monitoring systems for strength development 1158 

Piezoelectric transducer device 1159 

Non-destructive structural health monitoring based on the electro-mechanical 1160 

impedance (EMI) and resonant frequency shift (RFS) algorithms have been proved 1161 

applicable and effective. The physics of the EMI and RFS sensing technique is to track an 1162 

electrical impedance of the PZT patches bonded onto or embedded into the measured 1163 

structures. The changes in the mechanical impedance of the structure caused by the 1164 

applied loadings will induce changes in the electrical impedance, which is determined by 1165 

the piezoelectric constant (d33 and d31). Smart PZT patches of high piezoelectric strain 1166 

coefficients and rigidity are ideally suited for monitoring because it couples the 1167 

mechanical impedance of the structure to the electrical impedance. Thereby, the coupled 1168 

EMI and RFS signatures are employed to characterize mechanical healthy status by 1169 

monitoring the PZT signatures, which can be used as feedback to improve the 1170 

intellectualization of 3D printing technology. 1171 
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For EMI measurement methodology, the procedure using PZT patches is shown in 1172 

Figure 4-3. Before being embedded into the specimens, the PZTs are subjected to 20oC 1173 

temperature curing treatment before being coated with resin for waterproofing purposes. 1174 

During the specimen preparation, the printed and cast samples through the attached PZT 1175 

patches with dimensions of 10 mm × 10 mm × 1 mm and the PZT patch is embedded 1176 

inside the sample. Then, the computer controls the impedance analyser to release a 1177 

frequency domain ranging 20–800 kHz with a sampling interval of 4 kHz. Other physical 1178 

parameters are given in Table 4-1. For objectivity, the electrical impedance for the 1179 

identical specimens is measured which is closely related to piezoelectric constant d31. 1180 

The first detected electrical impedance of the PZT patch is used as the initial value for the 1181 

root-mean-square deviation (RMSD) calculations of the subsequent values to analyze the 1182 

shifting trend of the resistivity. Later, the concrete paste gets tougher and more compact 1183 

with time, the embedded PZT patch acquires RFS and the conductance signals to indicate 1184 

the inherent frequency and electrical resistivity development. The electrical impedances 1185 

are averaged to reduce the interference of random noise. To quantify differences with 1186 

regard to different printed material settings, the value of the RMSD can be determined 1187 

based on the variation in the conductance spectra, so that  1188 

where Re(Yk)j symbols the PZT conductance value at the examined state; Re(Yk)j stands 1189 

for the healthy sate-conductance. 1190 
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 1191 

 1192 

Figure 4-3. EMI measurement procedure using PZT patches 1193 

Table 4-1. Physical parameter of PZT patch. 1194 

Parameters Factor Number 

Density  7,500 kg/m3 

Relative dielectric coefficient   1,800 

Coupling constant  0.41 

Elastic modulus  6.6×1010 N/m2 

Piezoelectric strain constant  -190×10-12 m/v 

Piezoelectric voltage constant  -11.6×10-13 Vm/N 

Ultrasonic equipment and procedure 1195 

In the hydration process, the viscous liquid phase incurs stiffness with a high 1196 

integration by transforming the suspension containing irregularly shaped particles into the 1197 

elastic and porous solid. The ultrasonic pulse velocity (UPV) experiment is then 1198 

conducted to evaluate the hydration evolution in the very early stage and early stage by 1199 

measuring the P wave velocity. Figure 4-4 illustrates the setup for a self-developed UPV 1200 

system. It consists of a commercial UPV device, a pair of P wave transducers (500 kHz), 1201 
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and two 40-mm-thick Plexiglass plates. Meanwhile, Vaseline is generously spread over 1202 

the plate-transducer interface, and a U-shape clamp is applied to fasten the specimen-1203 

plate-transducer interfaces for enhancement of contact. 1204 

 1205 

Figure 4-4. Set-up of UPV experiment. 1206 

For objectivity of the measurement, all samples are recorded continuously to derive 1207 

an average value at each time instant of measurement from the initial viscous suspension 1208 

to the fully hydrated porous solid. In the first 24 hours, the UPV parameters are 1209 

immediately recorded upon casting or printing at 30-min intervals to delineate the stiffness 1210 

development process. The UPV (Vp) can be calculated as follows with a calculated 1211 

accuracy of 3 m/s: 1212 

Specifically, the propagation length is calibrated as the pure length of paste. 1213 
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4.2.3. Measurements from mercury intrusion porosimetry 1214 

The mercury intrusion porosimetry (MIP) system is utilized to derive the porosity 1215 

characteristics through comparison of the cast and printed samples in order to evaluate the 1216 

effectiveness of the enhancement methods for 3D printing technology. The MIP is based 1217 

on the non-wetting liquid hypothesis, which states that the capillaries are only intruded 1218 

under pressure. The distribution of pore size is mapped by the volume intruded during 1219 

pressure increments, and the final porosity is cumulatively calculated using the total 1220 

intruded volume. In this system, the following Katz–Thompson equation [221, 222] and 1221 

pressure-capillary diameter equation [223] are applied, 1222 

where k represents intrinsic permeability; dc symbolizes the MIP critical pore diameter; c 1223 

is the analytical parameter at 1/226; σ/σ0 indicates the overall conductivity over pore 1224 

solution conductivity; P specifies pressure; γ denotes liquid surface tension; d stands for 1225 

the capillary diameter; θ identifies the liquid contact angle. 1226 

4.3. Optimization design for EMW absorbing concrete  1227 

According to previous exploration [206], a novel electromagnetic wave-absorbing 1228 

concrete using 3D printing technology has been identified. Ordinary Portland cement is 1229 

used as the binder. Silica fume (SF) is employed to improve the microstructure density, 1230 

 k=c
𝜎

𝜎0
𝑑𝑐
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(33) 

 
P=

-4𝛾cos𝜃

𝑑
 

(34) 

file:///F:/æ��é��è¯�å�¸/Dict/7.5.0.0/resultui/dict/


 

 75  

 

short-term and long-term compressive capacity, and wear resistance [224-226]. Silica 1231 

sand (SS) with size distribution from 0.2 mm to 0.4 mm is utilized as a fine filling 1232 

aggregate and angular skeleton in the mixture. Basalt fibre is used as reinforcement to 1233 

improve the mechanical toughness and shrinkage through the bridging effect [227]. For 1234 

EMW absorbent, copper slag in the mass fraction of 25 wt% and copper powder in the 1235 

mass fraction of 6 wt% is specified to exhibit the best EMW-absorbing capacity relative 1236 

to all other designs. Moreover, these solids have a rough microscale surface compared to 1237 

the fine aggregate sizes, rendering a durable and strong matrix to be reconciled in 3D 1238 

printing procedures.  1239 

However, including the EMW-absorbing mixture incurs porosity for good EMW-1240 

absorbing capacity, whereas it negates the mechanical performance. Little research about 1241 

the mechanical enhancement methodology for 3D printed EMW-absorbing concrete has 1242 

been reported. Therefore, in this study, the mechanical enhancement methodology for the 1243 

3D-printed element, including the chemical additive and the printing parameter 1244 

optimization, will be explored. 1245 

This study proposes an integrated enhancement methodology to improve the 1246 

mechanical performance of 3D-printed elements. To achieve this objective, both chemical 1247 

additives and 3D printing parameter approaches are fully explored to be optimized in a 1248 

sorted-out manner. The quantitative assessment process for mechanical performance 1249 

enhancement methods is described in Figure 4-5. 1250 
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 1251 

Figure 4-5. Quantitative assessment process for mechanical enhancement methods. 1252 

4.3.1. Chemical admixture optimization 1253 

For printable cement paste, the hydration kinetics should be appropriately 1254 

manipulated for printing feasibility. Specifically, the material is set in the container during 1255 

the printing period in a controlled smooth manner. Meanwhile, the material ought to obtain 1256 

proper slumping to fill the weak surfaces. Thereby, the bonding strength of laminar 1257 

connections is enhanced to improve the structural consistency and mechanical strength. 1258 

On the other hand, after deposition, the material is expected to harden to support its weight 1259 

and the weight of its upper deposited layers [228, 229]. The superplasticizer and viscosity-1260 

modifying admixture are suggested solutions. SP improves the workability and reduces 1261 

segregation and sensitivity for the cement paste. On the other hand, despite the water 1262 

reduction, SP incurs a dispersing effect to decrease yield stress in the 3D printing process 1263 

[230, 231]. VMA governs workability and setting time. In the dissolution process, the 1264 
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hydroxyl in VMA reacts with oxygen to produce hydrogen bonds, giving rise to plastic 1265 

viscosity, which enhances water retention capacity and prevents bleeding [232, 233]. 1266 

The functions of SP and VMA are fully explored in an orthogonally comprehensive 1267 

manner. The two chemical additives containing three parameters for each are explored. 1268 

The nine orthogonal combinations are assessed because of the extrudability and 1269 

buildability. Finally, the optimized solution will be specified by reconciling the different 1270 

and even contradicting rheological properties of the two chemical admixtures. 1271 

Three polycarboxylate-based SP contents (SP1 = 0.5%, SP2 = 1.5%, and SP3 = 2.5%) 1272 

and hydroxyethylcellulose VMA contents (VMA1 = 0.01%, VMA2 = 0.03%, and VMA3 = 1273 

0.05%) are tested orthogonally. The printability for chemical admixture optimization is 1274 

demonstrated in Table 4-2. The results indicate that excessive SP gives rise to paste 1275 

bleeding and reduced stiffness and shape retention capacity. The superabundant VMA may 1276 

trigger high viscosity and shear stress for extrusion, even causing a blockage. Meanwhile, 1277 

excessive plasticity negates necessary slumping in bonding weak surface or cold joints. 1278 

Thereafter, the consistency is reduced towards loading and the mechanical property is thus 1279 

decreased. The SP2-VMA2 solution exhibits ideal printing property and shape-retaining 1280 

capacity without blockage or bleeding, which can be a preferable solution. 1281 

Table 4-2. Printability and setting time for chemical admixtures. 1282 

 
SP1 (0.5%) SP2 (1.5%) SP3 (2.5%) 

VMA1 (0.01%) 
➢ Extrudability:     0 

➢ Buildability:      5 

➢ Extrudability:     0 

➢ Buildability:      6 

➢ Extrudability:     0 

➢ Buildability:      6 
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➢ Printability Grade: Ⅱ 

➢ Mode: 

Bleeding 

➢ Printability Grade: Ⅲ 

➢ Mode: 

Slumping and bleeding 

➢ Printability Grade: Ⅲ 

➢ Mode: 

Excessive slumping and bleeding 

VMA2 (0.03%) 

➢ Extrudability:     2 

➢ Buildability:      0 

➢ Printability Grade: Ⅱ 

➢ Mode: 

Cold joints and weak interfaces 

➢ Extrudability:     0 

➢ Buildability:      0 

➢ Printability Grade: Ⅰ 

➢ Mode: 

No weakened surface 

➢ Extrudability:     0 

➢ Buildability:      5 

➢ Printability Grade: Ⅱ 

➢ Mode: 

Bleeding 

VMA3 (0.05%) 

➢ Extrudability:     6 

➢ Buildability:      0 

➢ Printability Grade: Ⅲ 

➢ Mode: 

Consolidate in container 

➢ Extrudability:      5 

➢ Buildability:       2 

➢ Printability Grade: Ⅲ 

➢ Mode: 

Cold joints and weak interfaces 

➢ Extrudability:     2 

➢ Buildability:      2 

➢ Printability Grade: Ⅱ 

➢ Mode: 

Few cold joints and weak interfaces 

 1283 

4.3.2. Printing parameter optimization 1284 

Based on the optimized chemical additive design and 12mm circular nozzle opening 1285 

diameter, appropriate paste extrusion flow rate Q and printing speed Vp will be explored 1286 

and calibrated. Desirable compatible parameters will enable the smooth fabrication 1287 

procedure to strike a balance between the reduced cold joint and the consolidated filament, 1288 

both of which are crucial to the mechanical properties. In this step, the orthogonal matrix 1289 

of parameters is deposited similarly as for previous SP and VMA. Nine combinations of 1290 

candidate solutions are evaluated according to printing buildability (vertical build-up, 1291 

stacking blockage, interruption, or excessive deposition) and 28-day standard 1292 

compressive strength to identify the best solution. 1293 
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Based on the SP2-VMA2 solution, three paste extrusion flow rate parameters (Q1 = 1294 

0.4 L/min, Q2 = 0.8 L/min, and Q3 = 1.2 L/min) and three printing speed parameters (Vp1 1295 

= 120 cm/min, Vp2 = 170 cm/min, and Vp3 = 220 cm/min) are orthogonally explored. The 1296 

mechanical strength and printability are specified as assessment criteria to identify the 1297 

three most prioritized solutions. Table 4-3 denotes the printability and mechanical 1298 

properties for printing parameter optimization results. Excessive Q triggers overlapping 1299 

and even redundant deposition for printed filaments. Meanwhile, the swapping between 1300 

interrupted printing routes will disarrange the inherent regular anisotropy pattern for the 1301 

printed elements and stress distribution to reduce the mechanical strength. It can be 1302 

interpreted that only by keeping a matched Q-Vp relationship can the printing procedure 1303 

strike a balance between mechanical performance and buildability. From the test results, 1304 

Q1-Vp1, Q2-Vp2, and Q3-Vp3 are the three best designs exhibiting matched filaments and 1305 

satisfactory mechanical strength (35 MPa, 48 MPa, and 32 MPa, respectively). 1306 

Table 4-3 Optimization of printability and mechanical concerning flow rate and 1307 

printing speed. 1308 

 
Q1 = 0.4 L/min Q2 = 0.8 L/min Q3 = 1.2 L/min 

Vp1 = 120 

cm/min 

➢ Printability Grade: Ⅰ 

➢ 28-Day Strength: 40MPa 

➢ Mode: 

Matched printing route 

 

➢ Printability Grade: Ⅱ 

➢ 28-Day Strength: 36 MPa 

➢ Mode: 

Unmatched printing route 

Filament overlapping 

➢ Printability Grade: Ⅱ 

➢ 28-Day Strength: 36 MPa 

➢ Mode: 

Unmatched printing route 

Excessive filament deposition 

Vp2 = 170 

cm/min 
➢ Printability Grade: Ⅱ ➢ Printability Grade: Ⅰ ➢ Printability Grade: Ⅱ 
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➢ 28-Day Strength: 42MPa 

➢ Mode: 

Unmatched printing route 

Filament interruption 

➢ 28-Day Strength: 48MPa 

➢ Mode: 

Matched printing route 

 

➢ 28-Day Strength: 37MPa 

➢ Mode: 

Unmatched printing route 

Filament overlapping  

Vp3 = 220 

cm/min 

➢ Printability Grade: Ⅱ 

➢ 28-Day Strength: N/A 

➢ Mode: 

Unmatched printing route 

Excessive filament breaking off 

➢ Printability Grade: Ⅱ 

➢ 28-Day Strength: 36MPa 

➢ Mode: 

Unmatched printing route 

Filament interruption 

➢ Printability Grade: Ⅰ 

➢ 28-Day Strength: 40MPa 

➢ Mode: 

Matched printing route 

 

4.3.3 Specimen preparation  1309 

Before the printing procedure, the SP2-VMA2 solution is determined (SP2 = 1.5% and 1310 

VMA2 = 0.03%), and all raw materials including cement, SS, SF, copper solids, and VMA 1311 

powder undergo blending treatment for 5 minutes in a container. The basalt fibre is then 1312 

scattered into the container for 30 seconds to facilitate even distribution. Meanwhile, the 1313 

liquid composite is produced by blending SP and water and is later separated into two 1314 

equal portions. After mixing for 300 seconds, the dry material is blended with the first 1315 

mixture portion, followed by an 80-second stirring treatment. The other solution is then 1316 

sprinkled over the composite with an additional stirring procedure for 200 seconds to 1317 

finally manufacture the fresh composite used for the 3D printing methodology. In the 1318 

printing procedure, the printing parameters comply with the optimized design Q2-Vp2. 1319 

After the previous adjusting experiment, the parameter V is evaluated as 170 cm/min, the 1320 

parameter Q is 0.8 L/min, and the adjacent layer interval time is also chosen as 6 seconds.  1321 
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In view of the sample geometry characteristics, the EMW-absorbing composite is 1322 

printed as a rectangular block with dimensions of 200 mm × 200 mm × 120 mm. The 1323 

printed block is first sealed and cured in the printing system for 24 hours to obtain 1324 

sufficient stiffness to be cut. Afterwards, the printed block is sawed into smaller sizes on 1325 

the second day for the hardened fractural experiments discussed in Chapter 2. Also, 1326 

mould-cast counterparts are prepared by similar curing procedures as calibration samples 1327 

for evaluation of the mechanical performance of the printed samples. All cast and printed 1328 

specimens are stored in the moist cabinet for 3, 7, and 28 days with a relative curing 1329 

humidity of 95 ± 5% and an ambient curing temperature of 20 ± 1°C, depending on the 1330 

experiment date. 1331 

4.4. Result and discussion 1332 

4.4.1. Ultra–early and early strength development 1333 

PZT methodology 1334 

With the accumulation of stiffness, the workability decreases after reaching the initial 1335 

setting threshold, and the hydration degrees gradually rise with shrinking voids to increase 1336 

density with a more compact microstructure before conversion into a solid phase of the 1337 

material [234, 235]. Consequently, electric resistance or mechanical impedance would 1338 

change [236, 237]. Once inserted into cementitious samples, the inherent frequency of the 1339 

PZT patches will conform to the host cementitious materials, which implies that the 1340 
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development of stiffness can be monitored by detecting the change of the PZT patch’s 1341 

inherent frequency as well as its conductance index.  1342 

Figure 4-6 (a-b) shows the measured and successively calculated RMSD (frequency 1343 

range of 20–800 kHz) of concrete in the very early age of stiffness development (<72 h) 1344 

and over the whole hydration procedure (<28 days), respectively. In the very early stage, 1345 

the extruded paste demonstrates a rapid enhancement throughout the earliest 6 hours. It 1346 

exceeds that of the cast counterpart by a large margin, demonstrating that the printing 1347 

technology enables accelerated stiffness development. Afterwards, a proliferated RMSD 1348 

index for the printed paste is found after 72 hours, and this tendency lasts until 400 hours, 1349 

followed by a stabilized phase. In comparison, the cast composite does not yield obvious 1350 

growth until 48 hours, which is a 24-hour lag time relative to the printed paste. Despite a 1351 

similar threshold with a reduced shifting trend at 400 hours, the RMSD value of the cast 1352 

composite reaches a peak of 230, which is 46% less than that of the printed one at 430. 1353 

This phenomenon can be interpreted to mean that the extruded paste enables accelerated 1354 

hydration velocity and a higher hydration degree. 1355 

 (a)  (b) 1356 
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(c) (d) 1357 

Figure 4-6. Stiffness development: (a) PZT device for first 3 days; (b) PZT device 1358 

for 28 days; (c) UPV device for cast and printed paste for first 3 days; (d) UPV device for 1359 

cast and printed paste for 28 days. 1360 

Ultrasonic methodology 1361 

In the cement slurries’ hydration procedure, an irregularly viscous suspension 1362 

develops into a solid phase with a higher consistency degree and increased elastic modulus 1363 

[238]. An ultrasonic wave can be applied to monitor the setting behavior and stiffness 1364 

accumulation in the hydration progress because it is sensitive to the hydrating percolation 1365 

transition and its increasing tendency conforms to cement stiffening development [239].  1366 

Three distinct regimes are found, including a primarily constant phase, a rapidly 1367 

growing phase, and a slowly growing phase, which is consistent with reports from other 1368 

studies [240]. At a very early age within 72 hours, compared to the cast paste, the 1369 

hydration velocity for printed cement slurry yields enhanced progressive growth from 6 1370 

hours as shown in Figure 4-6 (c), which is coincident with the RMSD results. Again, the 1371 

UPV of the printed paste increases earlier and faster to reach the third growing phase on 1372 
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the fifth day, which is approximately 4 days earlier than for the cast sample. The hydration 1373 

tendency is in good agreement with the evolution pattern explored by the PZT device and 1374 

also complies with the 7-day regimen for a rapidly growing phase [241]. The printed 1375 

element presents a UPV peak value for 4300 m/s and yields a higher UPV peak value of 1376 

200 m/s than the casted counterpart’s peak at 4100 m/s at the same curing time. As such, 1377 

the 3D printing technology improves the final hydration degree to result in higher density 1378 

and lower void fraction. This phenomenon may be attributed to the printing procedure 1379 

exerting a strong squeezing effect to consolidate the paste and narrow the cleave between 1380 

the aggregates and cement. It reduces the void ratio despite the cold joints along the 1381 

printing route. The particle distribution is thus compacted with fewer micro-cracks during 1382 

the early curing age. As a result, the extruded slurry exhibits earlier and more thorough 1383 

hydration reaction among aggregates, interface transition zone (ITZ), and cement matrix. 1384 

4.4.2 Hardened strength experiments 1385 

Standard compression experiments 1386 

From Figure 4-7 and Table 4-4 compared to the cast elements, the printed elements 1387 

demonstrate higher compressive resistance to the applied load in all hydration periods. 1388 

Specifically, the 3Day mean compressive strength for the printed concrete is 29 MPa, 1389 

which is 15% higher than that of the cast counterpart. Subsequently, the difference reaches 1390 

a peak at day 7, when the strength of the printed sample reaches 39.5 MPa, 40% higher 1391 

than that of the cast one. In the hardened state, the compressive strength of the printed 1392 

file:///F:/æ��é��è¯�å�¸/Dict/7.5.0.0/resultui/dict/
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specimen still exceeds that of the cast element by 9%, i.e., 48 MPa versus 44.3 MPa. The 1393 

weak interfaces or cold joints that are perpendicular to the loading directions will not exert 1394 

significant influence upon the compression resistance. It can thus be stated that the 1395 

printing procedure consolidates the paste with strong liquid filtration to reduce the 1396 

aggregate-ITZ-cement cleave and void ratio for concentrated suspensions during the 3D 1397 

printing process [242-244]. The stiffness-acquiring and strength-developing velocity are 1398 

accelerated, especially in the early stages (<7 days), and the mechanical performance of 1399 

the final hydration products can be enhanced.  1400 

 1401 

Figure 4-7. Standard compressive strengths for concrete elements. 1402 

Table 4-4. Comparison of standard compression strengths for cast and printed elements. 1403 

 3-Day compression (MPa) 7-Day compression (MPa) 28-Day compression (MPa) 
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Prism compression experimental results 1404 

Figure 4-8 depicts and Table 4-5 tabulates the 3-7-28 day prism compressive 1405 

strengths for the cast and printed elements. Similar to the standard compression 1406 

experiments, the printed concrete exhibits higher mechanical strength in the prism 1407 

experiments. Specifically, at day 3, 3D printing technology increases the mean prism 1408 

compressive strength from 19.3 MPa of the cast counterpart to 20.7 MPa, which is a 7% 1409 

increment. Subsequently, the extrusion procedure elevates the 7-day prism compressive 1410 

strength by 31%, 35.9 MPa against 27.4 MPa. Finally, in the hardened state, the printed 1411 

sample (39.5 MPa) also demonstrates a 14% increase of prism compressive strength at 28 1412 

days relative to the cast sample (34.5 MPa).  1413 

No.1 No.2 No.3 Mean SD No.1 No.2 No.3 Mean SD No.1 No.2 No.3 Mean SD 

3D Printed 25.6 28.9 32.5 29 3.4 33.6 38.9 45.9 39.5 4.1 46.7 47.5 50 48 1.7 

Cast 21.6 24.6 29.4 25.2 3.9 25.4 29.2 30 28.2 2.45 42 45.27 45.7 44.3 2 
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 1414 

Figure 4-8 Prism compression strengths for cast and printed elements. 1415 

Table 4-5 Comparison of prism compression strengths for cast and printed elements. 1416 

4.4.3 Porosity evaluation by mercury intrusion porosimetry  1417 

As discussed, the two enhancement methods mainly improve the mechanical 1418 

capacity by the structural consolidating effect and the fibre aligning effect. From our 1419 

previous studies, the aligning effect in the printing procedure is successfully validated 1420 

[245]. As shown in Figure 4-9, the scanning electron microscope (SEM) investigation 1421 

presented both fractured fibres and pulled-out fibres that coincided with printing direction. 1422 

 3-Day compression (MPa) 7-Day compression (MPa) 28-Day compression (MPa) 

No.1 No.2 No.3 Mean SD No.1 No.2 No.3 Mean SD No.1 No.2 No.3 Mean SD 

Printed 19.7 19.9 22.5 20.7 1.5 31.2 35.1 41.6 35.9 5.2 36.8 39.25 42.3 39.5 2.7 

Cast 18.5 19.12 20.4 19.3 0.9 24.84 26.36 31 27.4 3.2 32.6 34.7 36.17 34.5 1.7 
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As a result, the consolidating effect requires more exploration. The porosity evaluation, 1423 

including the surface texture evaluation and MIP experiment, is the crucial methodology 1424 

during the accumulation process of the hydrating and mechanical strength. 1425 

 1426 

Figure 4-9. SEM investigation on the mechanical enhancement of fibre alignment [245]. 1427 

Figure 4-10 demonstrates the surface texture evaluation for the printed concrete 1428 

specimen. It can be observed that there are no major cold joints among all structures so 1429 

that uniform mechanical performance is enabled. The bottom section is compacted by the 1430 

combination of the material slumping effect and the weight of the upper stacks. At the top 1431 

section of a printed specimen, minor voids are visible along the printing route despite the 1432 

slumping effect. Overall, the satisfactory surface texture is attributed to the balanced 1433 

slumping-rest time and the 3D printing procedure using the two enhancement methods. 1434 

Figure 4-11 shows the MIP experiment results for both cast and printed samples. 1435 

Each manufacturing method takes the average from 3 similar specimens which are 1436 

excavated from the top, middle, and bottom positions of the same block of material. For 1437 

the cast samples, the average volume of voids is measured cumulatively as 0.15 cc, the 1438 
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average bulk volume of voids is identified as 0.8603 cc, and the average volume fraction 1439 

of voids is thus calculated to be 17.47%. As a comparison, for the printed samples, the 1440 

average void volume is measured to be 0.0811 cc and the bulk volume is calculated at 1441 

0.729 cc, resulting in a porosity ratio of 11.13%, which is 6.34% lower than that of the 1442 

cast one. The 3D printing procedure squeezes and consolidates the concrete matrix and 1443 

substantially narrows the crevices of aggregate-ITZ-cement to reduce the void fraction. 1444 

The compact microstructure will compensate for the visible cold joints and guarantee 1445 

enhanced mechanical performance. 1446 

Regarding void distribution, the cast sample’s porosity is concentrated in the range 1447 

of 20–100 nm with a medium void size of 48 nm. However, the printed void is 1448 

considerably limited below 8 nm and obtains a medium void size of 22 nm. On the 1449 

succession of the squeezing effect by 3D printing technology, the produced finer void will 1450 

pose less negative influence upon the mechanical property, which also further motivates 1451 

the contracting reaction between the particles to a higher speed and degree. The result 1452 

conforms to previous findings that 3D printing technology can cultivate the mechanical 1453 

behaviors in both the early stage (<7 days) and the hardened state. 1454 
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 1455 

Figure 4-10. Cross-sectional void distribution of printed elements. 1456 

 1457 

Figure 4-11. MIP results for cast concrete and printed concrete. 1458 

4.5. Summary 1459 

In this chapter, two mechanical enhancement methods for extrusion-based 3D 1460 

printing technology are proposed, including chemical additive and printing parameter 1461 

optimization. The following conclusions are drawn. 1462 
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(1) The enhancement methods for 3D printing technology can accelerate the 1463 

hydration velocity as well as hydration degree as validated from both PZT and UPV 1464 

monitoring techniques. In the very early stage, the stiffness of the printed paste starts to 1465 

exceed that of the cast paste after 6 hours curing. Subsequently, the hydration process for 1466 

printed slurry exhibits a steep increase after 72 hours of curing, which is approximately 4 1467 

days earlier than the increase of the cast paste. Both RMSD and ultrasonic velocity 1468 

analysis results indicate that the printed paste reaches a higher final hydration degree due 1469 

to a more compacted microstructure and fewer voids compared to the cast counterparts. 1470 

(2) The enhancement methods improve the printed specimen’s compressive 1471 

performance with faster strength-gaining capacity and improved mechanical performance 1472 

by the squeezing effect to consolidate the aggregate-ITZ-cement cleave. A 40% 1473 

improvement in standard compression and a 34% improvement in prism compressive 1474 

strength at 7 days is validated. In the final hardened state, the printed specimen achieves 1475 

48 MPa of peak standard compression strength and 39.5 MPa of peak prism compression 1476 

strength at 9% and 14% increments, respectively.  1477 

(3) The improved 3D printing fabricating technique using enhancement methods is 1478 

proven to diminish visible cold joints and microvoids. Thus, the printed concrete porosity 1479 

is reduced from 17.47% to 11.13%. The cast sample’s pore void distribution is in the range 1480 

of 20–100 nm and obtains a median void size of 48 nm. However, the printed void ranges 1481 

from below 8 nm with a median void size of 22 nm. Based on the consolidation theory, 1482 

the squeezing effect by 3D printing technology produces a smaller void to compensate for 1483 
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the negative influence upon loading resistance, and the finer void motivates the 1484 

contracting reaction between the particles to a higher speed and degree, resulting in overall 1485 

improved mechanical performance, especially in the early stages. 1486 

Despite the mechanical property comprising rheological performance, hydration 1487 

velocity and hardened characteristics for proposed EMW absorbing CSC composite are 1488 

explored, a further challenge still existed listed as below which will be discussed in 1489 

Chapter 5 and Chapter 6: 1490 

(1) The EMW absorbing CSC structure needs to be improved in structural geometries 1491 

enhance the EMW absorbing performances because the space-cement interface 1492 

impedance cannot be improved in simple plain structure.  1493 

(2) The single-phase material exhibits non-uniform EMW absorbing performance due 1494 

to the electromagnetic parameter distribution while different ferrite ingredients are 1495 

introduced in the CSC composite. More advanced absorbent manufacturing 1496 

methodologies can be a feasible solution to improve electromagnetic grading 1497 

characteristics.  1498 

(3) Although the 3D extruding procedure avail improvement in EMW absorbing 1499 

capacity, more printing technology can be considered to be utilized including 3D 1500 

spraying or D shape printing to offer graded microstructure in future 3D printed multi-1501 

structures. 1502 

(4) The EMW absorbing mechanism for macrostructural CSC structures is also in great 1503 

demand to be identified to fulfil the potential of 3D printing technology. 1504 
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Chapter 5. Combined double-layer EMW absorbing CSC structure 1506 

containing graded nano-sized absorbent 1507 

This chapter explores a double-layer element ungraded structure containing a newly 1508 

explored nano-sized graded absorbent using two 3D printing methodologies. The 1509 

absorbent microscale wrapping effect, porosity characteristic and EMW absorbing 1510 

capacity are studied. Meanwhile, a theoretical model about EMW absorbing mechanism 1511 

is established and theoretical optimization upon structural configuration is conducted as 1512 

well. 1513 

5.1. Introduction 1514 

For a normal single-layer structure, EMW absorbing CSC explored in chapter 3 1515 

didn’t avail desirable reflection effect despite the electromagnetic wave absorbing 1516 

ingredients containing copper tailings and ferrite in cement have been incorporated. It is 1517 

attributed to that, in microscale magnitude, most absorbents’ electromagnetic parameters 1518 

(permeability and permittivity) do not distribute in a uniform gradation within proposed 1519 

single-phase materials coming with simply mixture procedure. Meanwhile, in macroscale 1520 

magnitude, the single-layer structure cannot strike a graded balance between transferring 1521 

and consuming function for incident microwave. Thereby, the aforementioned composite 1522 

negates compatible or graded EMW impedance matching and energy-absorbing capacity, 1523 

leading to narrow EMW absorption frequency bandwidth and varying reflecting peak 1524 

values [246].  1525 
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Moreover, although the 3D extruding procedure avail improvement in EMW 1526 

absorbing capacity, more printing technologies are considered to motivate the grading 1527 

structures for printed elements. Recently, 3D spraying technology has been the trendy 1528 

research interest for the automation construction industry, bringing along many 1529 

advantages from the perspective of electromagnetic wave cementitious composite. The 1530 

3D spraying also automatically and proficiently manufacture the pre-designed digital 1531 

models by layer stacking method, achieving low material waste [247, 248]. Contrarily, the 1532 

spraying technology produces mass micro air cavities to reduce electromagnetic 1533 

parameters. It is understood that lower density and dielectric constant improve concrete-1534 

air space matching to dissipate energy by impedance matching effect, scattering, and 1535 

multiple reflections [249, 250]. In view of that, 3D extruding and spraying technology not 1536 

only arises the design flexibility, construction efficiency, and automation degree but also 1537 

avails significantly graded electromagnetic parameters distribution for multiple layer 1538 

EMW absorbing structures. 1539 

This chapter focuses on the preparation of a graded nano-sized absorbent for 3D 1540 

extruded and sprayed graded double-layer EMW-absorbing structures. First, the carbonyl 1541 

iron powder (CIP) is wrapped by nano-sized SiO2 particles using ultrasonic concussion 1542 

treatment to prepare a graded absorbent. The concrete matching layers containing the 1543 

graded absorbent are then fabricated using the self-developed spraying system, and the 1544 

absorption layers are also constructed using a self-developed 3D continuous deposition 1545 

system. A scanning electron microscopy (SEM) device is applied to evaluate the wrapping 1546 

http://dict.youdao.com/w/dielectric%20constant/#keyfrom=E2Ctranslation
http://www.dispersions-pigments.basf.com/portal/load/fid827906/CIP_General_PO_e.pdf
http://www.dispersions-pigments.basf.com/portal/load/fid827906/CIP_General_PO_e.pdf
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effect, and a mercury intrusion porosimetry (MIP) device investigates the porosity 1547 

characteristics for both layers. The EMW-absorbing capacity for the proposed double-1548 

layer elements is measured by the Naval Research Laboratory (NRL) experiments to be 1549 

compared with their printed single-absorption-layer counterparts. Based on the proposed 1550 

novel graded absorbent and concrete structures, the EMW-reflecting mechanism is first 1551 

elaborated. Finally, the transform line model is utilized to further conduct optimization 1552 

simulation for structural configurations. 1553 

5.2. Material design 1554 

5.2.1. Absorbing layer mixture design and preparation  1555 

Based on a previous study [206], a new EMW-absorbing cement design using 3D 1556 

extrusion methodology is investigated for the absorbing layer. On top of the proposed 1557 

material, a hydroxyethyl cellulose (HEC)–type powder from Huaming Ltd., China, is 1558 

introduced as the viscosity-modifying admixture (VMA) to avoid bleeding and improve 1559 

the setting time and workability (water retention, plastic viscosity, etc.) for the 3D printing 1560 

procedure [232]. A polycarboxylate-based superplasticizer (SP, Q8081PCA, Sika Ltd., 1561 

China) is also suggested to decrease cement sensitivity and segregation intensity and yield 1562 

stress in the 3D extruding process [230, 231].  1563 
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5.2.2. Nano-size graded absorbent design and preparation 1564 

Nano-size graded absorbent design 1565 

Figure 5-1 illustrates the details of the intelligent ultrasonic processor. This 1566 

instrument from Bueno biotech (BEM-650A) supplied ultrasonic vibration in the 20–25 1567 

kHz frequency range of up to 400 W intensity through the amplitude transformer. The 1568 

instrument enabled a 100 mL crushing procedure with an up to 70% powder ratio at a 1569 

working temperature range of 0℃–40℃. In the preparation procedure, the amplitude 1570 

transformer (probe diameter of ¼") is soaked in an ethanol-raw material solution at ¼" 1571 

total probe length. 1572 

 1573 

Figure 5-1. Intelligent ultrasonic processor. 1574 

The CIP from Xingrongyuan Ltd. (Beijing, China) is employed as the core 1575 

component of the nano-sized graded absorbent, and the physical characteristics are given 1576 

in Table 5-1. As a conventional metallic magnetic absorbent, CIP is generally prioritized 1577 

given its high saturation magnetization, electromagnetic parameter, resonance frequency, 1578 

file:///F:/å®�è£�ç³»ç»�/æ��é��è¯�å�¸/Dict/7.5.0.0/resultui/dict/
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and Snoke’s limit compared to other ferrites [251-253]. The microscale structure of CIP 1579 

is demonstrated in Figure 5-2(a). This material exhibited a hexagonal structure with ample 1580 

magnetic poles in the nonmagnetic phase matrix to induce outstanding EMW-absorbing 1581 

efficiency, especially in the low-frequency ranges [254-256]. The nano-sized SiO2 1582 

manufactured by the gas-phase method from Rongxiang Ltd. (Nanjing, China) served as 1583 

the wrapping coating. Nano-sized SiO2 contains low electromagnetic parameters and can 1584 

reduce reflected-surface EMW in the matching layer. When the nano-sized SiO2 wrapped 1585 

the CIP, electromagnetic grading is developed to strike a balance between the reducing 1586 

EMW reflection and the exhausting EMW energy. Third, the nano-sized SiO2 yielded 1587 

massive capillary pores to promote EMW scattering, enable superior water permeability 1588 

resistance, and enhance mechanical performance. The physical specifications are listed in 1589 

Table 5-2. the microscale configuration is shown in Figure 5-2(b) and the electromagnetic 1590 

details for CIP and nano-silica dioxide are given in Figure 5-3. It can be observed that the 1591 

permittivity and permeability distribution demonstrates a grading pattern between the two 1592 

components. It is understood that only by appropriate wrapping procedure, can the 1593 

prepared absorbent render graded electromagnetic characteristics. 1594 

Table 5-1. Physical characteristics for CIP. 1595 

Purity (%) Particle size distribution (μm) Tab density 

(g/cm3) 

Apparent density 

(g/cm3) D (0.1) D (0.5) D (0.9) Average 

98.3 1.41 3.46 9.29 3.8 4.16 2.59 

Table 5-2. Physical specifications for nano-SiO2. 1596 
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Purity 

(wt%) 

Average size 

(nm) 

Ignition loss 

(wt%) 

DBP absorption 

value (ml/g) 

99.7 500 4.8 3.6 

(a) (b) 1597 

Figure 5-2. Microscale configuration: (a) CIP, (b) nano sized-silica dioxide. 1598 

 1599 

(a) (b) 1600 

(c) (d) 1601 

Figure 5-3. Test results: (a) CIP permittivity, (b) CIP permeability, (c) nano- SiO2 1602 

permittivity, and (d) nano- SiO2 permeability. 1603 
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Apart from the raw materials, chemical admixtures comprising a silane coupling 1604 

agent (γ-aminopropyltriethoxysilane, KH-550) from Xuyang Ltd. (Nanjing, China) and a 1605 

dispersant (water-based graphene, HD2008) from Houheng Ltd. (Guangzhou, China) are 1606 

added given their significant influence on wrapping effect. The silane coupling agent 1607 

wrapped the CIP material to modify the electromagnetic characteristics, including 1608 

breaking down voltage capacity, insulation performance, and electric volume degree [257]. 1609 

The coupling agent serves as a bridge to cohesively bond CIP and nano-sized SiO2, which 1610 

improves the graded electromagnetic parameter distribution [258]. Meanwhile, the 1611 

dispersant improves the dispersion uniformity to avail the wrapping formation and to 1612 

alleviate the aggregation phenomenon by capillary force, Van der Waals force, and 1613 

electrostatic attraction force, which interrupts direct EMW reflection [259]. 1614 

Ultrasonic vibration for nano-size graded absorbent  1615 

Four preparation designs are proposed, denoted as D1, D2, D3, and D4. All the 1616 

designs utilized similar quantities of CIP and nano-sized SiO2, while the chemical 1617 

admixture dosages and coupling preparation procedures differed. The ingredient’s mass 1618 

ratio for the nano-sized graded absorbent with the corresponding preparation is shown in 1619 

Table 5-3. For all the preparation designs, before the coupling treatment, the CIP is soaked 1620 

in an acetone solution for 1 hour to trigger surface activation before it is dried at 60℃ in 1621 

an oven.  1622 
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Figure 5-4 sketches the flow chart for the preparation methodologies of D1, D2, and 1623 

D3. For the D1 absorbent, the CIP with a coupling agent (5 wt% for CIP) is poured into 1624 

the ethanol solution. The ultrasonic processor vibrated the solution for 8 min to activate 1625 

the coupling surface to bond the silica material. The solution is then heated and dried at 1626 

105℃. Meanwhile, the same treatment and coupling agent ratio are also conducted on 1627 

nano-sized SiO2. The graded nano-sized absorbent is fabricated by soaking the modified 1628 

CIP and nano-sized SiO2 in the ethanol solution again, followed by ultrasonic vibration 1629 

(15 min) and drying treatment (105℃). 1630 

For the D2 absorbent, the only difference from D1 is the addition of a dispersant (10 1631 

wt% of CIP) in a separate coupling treatment. In D3, nano-sized SiO2 and CIP are 1632 

deposited together with the coupling agent (5 wt% of total weight) into an ethanol solution, 1633 

followed by ultrasonic vibration and a heating procedure, while the D4 sample served as 1634 

a calibre that physically mixed the CIP and nano-sized SiO2 particles (5:1 by mass) using 1635 

a concrete mixer without the coupling agent and dispersant. 1636 

Table 5-3. Ingredient mass ratio for nano-sized graded absorbent. 1637 

ID CIP Nano 

SiO2 

Coupling 

agent 

Dispersant Preparation description 

D1 1 0.2 0.06 / Separate coupling treatment 

D2 1 0.2 0.06 0.1 Separate coupling treatment 

D3 1 0.2 0.06 / Mutual coupling treatment 

D4 1 0.2 / / Simple mixture without coupling treatment 
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(a) 1638 

(b) 1639 

(c) 1640 

Figure 5-4. Flow chart for preparation: (a)D1, (b)D2, and (c)D3. 1641 

5.2.3 Impedance matching layer mixture design and preparation  1642 

Impedance matching layer mixture design 1643 

The specifications of raw materials for the matching layer are listed in Table 5-4. The 1644 

matching layer mixture utilized VMA to bind the particles firmly and accelerate the 1645 

hardening process [260]. Simultaneously, an air-entraining agent (AEA) is used to 1646 

produce massive micro-pores (50–1,250 μm) with a uniform pore shape and reduce the 1647 

liquid-air interfacial tension with improved hydration shell thickness [261]. Moreover, the 1648 

rendered micro cave availed the transmission characteristic and promoted the ferrite 1649 
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absorbent’s concentration-effect around the pore interface to increase the grading behavior 1650 

[262]. 1651 

Table 5-4. Specifications for mass fractions of EMW absorbing composite. 1652 

OPC Basalt fibre Water Nano absorbent SP VMA AEA 

1 0.0056 0.45 0.12 0.015 0.00028 0.00012 

Figure 5-5 shows a self-fabricated 3D spraying system, which moves and sprays 1653 

through 6 axes with significant flexibility. The concrete pump transfers the prepared 1654 

concrete through the pump with 1 inch in diameter. The adjustable nozzle can spray paste 1655 

with varying opening shapes and sizes to satisfy the specific printing requirements. All 1656 

constituents (cement, aggregate, admixtures, and water) are mixed together and stirred 1657 

evenly before being fed into the delivering pump. The compressed air is injected into the 1658 

nozzle to deposit the paste onto the specified cross-section. 1659 

 1660 

Figure 5-5. Block setup of 3D spraying system for impedance matching concrete. 1661 
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Spray printing preparation for impedance matching layer 1662 

The impedance matching composite utilizes wet processing methodology by sprayed 1663 

concrete standard JGJ/T372-2016 [263]. In the experiment, the concrete pump transferred 1664 

the prepared concrete at 2.5 L/min. The compressed air is injected into the nozzle (8.5 mm 1665 

in diameter) at a pressure of 0.05 MPa to deposit the paste onto the specified cross-section. 1666 

The initial nozzle-sprayed sample distance is 50 mm, and the material is sprayed directly 1667 

onto the surface of the extruded absorbing layer in repeated cycles for designed thickness 1668 

to form the impedance layer. The material is sprayed directly onto the surface of the 1669 

extruded absorbing layer in repeated cycles for designed thickness to form the impedance 1670 

layer. The simplified build-up prediction model by Beaupre [264] in Eq. (48) is utilized 1671 

to characterize the spraying parameters (maximum spraying thickness t), so that  1672 

where g denotes the gravitational acceleration; τ0 specifies yield stress of the cementitious 1673 

material; ρ indicates the fresh paste density. 1674 

The impedance matching layer is sprayed to a sheet 10 mm in height, 220 mm in 1675 

length, and 220 mm in width above the absorbing layer. After a sufficient hardening 1676 

process, the double-layer structure is cut into a 180 × 180 mm plate to comply with EMW-1677 

absorbing experiment standard GJB 2038-94 [265]. The four composites and one extruded 1678 

absorbing layer element are cured at a relative humidity of 95±5% for 28 days with an 1679 

 t=
𝜏0

ρg
 

(36) 
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ambient temperature of 20±1°C before a low-temperature drying treatment at 60℃ until 1680 

no further weight dropping is observed. 1681 

5.3. Result and Discussion 1682 

5.3.1. Wrapping effect on graded nano-sized absorbent 1683 

Figure 5-6 demonstrates the wrapping effect on the proposed graded absorbents. For 1684 

the D1 and D3 samples with coupling treatments, a few nano-sized SiO2 particles are 1685 

attached at the CIP bead surface and are more prone to accumulate inside the corners 1686 

between CIPs, which indicates the strong chemical-bonding effect of the coupling agent. 1687 

On the other hand, remarkable improvement is detected in the D2 sample using the 1688 

separate coupling methodology, as seen in Figures 5-6 (b)-(c). The nano-sized SiO2 1689 

particles wrap the CIP bead at both the surface and the gaps, distributed as clusters in a 1690 

uniform and continuous manner, exhibiting the best wrapping effect among all their 1691 

counterparts. Except for the bridge bonding effect, the added dispersant (10 wt% of CIP) 1692 

promotes the uniform distribution and prevents the gravitational segregation of CIP 1693 

particles. The graded structure avails the enhanced impedance matching for magnetic 1694 

absorbent and cementitious ingredients, yielding less EMW reflection. For the calibre 1695 

counterpart, nano-sized SiO2 particles and CIP are detected in an isolated pattern in the 1696 

D4 specimen, as shown in Figure 5-6 (e), which may trigger unmatched impedance to 1697 

reduce the EMW absorbing capacity. 1698 
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(a) (b) 1699 

(c) (d) 1700 

(e) 1701 

Figure 5-6. Microscale structures: (a) D1, (b)-(c) D2, (d) D3, and (e) D4 specimens 1702 

at 20000X magnification. 1703 

5.3.2. Grading porosity evaluation for 3D extruded and sprayed layers 1704 

The surface texture is significant for the grading capacity because a heterogeneous 1705 

surface interrupts structural impedance distribution and the designed reflection route to 1706 

impair the grading characteristics. Figure 5-7 presents the surface texture for the 3D 1707 

extruded and sprayed concrete specimen. For the 3D extruded absorbing layer, few voids 1708 
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are visible along the printing route, and the heave structure is regularly distributed 1709 

uniformly. The well-organized wave-shaped surface orients the reflected directions into 1710 

multiple directions to modulate impedance matching and thus eliminate the EMW 1711 

reflection. The sprayed impedance layer’s surface is smooth without visible 1712 

heterogeneous bubbles, and the satisfactory texture eliminates the interruption in the 1713 

reflecting and exhausting procedures. 1714 

(a) (b) 1715 

Figure 5-7. Layer surface profile: (a) extruded absorbing layer (b) sprayed layer. 1716 

The void ratio and density are crucial to the cement’s EMW-absorbing capacity and 1717 

mechanical performance. Higher void fraction or lower density decreases the dielectric 1718 

constant to promote impedance matching, multiple reflections, and the scattering effect. 1719 

Simultaneously, a compact microstructure or high density promotes a prolonged 1720 

microwave pathway and EMW loss efficiency.  Figure 5-8 compares the MIP results for 1721 

the sprayed matching layer composite and the 3D extruded and cast-absorbing layer 1722 

composite, and each category takes the average value from three specimens of a batch. 1723 

For the calibre counterpart, the cast specimen exhibited an average void volume fraction 1724 

of 17.47% as well as a medium void size of 48 nm, which spans a considerable range of 1725 

20–100 nm. The sprayed top layer incorporated with the AEA incurred densities of 2,080 1726 
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kg/m3, 2,110 kg/m3, 2,100 kg/m3, and 2,100 kg/m3 for D1, D2, D3, and D4, respectively. 1727 

Also, the high porous microstructures had a 19.8% porosity ratio and a 350 nm medium 1728 

pore size, which covers a narrow range of 30–60 nm and 50–100 μm. It can be stated that 1729 

a finer void poses a less negative influence upon high-frequency reflection and mechanical 1730 

strength.  1731 

The 3D extruded absorbing layer fulfilled a density of 2,410 kg/m3 and a porosity 1732 

ratio of 11.13%, which is 6.34% less than that of the cast calibre counterpart. The medium 1733 

void size is found to be 22 nm, with a distribution ranging below 8 nm in a more 1734 

concentrated manner than that of the cast sample. The 3D continuous deposition 1735 

technology produces compact microstructures because of the squeezing effect, with strong 1736 

liquid filtration that consolidates the composite to the narrow void in aggregate interface 1737 

transmission zone (ITZ) cement interfaces. Moreover, the 3D extruding technology 1738 

accelerates the hydration velocity and the final hydration degree, which depicts the 1739 

potential of striking a well-balanced trade-off between EMW-absorbing capacity and 1740 

mechanical strength. In sum, in contrast to the ordinary single-layer structure, which only 1741 

consumes microwaves via a single function, the multi-layer structure exhibits variable 1742 

void fractions in a void-graded manner and improves graded EMW-absorbing 1743 

performance. 1744 
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 1745 

Figure 5-8. MIP results for the cast, 3D extruded and sprayed concrete. 1746 

5.3.3 Reflectivity loss analysis for single-layer and graded double-layer 1747 

structures 1748 

The influence of the graded nano-sized absorbent and the graded structure upon the 1749 

EMW-absorbing capacity is depicted in Figure 5-9 to lay the foundation for the double-1750 

layer elements’ reflectivity calculation model. All double-layer elements own 10 mm for 1751 

the impedance matching layer and 15 mm for the absorbing layer. The single printed 1752 

absorbing layer counterpart exhibits a peak RL value of −11.99 dB, a mean value of −8.05 1753 

dB and effective absorption bandwidth (<−10 dB) spreads of 4.46 GHz. The D4 double-1754 

layer structure containing simply mixed CIP and nano-sized SiO2 without the coupling 1755 

procedure indicated a −7.42 dB mean reflection capacity and only a 0.5 GHz effective 1756 

bandwidth, the EMW RL fluctuates drastically below 4 GHz and above 12 GHz, which 1757 

was inferior to all the other graded structures and even the single absorbing layer. First, 1758 
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the layered absorbent in D4 did not utilize the ultrasonic wrapping treatment by coupling 1759 

agent and dispersant, negating propagation-exhaustion effect and the equivalent 1760 

parameters are increased to directly exposed CIP. Low-frequency EMW has lower 1761 

penetrating capacity but higher energy deviation and reflection lobe width. The direct 1762 

exposure of CIP with strong electromagnetic parameters intensively raise the direct EMW 1763 

reflection on the element surface, especially at low-frequency ranges. That is the reason 1764 

why the D4 element demonstrates poor low-frequency absorption. Second, the equivalent 1765 

electromagnetic parameters (ε and μ) for D4 sample increased so that the corresponding 1766 

reflectivity peak shifted to the low-frequency range. As a result, compared to other double-1767 

layer counterparts’ reflectivity peaks (15GHz for D2 and 14GHz for D1), the D4 specimen 1768 

demonstrated a peak value at 12GHz at -10 dB followed by poor high-frequency 1769 

reflectivity. As a result, only by a proper coupling treatment can the graded effect be 1770 

created to benefit the graded structure. 1771 

The coupling treatment for the graded absorbent has been proved to improve EMW-1772 

reflecting performance in different degrees. The separate coupling methodology (D1) 1773 

sample only containing the coupling agent yields a −8.62 dB mean RL value, a 4.42 GHz 1774 

bandwidth, and a −10.45 dB absorption peak at 14.36 GHz. The mutual coupling treatment 1775 

in the nano absorbent (D3) demonstrates a similar development tendency, creating a −7.42 1776 

dB mean reflection capacity and a −9.15 dB maximum. Compared to their single-layer 1777 

counterpart, the two proposed elements promote EMW-absorbing capacity, especially in 1778 

the low-frequency range below 10 GHz, with more uniform distribution. Despite similar 1779 
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coupling agent amounts, the separate coupling methodology (D1) behaves better than the 1780 

mutual coupling methodology (D3), with an enhanced uniform degree in the ultrasonic 1781 

vibrating procedure, incurring a 0.6 dB mean RL value and a 4.42 GHz bandwidth. 1782 

Among all the proposed samples, D2 uses separate coupling treatment to add the 1783 

compound coupling agent (5 wt%) and the dispersant (10 wt%) to achieve the best EMW 1784 

reflection, exceeding that of its single absorbing layer counterpart and all the graded 1785 

double-layer elements. The RL shows a smooth downward trend with an ideal impedance 1786 

matching characteristic from –7.6 dB to a peak –14.77 dB (15.11 GHz) and then shifts 1787 

around to –14 dB. The sample obtains a mean RL value of −10.85 dB, which is 2.8 dB 1788 

lower than that of its single-layer counterpart, and a 9.7 GHz effective bandwidth, 5.24 1789 

GHz broader than the printed sheet element. 1790 

 1791 
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Figure 5-9. EMW reflections of D1, D2, D3, and D4 and printed single absorbing 1792 

layer elements (T stands for top impedance matching layer thickness, and B stands for 1793 

bottom absorbing layer thickness). 1794 

Figure 5-10 demonstrates a comparison of similar materials with their best 1795 

reflectivity results. One specimen is a single-layer structure comprising borosilicate glass 1796 

and iron ore tailing (25.8 wt%) [100]. The other specimen is a double-layer element using 1797 

carbonyl iron (CI) at 70 wt% in the matching layer and CB at 40 wt% in the bottom 1798 

absorbing layer [266]. Compared to the D2 sample, the single-layer structure exhibits a 1799 

sufficient bandwidth of only 2.28 GHz, 7.42 GHz lower than that of the D2 sample, and 1800 

an ordinary mean RL value of −6.32 dB, 4.53 dB inferior to that of the D2 specimen. 1801 

However, EMW-absorbing performance is not distributed stably along with the frequency 1802 

range, with considerable fluctuations, which reduces practicability in real engineering 1803 

applications. As for the double-layer sample, it demonstrates a similar distribution, and 1804 

the C band (4–8 GHz) presents better EMW-absorbing capacity at −20.6dB peak value. 1805 

However, the CI-CB counterpart presents inferior average EMW reflectivity at −5.89 dB 1806 

(−10.85 dB for D2) and insufficient bandwidth at 5.3 GHz (9.7 GHz for D2). In conclusion, 1807 

the proposed double-layer structure containing a graded nano-sized absorbent combing 1808 

extruded and sprayed 3D printing obtains an outstanding EMW-absorbing capacity 1809 

compared to similar materials in single-layer structures. Compared to its double-layer 1810 

structure counterpart, the proposed element exhibits better average RL value, especially 1811 
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in high-frequency ranges (>8 GHz). Moreover, the proposed element yields uniform RL 1812 

distribution, which is practical in engineering applications. 1813 

 1814 

Figure 5-10. EMW reflections of D2 and two counterparts. 1815 

Figure 5-11 shows the EMW-absorbing mechanism for the proposed graded double-1816 

layer element. At the microstructural scale, the coated glass microspheres yield lower 1817 

effective permittivity, which leads to lower reflectivity at the interface to promote a signal 1818 

penetrating the graded absorbent. When wrapped with a coating of nano-sized SiO2 1819 

particles and chemical admixtures (coupling agent and dispersant), the capillary force 1820 

between CIP particles is reduced with enhanced dispersibility. The whole nano-sized 1821 

absorbent can be regarded as a graded resonant cavity with gradient electromagnetic 1822 

distribution, and the CIP plays the role of an EMW lossy medium. Microwave energy can 1823 

thus be consumed by multiple reflections and scattering reactions in a graded manner. 1824 

The overall impedance matching layer exhibits a porous texture with less ferrite 1825 

fraction that imposes restrictions on instant surface EMW reflection and simultaneously 1826 
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promotes downward incident wave dissipation to the bottom absorbing layer. As a result, 1827 

within the matching layer structure, the proposed nano-sized absorbent, ferrite particle, 1828 

cementitious material, along with its ITZs and massive air voids (porosity at 19.8%), can 1829 

be combined as a graded interface system. It avails multiple microwave reflection and 1830 

absorption between adjacent interfaces, contributing to the higher RL of the multi-phase 1831 

and multi-layer element. On another positive note, the 3D extruded absorbing layer equips 1832 

a high ferrite ratio design and a compact structure, enhancing EMW-exhausting efficiency 1833 

in dielectric and magnetic losses. The absorbing layer renders regular heave texture that 1834 

modulates the surface impedance matching of the laminar interface. Space synthetic 1835 

vector overlaps between the individual heaves and the electromagnetic fields recompose 1836 

to form graded structural impedance with a loose to the medium compact structure and 1837 

terminally avails EMW interference, magnetic relaxation conversion, resonance reaction 1838 

(nature resonance, domain wall resonance, dimensional resonance, etc.), mutual scattering, 1839 

and multiple EMW reflections. 1840 

 1841 

Figure 5-11. Sketch for EMW absorbing mechanism for the graded double-layer 1842 

element. 1843 
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5.4. Theoretical optimization of structural configuration using 1844 

transform line theory on EMW absorption  1845 

The double-layer EMW-absorbing structure containing a nano-sized absorbent 1846 

enables enhanced impedance matching and EMW exhaustion efficiency because of its 1847 

graded electromagnetic configuration. Moreover, exploring and optimizing the structural 1848 

thickness’s influence upon microwave-reflecting capacity is also critical because 1849 

structural thickness governs the microwave propagation–exhaustion path length. This 1850 

significant effect is attributed to the impedance matching frequency and absorption peak 1851 

value, especially in the lower frequency range.  1852 

Based on the optimized D2 absorbent, along with the experimental configuration (10 1853 

mm for the impedance matching layer and 15 mm for the absorbing layer), the 1854 

electromagnetic parameters for the individual layers are obtained as fundamental design 1855 

elements. A batch of nine orthogonal combinations is also proposed, with three thickness 1856 

parameters for each layer, as shown in Table 5-5.  1857 

Table 5-5. Specifications for theoretical optimization of EMW absorbing element (mm). 1858 

ID Top layer 

thickness 

Bottom layer 

thickness 

ID Top layer 

thickness 

Bottom layer 

thickness 

ID Top layer 

thickness 

Bottom layer 

thickness 

S1 5 10 S4 5 15 S7 5 20 

S2 10 10 S5 10 15 S8 10 20 

S3 15 10 S6 15 15 S9 15 20 

Figure 5-12 depicts comparisons of the theoretically calculated EMW reflections of 1859 

double-layer EMW absorbing structures. For 10 mm absorbing layer group in Figure 5-1860 
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12 (a), all the samples present insufficient EMW-absorbing capacity compared to the 1861 

experimental design. The theoretical calculation of reflectivity for S1 experiences strong 1862 

fluctuation from −2.3 dB to −11 dB and incurs a mean RL value of −4.23 dB. The 1863 

calculation for the S2 specimen yields a mean RL of −4.26 dB, and the S3 sample exhibits 1864 

a similar decreasing tendency but with a higher mean EMW-absorbing capacity at −6.76 1865 

dB. The inferior performances are attributed to insufficient absorbing layer thickness, 1866 

which cannot fully utilize the exhaustion potential despite the positive effect of the 1867 

impedance matching layer. Simultaneously, with increasing impedance matching layer 1868 

thickness, the EMW absorption peak shifts to the low-frequency range because increased 1869 

thickness prolongs the matching wavelength, which shifts the matching frequency to the 1870 

lower range following Eq. (23). 1871 

Figure 5-12 (b) shows the batch configured with a 15 mm absorbing layer and 5 mm 1872 

and 15 mm top impedance layers. The 5 mm absorbing layer sample (S4) yields a mean 1873 

reflectivity of −6.6 dB. Its RL conforms to the decreasing experimental tendency of S5, 1874 

with a similar gradient before 10 GHz, and yields a peak of −9.5 dB, followed by a 1875 

significant swerve to incur another peak of −13.5 dB. Specimen S6, with a 15 mm 1876 

impedance layer, incurs an average EMW RL of −10.47 dB, close to the S5 result of 1877 

−10.85 dB. The calculation also predicts a −15.18 dB maximum RL and a 9.56 GHz 1878 

effective bandwidth, which conforms closely to the S5 value from the NRL experiment 1879 

(−14.77 dB and 9.7 GHz). In sum, on top of the absorption peak shift, the 5 mm absorbing 1880 

layer demonstrates lacking potential in the whole double-layer structure. Moreover, the 1881 
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15 mm absorbing layer configuration exhibits outstanding EMW-absorbing performance 1882 

with a lower RL peak frequency. It conforms to EMW reflection capacity from the 1883 

experiment but with different absorption peak positions. 1884 

The calculated reflection loss comparison for samples S7, S8 and S9 is given in 1885 

Figure 5-12 (c). Given excessive absorbing layer thickness, the electromagnetic 1886 

characteristic is increased to trigger EMW signal reflection. The calculated specimen S7 1887 

exhibits an average RL of −6.6 dB and an effective absorption bandwidth of 1.25 GHz. 1888 

The S8 specimen, with an impedance matching layer of 10 mm, ensures a mean RL of 1889 

−6.5 dB and a bandwidth of 0.95 GHz. When the thickness increases to 15 mm, the 1890 

average RL of S9 is obtained to be around 8.43 dB, along with a 3.3 GHz effective 1891 

bandwidth in the overall frequency range of 1–18 GHz. Better EMW-absorbing capacity 1892 

is attributed to the top layer thickness that compensates the over-aggregated 1893 

electromagnetic field, which results in instant surface reflection. 1894 

 (a)  (b) 1895 
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(c) 1896 

Figure 5-12. Theoretical results of EMW reflections: (a) S1-S3 samples, (b) S4-S6 1897 

samples, and (c) S7-S9 samples. 1898 

5.5. Summary 1899 

In this chapter, the 3D extruded and sprayed graded double-layer EMW absorbing 1900 

structure containing graded nano-sized absorbent is proposed. The following conclusions 1901 

are drawn from the current experiments, numerical simulation, and theoretical study. 1902 

(1) The separate coupling treatment for the D2 sample using a dispersant (10 wt% of 1903 

CIP) and a coupling agent (5 wt% of total weight) exhibits the best wrapping effect. The 1904 

extruded layer contains few voids along the printing route and uniformly distributed heave 1905 

textures, while the sprayed layer is smooth without visible heterogeneous bubbles. The 1906 

sprayed layer presents high porous microstructures with a 19.8% porosity ratio. The 1907 

extruded layer exhibits a compact porosity ratio of 11.13%. 1908 

(2) The D2 specimen obtains the best EMW-absorbing capacity, yielding an average 1909 

RL of −10.85 dB, 2.8 dB lower than that from its single-layer counterpart, and a 9.7 GHz 1910 

effective bandwidth, 5.24 GHz broader than that from the printed sheet element. 1911 
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Compared to other structures, the proposed structure demonstrates outstanding high-1912 

frequency EMW-absorbing capacity and uniformly distributed RL values. 1913 

(3) The nano-sized absorbent exhibits graded electromagnetic parameter distribution 1914 

to consume microwave energy. The impedance matching layer incurs a porous texture, 1915 

less ferrite fraction, and a ferrite-absorbent cement-ITZ air impedance system to reduce 1916 

surface reflection and promote wave propagation. The absorbing layer has a compact 1917 

microstructure to improve EMW exhausting efficiency, and its inter-laminar interface with 1918 

an impedance matching layer improves EMW absorption. 1919 

(4) The theoretical optimized design induces a similar EMW reflection capacity to 1920 

that of the experiment design but with varying absorption peak positions. The optimized 1921 

structure, comprising a 15 mm impedance matching layer and a 15 mm absorbing layer, 1922 

is recommended, with an average RL of −10.47 dB, a maximum RL of −15.18 dB, and an 1923 

effective bandwidth of 9.56 GHz. 1924 

However, despite the considerable improvement in EMW absorbing performance in 1925 

proposed double-layer CSC element containing nano-sized absorbent using spraying and 1926 

extruding methodology, further challenges still existed as below: 1927 

(1) The multi-layer structure can only modify space-cement impedance within a 1928 

high-frequency range due to the laminar thickness limitation. As a result, the low-1929 

frequency range EMW reflection characteristics is not enhanced compared to single-layer 1930 

counterparts.  1931 
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(2) The structural geometry or grading configuration for proposed EMW absorbing 1932 

CSC composite ought to be furthermore optimized to fulfil the potential.  1933 

(3) The space impedance analysis and the mechanism of macroscale configuration 1934 

for novel structure upon the EMW absorbing capacity ought to be identified. 1935 

  1936 
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Chapter 6. Wave-shape EMW absorbing CSC structures using 3D 1937 

printing technology 1938 

In this chapter, a novel wave-shaped macrostructure EMW absorbing structure is 1939 

proposed. The finite element method is employed to study space impedance distribution 1940 

and also amend experimental drawbacks to finally illustrate the influence of wave 1941 

structural configurations upon microwave reflecting performance. 1942 

6.1 Introduction 1943 

The double-layer CSC structure explored in Chapter 5 demonstrated insufficient 1944 

capacity to absorb low-frequency range EMW. It is attributed that, first, as for absorbent 1945 

material characteristics, the permittivity and permeability change continuously when 1946 

frequency grows to improve the theoretical energy exhaustion and structural impedance 1947 

matching in a transformed line calculation model. Second, because of the size effect 1948 

mechanism, when the sample’s geometrical size is similar to the wavelength of the 1949 

microwave, the structure can obstruct EMW mechanically. As a result, due to the laminar 1950 

thickness limitation (10mm-15mm), only modify space-cement impedance within the 1951 

high-frequency range.  1952 

In view of that, novel macrostructure cementitious composites are in great demand 1953 

with not only superior mechanical properties but also offer outstanding impedance 1954 

matching in low-frequency range [267, 268]. The EMW absorbing macrostructures 1955 

including honeycomb shape, wave shape, hollow shape, are feasible solutions to reliably 1956 
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reduce EMWs and modify impedance processes and EMW loss ways (mutual interference, 1957 

scattering, multiple reflections, etc.) in the low-frequency range [269]. 1958 

This chapter explores the EMW absorbing capacity 3D printed wave-shape EMW 1959 

absorbing elements. Eleven wave-shaped EMW absorbing elements are fabricated by the 1960 

3D-printing methodology, EMW reflection experiments are conducted, and the optimum 1961 

configuration is identified. Finite element simulation using COMSOL is verified by 1962 

experimental reflectivity results. The EMW absorbing mechanism of the wave-shaped 1963 

element is then identified through the electric field and surface current distribution 1964 

simulation. To revise the drawback in experiments, the double-port methodology and the 1965 

multiplied expanding methodology are adopted. On success on simulation calibration, the 1966 

influence of wave-shaped macroscale configuration parameters, including wave element 1967 

height and slope value, are explored in an accurate way upon EMW-reflecting 1968 

performance. This study lays the foundation for the potential general application of 3D 1969 

printing technology to construction engineering based on the understanding of the EMW 1970 

absorbing behaviour of wave-shaped elements. 1971 

 1972 

6.2. Material design 1973 

The research focus of this chapter is based on the influences of macroscale 1974 

configuration upon the EMW absorbing capacity. Figure 6-1 presents two macroscale 1975 

elements that are taken into consideration. Parameters, including the vertical element 1976 



 

 123  

 

height (H) and angle (θ) between the printed filament and plumb line, are evaluated. The 1977 

layer thickness (D) is fixed at 5 mm and the transverse printed filament’s width, namely 1978 

T, is set at 14 mm. In this study, three macrostructural element heights (45, 90, 180 mm) 1979 

are denoted by K group, A group, and L group, respectively. In each group, a few 1980 

wavenumbers (K1, K2, K3, K4, A1, A2, A3, A4, L1, L2, L3) are adopted in a fixed sample 1981 

length. As a result, tan(θ) spans the range from 0.125 to 1. Specifications for samples in 1982 

the present study are listed in Table 6-1. Sample widths Wa and Wb are taken as 180 mm 1983 

following EMW reflection experiment standard GJB 2038-94.  1984 

(a) (b) 1985 

Figure 6-1. Macroscale configuration of EMW absorbing elements. 1986 

To compare the EMW absorbing effectiveness of 3D printing technology and 1987 

traditional casting technology, a sample (CC) of 180 mm (W) × 180 mm (L) × 14 mm (H) 1988 

is cast with a smooth surface as a counterpart. Simultaneously, two printed samples in 1989 

different extrusion configurations are fabricated as counterparts, shown in Figure 6-2. 1990 

Specifically, sample CP is printed following the same procedure, with proposed wave-1991 

shaped elements and the lateral surface containing steep corrugation heaves that absorb 1992 
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EMW energy. Another sample CPF is printed with up to three layers of the total structural 1993 

height of 15 mm and the front corrugated surface, which contacts EMW energy. 1994 

(a) (b) 1995 

(c) 1996 

Figure 6-2. Illustration of outer surfaces of slabs (a) cast specimen CC and (b) 3D-printed 1997 

specimen CP, and (c) 3D-printed specimen CPF. 1998 

 1999 

  2000 
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Table 6-1. Specifications for proposed elements. 2001 

ID H (mm) Tan(θ) Wavenumber  ID H (mm) Tan(θ) Wavenumber  

K1 45 2 1 

 

A1 90 1 1 

 

K2 45 1 2 

 

A2 90 1/2 2 

 

K3 45 2/3 3 

 

A3 90 1/3 3 

 

K4 45 1/2 4 

 

A4 90 1/

4 

4 

 

L1 180 1/2 1 

 

L2 180 1/

4 

2 

 

L3 180 1/6 3 

 

 

    

 2002 
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6.3. Experimental result and discussion 2003 

6.3.1. Determination of intrinsic electromagnetic parameters of composite 2004 

The permeability and permittivity for the proposed composite are physically tested 2005 

as shown in Figure 6-3. The proposed ε’ (real part permittivity) experienced a decrease 2006 

from 7.93 to 7.1, with increasing frequency from 1 GHz to 8.6 GHz. This is attributed to 2007 

the cut-down, free-electron displacement of lead-to-electron hopping between Cu and Fe 2008 

elements in the low-frequency range. The trend then swerved, increasing to 8.1 at 17 GHz 2009 

with considerable fluctuations and interruptive distribution of the parameters. This is 2010 

caused by inherent non-magnetic impurities, including SiO2 and Al2O3 in the proposed 2011 

mixture. For the imaginary part, permittivity (ε’’) exhibited a similar development 2012 

tendency as the real part does, given their approximating intrinsic jumping frequency and 2013 

applied field frequency. Specifically, the value decreased from 0.6 to 0.25 with increasing 2014 

frequency from 1 GHz to 7 GHz then rose to a maximum of 0.55 at a frequency of 18 2015 

GHz.  2016 

(a) (b)  2017 

Figure 6-3. Test results: (a) permittivity; (b) permeability of EMW absorbing concrete.  2018 
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For the real and imaginary parts of permeability, both parameters demonstrated a 2019 

descending trend due to a similar heterogeneity level for spin rotations. The 𝜇’ (realistic 2020 

permeability) decreased from 4.3 to 1.4 when the frequency increased from 1 GHz to 3 2021 

GHz and then descended smoothly until it reached a minimum of 0.4 at 18GHz. The 2022 

imaginary part of permeability 𝜇’’ decreased steeply from 1.95 to 0.5 with increasing 2023 

frequency from 1 GHz to 4 GHz, followed by a mild descending phase to end up at around 2024 

0.4. 2025 

According to the intrinsic electromagnetic parameter experiments, considerable 2026 

energy dissipation and EMW absorbing potential are found for the novel composite. These 2027 

electromagnetic parameters can be used to determine the theoretical reflection loss 2028 

distributions through the application of the transform line theory, laying the foundation to 2029 

improve the current model in terms of macroscale configuration and surface roughness. 2030 

 2031 

6.3.2 Determination of EMW absorption performance of 3D printed elements 2032 

Time-domain plot for 3D printed elements 2033 

The time-domain plot is one of the most significant factors for the network 2034 

characteristics because it indicated the transient response of the electromagnetic sweep 2035 

pulse. The transmitter released the ideal step function signal and got an instant distortion 2036 

response by output waveform as a frequency-domain plot. This frequency-domain plot is 2037 

then transferred into the time-domain plot h(t) by an inverse Fourier transformation. The 2038 
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h(t) function is then calibrated to diminish EMW interference by setting an appropriate 2039 

gate position and a corresponding threshold value. 2040 

Taking the specimen L3 with a height of 180 mm and tan(θ) of 1/6 as an example, 2041 

the time domain plots are derived as shown in Figure 6-4. When the gate is set at 15.4 ns 2042 

with a 1.1 ns single-track-gate width, the function is calibrated to exhibit the same peak 2043 

value but more prominent intensity development, as shown in Figure 6-4(a). Based on the 2044 

calibration result, the 180 mm high specimen is comparable to an aluminium sheet. It can 2045 

be observed from Figure 6-4(b) that there are two separate peaks at 14.69 GHz and 15.7 2046 

GHz for the wave-shaped element. This is because the receiver obtained signals from both 2047 

specimen surfaces and the aluminium sheet. Moreover, the time difference between the 2048 

two peaks is 1.085 ns. The bio-directional EMW propagation distance is calculated to be 2049 

0.33 m when the time difference is multiplied by the vacuum EMW velocity (3×108 m/s). 2050 

As a result, the distance matches the height of the 3D-printed specimen (180 mm), which 2051 

proves the influence of the macroscale parameter upon the EMW absorbing capacity and 2052 

suggests the direction of further EMW reflection explorations. 2053 

(a)  (b) 2054 
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Figure 6-4. Time-domain plots: (a) comparison of signal calibration for the wave-2055 

shape concrete element; (b) comparison of signal intensity between the wave-shape 2056 

concrete element and aluminium plate. 2057 

Reflectivity losses for cast and 3D printed sheets 2058 

The influence of 3D-printed surface roughness on EMW absorbing performance is 2059 

explored to set the foundation for the wave-shaped elements’ reflectivity calculation 2060 

model. The obtained result is demonstrated in Figure 6-5. The cast sample CC exhibited 2061 

a maximum reflection value of -9.8 dB and a mean value of -8.03 dB without any effective 2062 

frequency range. By contrast, the 3D-printed samples demonstrated an enhancement in 2063 

EMW absorption performance to different extents. The printed specimen CPF 2064 

demonstrated a mean value of -9.5 dB with a maximum reflection loss (RL) of -10.2 dB. 2065 

The EMW absorbing frequency range spread is 3.4GHz. Given the CP specimen with 2066 

lateral corrugated heaves surface facing EMW, it yielded a mean RL value of -8.05 dB but 2067 

a higher peak reflectivity value of -11.99 dB. The effective EMW absorbing frequency 2068 

range spanned 4.46 GHz, 2.71 GHz broader than that of the CPF sample. Simultaneously, 2069 

the CP specimens with steep surface texture behaved better at a high-frequency range than 2070 

its CC and CPF counterparts, which is attributed to the size effect in the coming chapters. 2071 

In conclusion, for the printed samples, the EMW propagation distance is prolonged, and 2072 

more EMW energy is consumed, leading to a lower RL value. Meanwhile, the regularly 2073 



 

 130  

 

distributed heaves oriented the reflected directions into multi-directions to modify certain 2074 

impedance matching and thus reduce the EMW reflection. 2075 

 2076 

Figure 6-5. EMW reflections of the cast and printed slab. 2077 

Reflectivity losses of 3D printed elements 2078 

All eleven wave-shaped elements are divided into three batches with respective 2079 

identical H factors, namely K group (H=45 mm), A group (H=90 mm), and L group 2080 

(H=180 mm). In each group, a printed plain slab CP is engaged in the comparison chart 2081 

to derive the macroscale parameters. The EMW reflections of the printed plain slab and 2082 

different height, wave-shaped element groups are depicted in Figure 6-6, Figure 6-7 and 2083 

Figure 6-8, respectively. 2084 

For the 45 mm high group as shown in Figure 6-6, the K1 (tangent value of 2) exhibits 2085 

an average RL of -15.3 dB and a peak reflectivity of -29.3 dB. The K2 specimen with the 2086 
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tan(θ) of 1 had a peak RL of -43.7 dB and a mean RL of -22.45 dB, which is 7.15 dB 2087 

lower than that of K1. When the tan(θ) decreased to 2/3, the average RL of K3 obtained is 2088 

around -25.1 dB in the overall frequency range of 1 GHz to 18 GHz, which is 17.1 dB 2089 

lower than that of the printed plain element and 2.65 dB lower than that of K2 sample. 2090 

Specifically, outstanding RL values with significant fluctuations from -37.4 dB to -19.9 2091 

dB are found in the frequency band from 1 GHz to 4.12 GHz to be identified as a low-2092 

frequency effect (LFE). For K4, the reflectivity experienced a drop to -29.2 dB at 1.6 GHz 2093 

before it rose to -17.8 dB at 4.5 GHz, which coincided with the low-frequency-effect of 2094 

K3. Similar to those of the other K group specimens, two peaks of -31.67 dB and -37.6 dB 2095 

are yielded at respective similar frequencies (14.4 GHz and 17.4 GHz). 2096 

 2097 



 

 132  

 

Figure 6-6. EMW reflections of the printed plain slab and 45mm-high wave-shape 2098 

elements. 2099 

Figure 6-7 depicts the EMW reflections for 90-mm high group A compared to those 2100 

of the printed plain slab of similar height. The EMW reflectivity of the A1 sample is 2101 

relatively low in the low-frequency range of 1 GHz to 5 GHz, which is inferior to that of 2102 

the printed plate. The reflectivity decreased to -20.4 dB followed by a stabilized phase 2103 

until 14 GHz. The reflectivity ended up with an RL peak of -23.8 dB and an average EMW 2104 

absorbing value of -15.6 dB. A2 exhibited similar development trends to A1 with low 2105 

EMW absorbing capacity and constant decreases until 18 GHz, demonstrating an average 2106 

RL of -13.5 dB and a peak of -26.7 dB. Similar low-frequency effects are detected in A3 2107 

and A4, which coincided with those of the K group except for a lower threshold (1/3 for A 2108 

group and 2/3 for K group). Specifically, the A3 sample exhibited an average RL of -20 2109 

dB and a peak of -26.6 dB. The A4 specimen demonstrated a similar trend except for a 2110 

lower RL value compared with A3, yielding an average reflectivity of -17 dB and a 2111 

maximum reflectivity of -21.1 dB.  2112 
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 2113 

Figure 6-7. EMW reflections of the printed plain slab and 90 mm high wave-shape 2114 

elements. 2115 

Figure 6-8 shows the EMW absorbing performance for the 180-mm high L group. 2116 

The L1 sample started with a low RL value until 5 GHz and decreased to incur mean 2117 

reflectivity of -17.3 dB and a bottom RL of -32.5 dB. By contrast, the low-frequency 2118 

effects appeared in L2 (tan(θ)=1/4) and L3 (tan(θ)=1/6) samples. L2 and L3 yielded identical 2119 

EMW absorbing parameters, including -24 dB of average RL and -33 dB of peak RL.  2120 
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 2121 

Figure 6-8. EMW reflections of the printed plain slab and 180 mm high wave-shape 2122 

elements. 2123 

Put simply, the addition of the wave structure improved the EMW absorbing capacity 2124 

given both the average and peak RL. When the tan(θ) and height met a specific inverse 2125 

condition, significant improvement of EMW absorbing capacity in the low frequency is 2126 

detected. By contrast, the improvement of the wave-shaped element had a saturation 2127 

limitation, beyond which no further improvement could be availed. An adverse effect may 2128 

also be yielded. 2129 

Moreover, the high-frequency range reflection exceeded low-frequency ranges. First, 2130 

as for absorbent material characteristics, the permittivity and permeability changed 2131 

continuously when frequency grew, improving theoretical energy exhaustion and 2132 

structural impedance matching in a transformed line calculation model. Second, because 2133 
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of the size effect mechanism, when the sample’s geometric size is similar to the 2134 

wavelength of the microwave, the structure obstructed EMW mechanically. Specifically, 2135 

when the incident EMW frequency rose, its wavelength shrank to around 16 mm (18 GHz), 2136 

which resembled the individual structure’s heave width (14 mm) to incur better high-2137 

frequency absorption. Third, high-frequency microwave obtains more concentrated 2138 

reflection lobe width and less energy deviation than low-frequency ones. This microwave 2139 

transmission characteristic denotes that higher energy exhaustion efficiency (reduced 2140 

travelling waves, scattering, diffraction, etc.) will be created. 2141 

6.4. Finite element verification and calibration of 3D printed elements 2142 

To test the proposed macrostructure, the NRL system had two main drawbacks that 2143 

are caused by the limitations of the receiver port and sample width, which affected the 2144 

accuracy of the measurement. To overcome the drawbacks, finite element simulation is 2145 

carried out for the K1, K2, and K3 samples using commercial software COMSOL. 2146 

Meanwhile, the finite element extended the experimental observation to fundamental 2147 

analyses of the polarization effect (electric or magnetic fields) and superposition effect 2148 

(individual or multiple wave structures). Moreover, the finite element simulation sets the 2149 

foundation for extending the current transform line theory (only for smooth plant elements) 2150 

to satisfy wave-shaped elements with corrugated surface textures. 2151 
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6.4.1. Simulation procedure 2152 

General information about the mesh of the finite element model is given in Table 6-2153 

2. Finite element simulation configuration in Figure 6-9. In the finite element model, a 2154 

transmitter port (port 1) is set to release EMW signal as 60° to the vertical and another receiver 2155 

(port 2) measures the reflected EMW so that the electric field, surface current distribution, 2156 

and the S11 parameters are derived to predict the EMW absorbing performance. The third 2157 

port (port 3) is also employed to measure the transmitted EMW S12 to calculate the EMW 2158 

shielding capacity. The macroscale configurations of the wave-shaped elements replicated 2159 

those of the experimental specimens. An aluminium plate is assigned at the bottom of the 2160 

models to reflect all penetrated EMW without any energy consumption. Before the 2161 

simulation, calibration is conducted by moving the concrete element from aluminium 2162 

plate to direct obtain S11 parameter (EMW reflectivity) followed by an adjustment to 0 d, 2163 

aiming at guarantee total reflectivity of microwave energy.  2164 

As for boundary condition, two perfect impedance matching layers (PML) are set above 2165 

the port 2 and underneath port 3. The employment of PML is to minimize all the reflected 2166 

EMW to guarantee accuracy in measuring S11 and S12 parameters. Besides, the scattering 2167 

boundary is set at all round the model outline to provide reflectionless transmission when 2168 

the boundary of the simulation domain is at an infinite distance from the source. It is a 2169 

reasonable approximate boundary because it is impossible to simulate an infinite domain 2170 

precisely, complying Sommerfeld radiation condition. The mesh consisted of triangle 2171 
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elements and boundary elements. The parameters for all the three simulation samples are 2172 

manufactured at 720,000 mm2. 2173 

 2174 

Figure 6-9. Finite element simulation configuration. 2175 

Table 6-2. Mesh information for finite element model. 2176 

 
Triangle 

Element Number 

Boundary  

Element Number 

Mesh Vertices 

Number 

Average Element 

Quality 

Grid Size 

(mm2) 

K1 166,472 1,908 83,747 0.9591 720,000 

K2 168,086 2,009 84,554 0.9573 720,000 

K3 165,360 1,881 83,191 0.9597 720,000 

For the electromagnetic properties, the material is defined according to the measured 2177 

intrinsic permeability and permittivity. The electromagnetic parameters for air are defined 2178 

as 1 for permeability (μr) and 1.00053 for permittivity (εr). The aluminium’s relative 2179 

permeability and relative permittivity are both given as 1. Specifically, the permittivity in 2180 

the frequency range of concern in the Drude-Lorentz dispersion model to capture the 2181 

complex permittivity evolution is given by 2182 
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where ε∞  is the high-frequency contribution by conductivity (F/m), ωp stood for the 2183 

resonant frequency (rad/s), fk represented the oscillator strength, and ∆k denoted 2184 

the damping coefficient. 2185 

Based on the electromagnetic parameters, the dielectric field was determined using 2186 

Maxwell equations in the frequency domain, so that 2187 

𝛻 ∗ (𝜇𝑟
−1𝛻 ∗ 𝐸) −

𝜔2

𝑐0
2 (휀𝑟 −

𝑗𝜎

𝜔𝜀0
) 𝐸 = 0                               (38) 2188 

wherein σ denotes the conductivity; ω specifies the angular frequency. 2189 

The perfect matching layer (PML) is specified at 250 mm above the element top and 2190 

100 mm below the element bottom. The two layers absorbed all the reflected EMW to 2191 

diminish interruption by the superposition effect of the electromagnetic fields. The model 2192 

is a Descartes type with a scaling factor of 1.  2193 

6.4.2. Verification of FEM in view of experimental EMW absorbing capacity 2194 

Figure 6-10 demonstrates a comparison of the measured and the simulated EMW 2195 

absorbing capacities for the wave-shape elements. The simulated reflectivity for K1 2196 

experienced strong fluctuation from -4 dB to -16 dB and intersected the experimental 2197 

value at 6 GHz (-10 dB). Its RL conformed to the decreasing experimental tendency but 2198 

with a larger gradient to yield two peaks of -21 dB and -30.3 dB. The element incurred an 2199 

average EMW RL of -16.8 dB, which is approximated as the corresponding experimental 2200 

result of -15.3 dB. 2201 

 

휀𝑟=ε∞ + ∑
fkω𝑝

2

𝜔0k
2 -ω2 +iΔ𝑘𝜔

𝑀

k=1

 (37) 
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 (a)  (b) 2202 

(c) 2203 

Figure 6-10. Comparison of measured and simulated EMW absorbing capacities for 2204 

wave-shape elements: (a) K1 sample; (b) K2 sample; (c) K3 sample. 2205 

The simulation for K2 specimen yielded a mean RL of -22.9 dB, which matched very 2206 

well the experimental measurement of -22.45 dB. Specifically, the simulated reflectivity 2207 

of K2 exhibited a similar decreasing tendency as that of K1 but with higher EMW 2208 

absorbing capacity. The RL constantly decreased to the minimum of -29 dB at 8.0GHz 2209 

before swerving toward an increase, reaching 14.8 GHz. The simulated RL of K2 2210 

continued to decrease with a minimum of -37.3 dB, 6.4 dB higher than the measured value 2211 

with a similar tendency. 2212 

For the K3 sample, the simulated reflectivity demonstrated a mean reflectivity of -2213 

24.4 dB. It approached the measured reflectivity of -25 dB closely. The simulation 2214 
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predicted -30 dB of maximum RL, which is 7.4 dB higher than the value from the NRL 2215 

experiment. There is excessive fluctuation or interruption for the measured reflectivity at 2216 

low-frequency, which may have been caused by the superposition effect of multiple EMW 2217 

signals. The finite element simulation corrected the low-frequency vector-overlay 2218 

interruptions in the experiments, leading to more reasonable data results. 2219 

6.4.3. Electric field and surface current distribution  2220 

The basic electromagnetic material characteristics, including the flux density and the 2221 

electric field intensity, can be expressed as [26] 2222 

where H denotes the magnetic field intensity; E refers to the electric field intensity; μr and 2223 

εr specify the relative permeability and relative permittivity respectively; μ0 and ε0 are the 2224 

vacuum permeability and vacuum permittivity; τ indicates the electromagnetic energy.  2225 

Figure 6-11 shows the simulated electric field distribution for the samples in the 2226 

frequency range of 1GHz to 18 GHz. The electric field is found below wave structure to 2227 

verify that the majority of the energy is exhausted by the cementitious composite itself or 2228 

by impedance matching. For individual specimen, the increasing frequency or shortened 2229 

microwave length altered the EMW reflection direction. The electric field distribution 2230 

along the propagation routes exhibited a downward tendency. Meanwhile, when the slope 2231 

decreased, the reflection direction for the propagating electromagnetic wave changed from 2232 

60° to nearly vertical, or 90°. As a result, less EMW is captured by the receiver, verifying 2233 

 
𝜏 =

1

2
∗

1

4𝜋
(휀0휀′′|𝐸| + 𝜇0𝜇′′|𝐻|2) 

(39) 
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the macroscale parameter’s influence upon the EMW absorbing capacity. Less electric 2234 

energy density is thus observed. K2 and K3 are in closer agreement with the corresponding 2235 

NRL experimental measurement of EMW reflectivity. This is attributed to the synthetic 2236 

vector recomposed with the electromagnetic fields by individual facets of the material 2237 

surface, leading to an interference effect that changed the electromagnetic field parameter. 2238 

Meanwhile, the reflected EMW is superimposed with the propagating EMW, which 2239 

resulted in wave interference that significantly improved the impedance matching 2240 

property and the reflection direction. 2241 

ID 1GHz 7GHz 13GHz 18GHz 

K2 

    

K3 

    

Figure 6-11. Simulated electro field distribution of wave-shape elements. 2242 

Figure 6-12 presents the surface current distribution for the K group specimens. The 2243 

result met the distribution tendency of the electric field throughout the frequency range of 2244 

concern. It is found that the surface current increased with increasing frequency. The 2245 
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current density decreased with a higher slope, which occurred because the wave-slope 2246 

prolonged the length of the EMW propagation path to consume more energy, reflect, and 2247 

scatter the EMW. The crests and the head surface of the wave elements harboured the 2248 

highest current density. These two areas are the only EMW reflection sources, especially 2249 

in the high-frequency range. This may serve as evidence that EMW reflectivity 2250 

degenerates in this area, complying with the experimental findings. 2251 

ID 1GHz 7GHz 13GHz 18GHz 

K2 

    

K3 

    

Figure 6-12. Measured surface current distribution of wave-shape elements. 2252 

Based on the electric field and surface current distribution, the degeneration 2253 

phenomenon of K4 is presumably incurred because the gradient had exceeded the optimum 2254 

value, resulting in excessive cementitious material with strong electromagnetic 2255 

parameters overlapping each other. In other words, the effective EMW absorbing surface 2256 

may have exceeded the saturation level and negated the frequency selective surface (FSS). 2257 

Thereby, the electric field and magnetic field of the individual wave resulted in vector 2258 

superposition that significantly influenced the whole element’s impedance matching. 2259 

http://dict.cn/Vector%20superposition
http://dict.cn/Vector%20superposition
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6.4.4. Calibration of FEM for EMW absorbing experimental drawbacks 2260 

Calibration of multiple reflection measurement in experiments 2261 

The wave-shaped element yielded multiple EMW reflections compared to the 2262 

traditional sheet structure. Experimental equipment, however, can only capture a limited 2263 

area symmetrical to the transmitter port without capturing residual reflected EMW signals, 2264 

which incurred inflated EMW reflection capacity. Given that, for the sake of being 2265 

conservative, it is necessary to measure EMW signals from all directions, especially in 2266 

real engineering practice. As a result, the double-port methodology is adopted. 2267 

Specifically, in expecting the current receiver port symmetrical to the transmitter port, an 2268 

additive receiver port is established below and all along the top as perfect matching layers 2269 

to grasp residual microwave. All other wave-shaped elements are also revised using the 2270 

proposed double-receiver ports methodology to elaborate real EMW absorbing capacity. 2271 

Taking the K1 specimen as an example, the simulated residual reflection which 2272 

cannot be obtained by the experiment is shown in Figure 6-13. The result is in agreement 2273 

with the previous mechanism and a similar development tendency. Meanwhile, the 2274 

residual reflection is most obviously found at low frequency and decreased at a higher 2275 

frequency range. Given K1, at low-frequency range (1 GHz), the residual reflection is at a 2276 

maximum of symmetrical RL value at 31.6%. 2277 
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 2278 

Figure 6-13. Comparison of simulated residual EMW absorbing capacities for K1 element. 2279 

Calibration of wave number drawbacks in experiments 2280 

When the macroscale parameter (H and slope tangent) varies, the individual wave 2281 

width, which is geometrically related parameter, also shifts. However, for the vector 2282 

network analysis system, the transmitter and receiver plot and sample plant are fixed in 2283 

an area of 180 mm(W)×180 mm(L). As a result, the samples’ wavenumber has to be 2284 

terminally changed to adapt the experimental equipment despite it ought to be constant. 2285 

This drawback cannot explore the superposition effect between individual waves, 2286 

especially for fewer wavenumber structures, leaving inaccurate EMW absorbing capacity. 2287 

Given that, the multiplied expanding methodology is proposed in finite element 2288 

simulation by expanding the alumni sheet, transmitter-receiver ports size simultaneously. 2289 
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The calibration is aiming at exploring how overlapped electromagnetic characteristic 2290 

distribution belonging to individual wave structures influences the EMW absorbing 2291 

performance. Terminally, all finite element simulations are improved by using the 2292 

multiplied expanding methodology to reduce experimental defects by eliminating the 2293 

wavenumber variable.  2294 

Figure 6-14 demonstrates the simulated EMW reflecting performance using 2295 

multiplied expanded methodology for K1 and L1 which obtain only one heave in the 2296 

experiment due to equipment drawback. It can be observed that the increase of 2297 

wavenumber gives rise to overall EMW absorbing capacity due to the change of structural 2298 

impedance matching. The shifting tendency would be decreased at increased wavenumber 2299 

and the absorption peak moves to low-frequency domain incurred by the variation of 2300 

overlapped space impedance between individual heaves. Lastly, in low wavenumbers, the 2301 

difference is found at varying wave positions but the difference would be narrowed at 2302 

higher wavenumbers and is estimated to be equivalent at certain numbers. As a result, all 2303 

11 wave elements are revised using both double receiver ports methodology and 2304 

multiplied expanding methodology in finite element simulation. 2305 
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 (a)  (b) 2306 

Figure 6-14. Comparison of EMW absorbing capacities using multiplied expanding 2307 

methodology for (a) K1 element and (b) L1 element. 2308 

Simulated reflectivity losses of 3D printed elements with identical height and 2309 

identical tan(θ) 2310 

Figure 6-15 (a) presents the calibrated simulation for EMW absorbing performance 2311 

for K group specimens with an identical height of 45 mm using the calibrated double-port 2312 

methodology and multiplied expanding methodology. The decreased tangent value-2313 

enhanced EMW absorption and complied with the experimental results. First, the 2314 

contacting surface area is enlarged and its energy exhaustion pathway is prolonged. 2315 

Simultaneously, given the 3D extruding methodology, the printed specimen’s condensed 2316 

microstructure had higher ferrite fraction to give rise to higher EMW absorbing efficiency. 2317 

Second, the wave structure improved the cementitious multiple-phase (composite-free 2318 

space) impedance matching. An equivalent transition space impedance is included to 2319 

absorb more incident EMW energy instead of instant reflection. Third, the wave structure 2320 

availed the variated EMW propagating directions in the reflection, scattering, and 2321 
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transmission processes. The recomposed EMW vector improved the microwave absorbing 2322 

capacity. 2323 

However, the slope is too steep and triggered a degenerated EMW absorbing capacity. 2324 

This may have been incurred through excessive structural EMW parameters that resulted 2325 

in a decline of cementitious composite-free space impedance performance. Meanwhile, 2326 

due to the 3D printing manufacture characteristic, the printed heave top demonstrated a 2327 

round-shape tendency that triggered increased direct surface reflection and reduces the 2328 

EMW absorbing performance. 2329 

Moreover, the low-frequency effect is also validated in finite element simulation in 2330 

K3 and K4 specimens. As analyzed before, this phenomenon is somehow caused by the 2331 

size effect for wave structure to obstruct EMW energy. In a low-frequency range of 1 GHz 2332 

to 2 GHz (150 mm – 300 mm wavelength), when the slope shifted to a steep degree where 2333 

it cannot supply the occlusion effect to a certain threshold, the structural geometric size 2334 

for heave decreased to a similar magnitude with microwave length, activating the 2335 

desirable size occlusion effect. 2336 

Figure 6-15 (b) shows the calibrated simulation for EMW absorbing performance for 2337 

identical tangent value at 0.5. However, the simulated result varied from the experimental 2338 

conclusion because of the so-called wavenumber interruption in the experiment’s 2339 

configuration. With identical slope, no significant improved EMW absorption value is 2340 

observed at varying sample heights, especially in 4 GHz and 15 GHz domain. This is 2341 

because the change of structural height cannot effectively change the electromagnetic 2342 
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parameter, energy reflection-diffraction direction, and vector superposition results in 2343 

electromagnetic field distribution. Due to the enlarged structural geometry size, the high-2344 

frequency absorption peak is found to shift to a low-frequency domain and the size effect 2345 

occluding incident energy is also destroyed. 2346 

Among all simulations, the K3 sample is still considered as the optimized design with 2347 

a balanced EMW absorbing peak and an average reflection capacity along with an 2348 

outstanding low-frequency absorbing effect. For a better understanding of the low-2349 

frequency phenomenon, further exploration is required to ensure effective and 2350 

controllable EMW absorbing capacity. 2351 

 (a)   (b) 2352 

Figure 6-15. Calibrated simulation for EMW absorbing performance for (a) identical 2353 

height and (b) identical tangent value. 2354 

 2355 
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6.5. Summary  2356 

In this chapter, a novel wave-shape electromagnetic wave absorbing cementitious 2357 

structure is manufactured using 3D printing technology. The following conclusions are 2358 

drawn from the current experiments, numerical simulation and theoretical study. 2359 

(1) The influence of macroscale parameters of wave-shaped cementitious elements 2360 

upon the EMW absorbing capacity is primarily proved by the time-domain plot using the 2361 

time difference value, laying the foundation for experimental exploration and simulation 2362 

analysis. 2363 

(2) The 3D-printed wave structure promoted the EMW absorbing capacity. The 2364 

printed specimen exhibited an RL peak value that is 4 dB lower than that of the traditional 2365 

cast sample and had an EMW absorbing bandwidth that is 2.71 GHz broader than the 2366 

counterpart of the cast specimen. This is because the printed, rough, corrugated surfaces 2367 

tended to increase the EMW propagation distance, leading to high EMW energy 2368 

consumption, multiple EMW reflections, and EMW scattering effects. These reflected 2369 

directions are disorganized due to the heaves that modify surface impedance matching 2370 

capacity. 2371 

(3) EMW absorbing performance in the high-frequency range exceeded that of the 2372 

low-frequency ranges. First, absorbent material characteristics changed when frequency 2373 

grew and availed better EMW absorbing capacity. Second, given the size effect 2374 

mechanism, when the sample’s geometric size is similar to the microwave wavelength, 2375 
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the structure can obstruct EMW mechanically. Third, high-frequency microwave obtained 2376 

a more concentrated reflection lobe width and less energy deviation than low-frequency 2377 

ones. This microwave transmission characteristic denoted higher energy exhaustion 2378 

efficiency creation. 2379 

(4) The low-frequency effect is validated in both experiments and finite element 2380 

simulations. This phenomenon is attributed to the size effect for the wave structure to 2381 

obstruct EMW energy. In the low-frequency range of 1 GHz to 2 GHz (150 mm – 300 2382 

mm wavelength), when the slope shifts to a steep degree from which cannot supply the 2383 

occlusion effect to a certain threshold, the structural geometric size for heave decreases to 2384 

the similar magnitude with microwave length, activating a desirable size occlusion effect. 2385 

(5) The K3 specimen with 45 mm height, 2/3 of wave gradient tangent value is the 2386 

optimum design in both experiment and simulation exploration. It demonstrates balanced 2387 

EMW absorbing average RL of -25 dB and peak RL of -37.4 dB with outstanding low-2388 

frequency RL values. 2389 

(6) The finite element simulation results for reflectivity are in close agreement with 2390 

the experimental results. The finite element simulations (electric field and surface current 2391 

distribution) suggested the superposition of vector electromagnetic field results in the 2392 

improved electromagnetic field parameters and enhanced impedance matching. The crests 2393 

and the head surface of the wave elements harboured the highest current density, 2394 

especially in the high-frequency range. This finding may serve as evidence that EMW 2395 

reflectivity degenerates in this area, complying with the experimental findings.  2396 
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(7) The proposed finite element calibrations, including double-port methodology and 2397 

multiplied expanding methodology, contributed to the correction of experimental 2398 

configuration drawbacks. This helped accurately explore the influence of wave-shaped 2399 

parameters upon EMW absorbing capacity. 2400 

(8) Regarding the wave-shaped macroscale parameters, the lower tan(θ) is prone to 2401 

yield better EMW absorbing capacity. Also, the low-frequency absorption effect is created 2402 

at a lower tan(θ). The above results are attributed to the slope-enhanced, contacting 2403 

surface, prolonged energy exhaustion, optimized structural impedance matching, and 2404 

EMW scattering and transmission. However, excessive slope triggers degenerated EMW 2405 

absorbing capacity, which is caused by a decline in structural impedance and increased 2406 

direct surface reflection at the printed, round-heave top. 2407 

(9) As the other parameter, structural height did not significantly improve EMW 2408 

absorption capacity, especially in the low-frequency and high-frequency ranges. The 2409 

variation of structural height could not effectively change the electromagnetic parameter, 2410 

energy reflection-diffraction direction, and vector superposition results in electromagnetic 2411 

field distribution. Due to the enlarged structural geometric size, the high-frequency 2412 

absorption peak is found to shift to a low-frequency domain to activate the size effect at a 2413 

lower height. 2414 
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Chapter 7. Conclusion and future work 2415 

7.1 Conclusion 2416 

The present research carries out a comprehensive study on EMW-absorbing CSC 2417 

structures using 3D printing technology. A novel EMW-absorbing CSC composite 2418 

incorporating copper solids is proposed for extrusion-based printing. The mechanical 2419 

performance of the proposed CSC composite is studied. A double-layered element and 2420 

ungraded structure containing a newly explored nano-sized graded absorbent and a wave-2421 

shaped macrostructure based on the EMW-absorbing CSC structure are developed to 2422 

improve EMW-reflecting performance. Cementitious composite design, manufacture 2423 

methodology, and structural configuration are thus explored to understand the EMW-2424 

absorbing mechanism in view of combined impedance matching and energy exhausting 2425 

effect. Based on experimental, numerical, and analytical results, the following conclusions 2426 

are obtained which are the unique contribution to this dissertation for a PhD degree. 2427 

First, a promising 3D-printable CSC composite is proposed for EMW absorption: 2428 

25wt% copper slag and 6wt% copper powder dosage are determined with satisfactory 2429 

printable capability for extrusion-based printing and EMW-absorbing performance. A 2430 

10.2 dB peak reflection loss value and a 3.48 GHz absorption band over the 1–18 GHz 2431 

range are achieved. Besides, the structural configuration exploration for the single-layered 2432 

element proves that the rough surfaces of the printed samples result in an approximately 2433 

2 dB higher EMW absorption capacity than the cast counterparts in a frequency range of 2434 
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1–18 GHz. Meanwhile, samples with 15 mm thickness show a broad absorption band and 2435 

relative uniform reflectivity distribution while 20 mm samples show higher EMW 2436 

absorption capacity in a low-frequency range, and thus, these structures are potential for 2437 

low-frequency ranges such as in mobile bases. 2438 

Second, the mechanical performance of the proposed 3D-printed CSC composite is 2439 

investigated, and two enhancement methods with a chemical additive and printing 2440 

parameter optimization are proposed for strength enhancement. The PZT and UPV 2441 

monitoring methodologies reveal that the enhancement measures for the printed structure 2442 

accelerate hydration velocity and hydration degree. At an early stage, the stiffness of the 2443 

printed paste starts to exceed that of the cast counterpart after six hours of curing. 2444 

Subsequently, the hydration process for the printed slurry shows a steep increase after 72 2445 

hours of curing, which is approximately 4 days earlier than that of the cast paste. In the 2446 

meantime, the printed specimen’s compressive and flexural performance improved, unlike 2447 

the cast calibre sample. The mechanical reinforcement mechanism is explored through a 2448 

mercury intrusion porosimetry experiment to show that the 3D printing procedure using 2449 

enhancement methodology reduces porosity from 17.47% to 11.13%. The reduced 2450 

microvoids promote particle hydration velocity and degree to enhance mechanical 2451 

performance in the early stages. 2452 

Third, to improve the space–cement interface impedance, a double-layered element 2453 

containing a newly explored nano-sized absorbent is developed. The absorbent dosage 2454 

design of the dispersant (10wt% of CIP) and the coupling agent (5wt% of total weight) in 2455 
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separate coupling treatments for the graded, nano-sized absorbent is identified with best 2456 

wrapping effect and EMW-absorbing performance. The specimen shows an average RL 2457 

of -10.85 dB and a 9.7 GHz effective bandwidth, exceeding all the other designs and the 2458 

single-layered counterpart. A theoretical model for the microwave reflecting mechanism 2459 

is thus summarized for the novel graded, double-layered structure. Meanwhile, a 2460 

theoretically optimized design shows that the configuration with a 15 mm impedance-2461 

matching layer and a 15 mm absorbing layer induces an average RL of -10.47 dB, a 2462 

maximum RL of -15.18 dB, and effective bandwidth of 9.56 GHz, which is similar to the 2463 

experimental EMW reflection capacity but with different absorption peak positions. 2464 

Fourth, to explore the space impedance potential in EMW absorption, a wave-shaped 2465 

macrostructure based on the EMW-absorbing CSC structure is developed. A 2466 

corresponding theoretical analysis is conducted. Results indicate that the 3D-printed wave 2467 

structure promotes EMW-absorbing capacity. The configuration with 45 mm height and 2468 

2/3 wave gradient tangent exhibits an optimized average RL of -25 dB and a peak RL of 2469 

-37.4 dB. The finite element simulation reveals that the superposition of a vector 2470 

electromagnetic field results in improved electromagnetic field parameters and enhanced 2471 

impedance matching ability. Meanwhile, the finite element calibrations address the 2472 

experimental configuration drawbacks and explore the influence of wave structural 2473 

configurations on EMW-absorbing capacity more precisely. The tan(θ) has a reverse 2474 

relationship with EMW-absorbing capacity in specific contexts whereas EMW-absorbing 2475 

capacity can degenerate if the slope is minute. Besides, steep tangent value is more likely 2476 
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to activate the low-frequency effect. Structural height does not lead to significant 2477 

improvement in EMW absorption capacity especially in low- and high-frequency ranges. 2478 

Instead, it determines the high-frequency absorption peak because of its enlarged 2479 

structural geometry size. 2480 

7.2 Recommendation for future works 2481 

Further investigation could be conducted in future studies as follows. 2482 

First, with the continuous development of modern technologies, various radar 2483 

systems, such as millimetre-wave radar, broadband radar, and laser radar, are extensively 2484 

used. Different radar systems produce various EMW in different frequency bandwidths, 2485 

which implies that the concrete material should be attributed with wider absorbing 2486 

bandwidths. Meanwhile, the current analysed EMW bandwidth (1–18 GHz) is too narrow 2487 

to accommodate the developing communication technologies, industrial production 2488 

technologies, and medical technologies. Therefore, developing a wider EMW-absorbing 2489 

bandwidth for materials could be a research highlight. 2490 

Second, for most EMW-absorbing concretes, the enhancement of EMW-absorbing 2491 

properties should not negate mechanical properties. However, the addition of ferrite or 2492 

steel fibre for cementitious material leads to a higher density of composite but lower 2493 

corrosion resistance. The addition of lightweight absorbents results in a sharp degradation 2494 

of compressive strength and fracture toughness. Therefore, balancing the trade-off among 2495 
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EMW-absorbing capacity, mechanical strength, lightweight characteristics, and corrosion 2496 

resistance should be further explored. 2497 

Third, each type of magnetic or conductive material produces different effects on the 2498 

EMW-absorbing capacity of the cementitious matter. The ferrites show excellent 2499 

performance in broad shielding frequency to achieve70 dB shielding effectiveness and a 2500 

reflection loss of -29 dB at the same time. Meanwhile, carbon material demonstrates lower 2501 

density, excellent conductivity, and good EMW reflection with 130 dB shielding 2502 

effectiveness, 7.1 GHz bandwidth, and -42 dB reflection loss. It is therefore feasible and 2503 

practical to achieve compatibility between the EMW-absorbing and shielding features 2504 

through investigations to reveal the multifunction trend of the construction material. 2505 

Fourth, various ingredient treatments have been explored currently. Chemical vapour 2506 

deposition treatment, sol-gel technology, electrophoretic deposition treatment, 2507 

coprecipitation treatment, and freezing-thawing cycle treatment all influence the EMW-2508 

absorbing performance of cement materials. Superior treatment methods are expected to 2509 

render better absorbing capacity and mechanical performance. 2510 

Lastly, current research topics focusing on impedance matching would optimize 2511 

sample thickness, composite porosity, electromagnetic parameters, and absorbent content. 2512 

3D printing technology has demonstrated its advantage in outstanding space impedance 2513 

matching, buildability, and workability. The organic combination of 3D printing 2514 

technology and new structural design could provide many advantages from the 2515 

perspective of both material exploration and construction manufacture. On the other hand, 2516 
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practical application faces several challenges to be addressed, and design guidelines are 2517 

yet to be established. 2518 

  2519 
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