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Abstract 

Due to certain problems the modern concrete construction industry is faced with, 3D printing 

technology has become one of the feasible alternatives, providing high automation, cost-

effectiveness, time-efficiency, low labour-intensiveness, and environmental friendliness. 

However, there are several practical issues and challenges for applying the technology to 

concrete construction. 

The study reported in this research master’s thesis aims to modify the current 3D 

printing technology in concrete by specifying the issues and challenges and finding likely 

approaches. Aspects of the 3D printing process as well as durability are investigated. First, 

since most existing 3D printing methods for concrete are based on the material extrusion 

process and layer by layer application, the interlayer bond between the layers is weak. Hence, 

investigation of ways to improve such bonding strength is undertaken. Secondly, when a new 

type of material has been introduced into 3D printed layered mortar, differential movement 

between the materials become a serious problem, in the long term leading to cracks 

development. The associated dimensional changes can be caused by many factors. Alkali-silica 

reaction (ASR) is a factor of concern, arising due to the high presence of ASR reactive 

aggregates in 3D printed mortar. Thirdly, strain measurement between 3D printed mortar layers 

is currently difficult. Traditional strain gauges are made of three-dimensional materials, which 

have their own drawbacks and are difficult to apply to 3D printed mortar. However, two-

dimensional materials, transition metal dichalcogenides (TMDs) such as MoS2 and WS2, have 

the potential for sensing such parameters due to their superior mechanical and optoelectronic 

properties. In this study, MoS2 and WS2 are fabricated, transferred, and investigated for their 

mechanical properties. 
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This thesis reports on three main tasks: (1) to specify the key bottleneck in current 

applications of 3D printing technology on concrete construction and to find alternatives for it; 

(2) to investigate ASR arising due to the high presence of reactive aggregate in 3D printed 

mortar and to try to reduce it; and (3) to investigate the use of TMDs for sensing purposes in 

order to measure the dimensional change between 3D printed layers. 

Bonding agents like polymer adhesives, such as epoxy, is shown to be an effective 

option. From the results, over 80% strength increases at 28 days are observed in comparison to 

control specimens Moreover, in the next stage, polyvinyl alcohol (PVA) fibres are incorporated 

into the previous system and it proves to be effective, obtaining further enhancements (an 

additional 21% increase) of the interlayer bonding strength. Meanwhile, by controlling process 

parameters, an optimised approach to improving bonding is proposed. Apart from the 

experimental program, molecular dynamics (MD) simulations are also utilised to assess 

chemical bonding between epoxy adhesive and calcium silica hydrates (CSH). Another 

polymer type, carbon-sulphur (BCS) is investigated using the same method, and is shown also 

to be effective in improve 3D printed mortar interlayer bonding. Moreover, in this study, the 

effectiveness of graphene oxide (GO) in reducing ASR is investigated and is shown to assist 

the control of expansion. Furthermore for sensing purposes, the chemical vapour deposition 

(CVD) method is found to the effective for fabricating high-quality ultra-smooth surface MoS2 

and WS2. The wet-chemical transfer method can be applied to transfer MoS2 and WS2 flakes 

from fabrication substrates to other substrates. Strain relaxation is determined by mechanical 

testing.  
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Chapter 1. Introduction 

1.1 Background 

The modern construction industry faces several problems. One of them is the high cost. 

According to Australia’s Budget 2014-2015 (Australian Government 2015), by 2019-2020, the 

Infrastructure Growth Package will cost the Government’s infrastructure investment $50 

billion. Generally, 35-60% of the overall costs of concrete structures are taken up by formwork 

(Hurd 2005, Robert 2007), which is not cost-effective. 

Another problem of the construction industry is the long lead time which is difficult to 

control. Lead time is a measure of the amount of time that elapses from initiating a process to 

completing that process (Designing Buildings Wiki 2016). The construction process involves 

many steps from material fabrication to transportation and to in-situ formwork construction, 

and each step is time-consuming. Lead time can also be influenced by other factors. For 

instance, according to a government Green Paper (Australian Government 2014), the 

inadequate progressing of construction under adverse weather conditions is one of the main 

factors that significantly influence lead time. 

The conventional construction industry is also labour-intensive (Pathirage et al. 2007) 

and unsafe. According to the statistics from the United States Bureau of Labor, 1 out of 20 full-

time American workers were injured or suffered from a work-related illness in 2010, with 802 

fatalities reported. This death figure ranked the highest in any sector, making construction one 

of the most dangerous industries (Keating 2014). Construction practices need to be improved 

to meet the more and more stringent work safety requirements in Australia as well (Safe Work 

Australia 2016). 
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Last but not least, current construction methods are not environmentally friendly. They 

consist of off-site manufacturing, transportation of materials, installation and assembly, and 

on-site construction. The entire process consumes considerable energy and emits huge 

quantities of greenhouse gases (Yan, Shen et al. 2010). After construction, formwork and other 

waste materials are not easily reused (Lu and Yuan 2010). 

In sum, the current construction industry needs to overcome the aforementioned 

problems. The industry has the task of reducing costs and lead time, to solve the problem of 

labour-intensiveness, to provide a safer working environment and to reduce the damage to the 

natural environment. The problems provide the impetus for the construction industry to develop 

solutions to these problems. 

One existing work-around is prefabrication, which has brought standardisation and 

mechanisation to the traditional construction industry, with many advantages. Prefabrication 

solves some of the aforementioned problems. It is more cost-effective, consumes less labour, 

shortens construction time, and is becoming independent of the influence of weather conditions 

(Wong, Hao et al. 2003). Also, it has been shown to be more environmentally friendly than 

conventional construction methods and to have lower carbon emission (Wong and Tang 2012, 

Lehmann 2013, Mao, Shen et al. 2013) and less waste disposal (Tam, Tam et al. 2005, Jaillon, 

Poon et al. 2009, Begum, Satari et al. 2010). However, prefabrication has not changed the 

inherent construction principles of moulding and casting. Also, prefabrication only fits the 

construction of massively repeated products. When it comes to fabricating components in a 

limited quantity, prefabrication loses many of its advantages. Therefore, structures for 

prefabrication favour the use of identical structural components and limit the use of optimal 

structural and architectural designs. Better solutions are waiting to be introduced to provide 

more versatile construction capabilities. The emerging additive manufacturing (AM) or so-
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called “3D printing” technology is therefore a promising candidate to revolutionise concrete 

construction. 

Often synonymous with “3D printing”, AM is cost-effective and time-efficient for 

producing 3D objects with complex and customised geometries, advanced material properties 

and functionality (Huang, Leu et al. 2015). In 2015, the ASTM International Committee F42 

on AM technologies defined AM as “a process of joining materials to make objects from 3D 

model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies” 

(ASTM 2015, Huang, Leu et al. 2015). In 3D printing, a digital 3D model is divided into 2D 

sections, and layers of exclusively designed material are used to build the structure from the 

aforementioned slices, i.e. layer upon layer (Ma and Wang 2017). However, some obstacles 

facing the 3D printing concrete method include mechanical properties, reinforcements, curing 

conditions, durability, interlayer bonding, the relationships among hardening time, pumpability 

and extrudability, and applicability (Xu, Chen et al. 2016). Among these, low shear strength in 

the interlayer region, where two concrete layers are attached to each other (Le, Austin et al. 

2012, Sanjayan, Nematollahi et al. 2018), is now a hot topic, with researchers emphasising the 

need to investigate the problem. Low shear strength has contributed to the presence of free 

water on the concrete layer surfaces in some studies (Gillette 1963), though a certain amount 

of water, required for a SSD state, is deemed necessary to achieve good adhesion between 

layers (Austin, Robins et al. 1995). In addition, some studies have cited both lack of stability 

and eccentricity in freshly printed concrete as other important shortcomings (Wolfs, Bos et al. 

2018). These problems limit the application of 3D printing concrete in safety contexts, e.g. 

providing housing for survivors in post-disaster sites.  

To address this flaw in the 3D printing technology without hindering its overall 

advantages, a new method is presented in this thesis. In this method, a layer of adhesive is 

added between adjunct layers to act as a glue, binding together the layers of cementitious 
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material. The adhesive can be epoxy or some other polymers. Hence, the first topic in this thesis 

focuses the adhesive material used to enhance interlayer bonding strength between two layers 

of mortar. 

Once a layer of adhesive is incorporated between two layers of cementitious material, 

dimensional change is believed to occur due to differential drying shrinkage and differential 

expansion of two types of different material. A factor that can exacerbate this situation is that 

for 3D printing, mortar with high presence of sand is used instead of traditional concrete, and 

the large proportion of sand, a reactive aggregate, is believed to cause the alkali-silica reaction 

(ASR). ASR which results in long-term durability problems is also called concrete cancer. In 

this thesis, ASR is investigated, and some nano-materials are introduced into mortar. 

As mentioned, differential movement between 3D printed layers can be a severe 

problem in 3D printing concrete technology. Sensing technology is necessary to measure the 

relevant properties. The strain gauge is a candidate, but traditional strain gauges made of three-

dimensional materials, with low strain level sustainability, limited resolution, slow 

responsiveness and insufficient sensitivity, are not eligible for 3D printing concrete layer 

measurement. Recently emerging two-dimensional materials, such as graphene and transition 

metal dichalcogenides (TMDs), have been investigated and found to possess superior 

mechanical and optical properties. Moreover, monolayer molybdenum disulphide (MoS2) and 

tungsten disulphide (WS2) have been found as direct bandgap materials with excellent 

optoelectronic properties. In this thesis, the fabrication of MoS2 and WS2 is studied. Some 

mechanical properties are also investigated for potential sensing purposes. 
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1.2 Research objectives 

This research master’s study focuses on some issues of the 3D printing technology of concrete. 

The approaches used in this thesis include experimental programs, nano-characterisations, MD 

simulations and FE simulations. The purpose is to investigate some problems facing current 

3D printing technology of concrete, and to assist in further development of this technology. 

This study embraces three main topics with corresponding objectives: (1) finding and 

optimising an adhesive material to enhance the interlayer bonding strength between two layers 

of mortar; (2) understanding the mechanism of ASR and developing a potential approach to 

reduce it in 3D printed mortar; and (3) investigating the potential of TMDs for 3D printed 

concrete strain sensing for dimensional changes. The following paragraphs provide the details 

of each objective. 

(1) Finding and optimising an adhesive material to enhance the interlayer bonding 

strength between two layers of mortar. 

Polymer materials, such as epoxy adhesive, provide an alternative to enhance the 

interlayer bonding strength between two layers of 3D printed mortar. Micro-fibres such as 

polyvinyl alcohol (PVA) fibre, are elements that can be added into the system to enhance it 

further. An experimental program is carried out to measure the bonding strength, with the 

expectation of achieving significant improvement with the addition of epoxy. Scanning 

electron microscopy (SEM) characterisation is conducted in an attempt to discover the physical 

mechanism explaining why epoxy helps to improve strength. Furthermore, MD simulation is 

performed to elucidate the chemical bonding between epoxy and mortar. Besides epoxy, 

another material, a carbon and sulphur polymer, is investigated by MD simulation to determine 

whether it can achieve chemical bonding with calcium silica hydrates (CSH). 
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(2) Understanding the mechanism of ASR and developing a potential approach to 

reduce it in 3D printed mortar. 

Nowadays, one of the most serious durability problems in the concrete industry is the 

ASR. Differential expansion caused by ASR in mortar-epoxy-mortar systems with a high 

content of sand, a reactive aggregate, can be a severe problem leading to reduction of interlayer 

bonding and long-term cracks. It is the result of the chemical reaction in the concrete from the 

hydroxyl ions associated with the alkalis sodium and potassium which are present within the 

structure of the cement and the reactive silica within the structure of the aggregates (Fernandes 

and Broekmans 2013). Incorporating graphene oxide (GO) can be one alternative to the 

problem, and in this study, it is evaluated. 

(3) Investigating the potential of TMDs for 3D printed concrete strain sensing for 

dimensional changes. 

Monolayer molybdenum disulphide (MoS2) and tungsten disulphide (WS2) are direct 

bandgap materials with excellent optoelectronic properties. In this thesis, the fabrication of 

MoS2 and WS2 is studied. Some mechanical properties are also studied for the potential 

sensing purpose. It is expected that a strain gauge made of 2D materials can be manufactured 

and introduced between 3D printed concrete layers to measure differential movement and 

related mechanical properties. 

1.3 Thesis structure 

This thesis is organised into six chapters, three of which are the main chapters with major 

contributions. Chapters 1, 2 and 6 present the introduction, the literature review and the 

conclusions and recommendations, respectively. 
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This Chapter, Chapter 1, introduces the background information of the thesis. It also 

presents the research objectives and the structure of the thesis. 

Chapter 2 is organised based on a published review paper (Xu, Chen et al. 2016). This 

review covers the following fields: 

• AM (3D printing) processes 

• Existing methods for 3D printing technology of concrete 

• Challenges of current 3D printing technology of concrete 

The review provides a broad picture of advances in research into the 3D printing 

technology of concrete. It also addresses some problems faced by the technology and several 

potential solutions. 

Chapter 3 is the significant chapter introducing approaches to solving the key 

bottleneck of 3D printing technology of concrete, low interlayer bonding strength. An 

experimental program is first carried out to test the mechanical strength of samples including 

control samples, samples introduced by epoxy and samples introduced by epoxy with PVA 

fibres. The controlled parameters are printing time interval and epoxy curing temperature. The 

results indicate the positive effect of epoxy and epoxy with PVA fibres. After that, SEM 

characterisations are conducted to find physical evidence, such as interlocking and bridging 

mechanisms. To find chemical evidence, such as chemical bonding between epoxy chain and 

calcium silica hydrates (CSH), MD simulation is conducted. Apart from the above method, 

another adhesive, a carbon and sulphur polymer, is studied by MD simulation to find excellent 

chemical bonding as well. 

Chapter 4 focuses on the mechanism and an approach to reducing ASR. Given the 

substantial presence of sand, a reactive aggregate, ASR is expected to be severe in 3D printed 

mortar structures. It leads to expansion of the mortar and differential movement with the 
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dimensional change in the mortar-epoxy-mortar system introduced in previous chapter. An 

alternative is the use of GO to reduce the reaction and potential results. This chapter introduces 

the experimental part of this investigation and reports some results. 

In Chapter 5, a novel material, TMDs, is introduced. It has the potential for producing 

a new generation strain gauge for the purpose of measuring differential movement and other 

mechanical properties of 3D printed concrete or mortar, based on its superior mechanical and 

optoelectronic behaviour. In this chapter, the fabrication method, chemical vapour deposition 

(CVD), is first studied. Then, a method to transfer fabricated material to various substrates is 

developed. Finally, mechanical testing is conducted by plastic substrate with WS2, and the 

strain relaxation phenomenon is found. 

Chapter 5 summarises the studies presented in this thesis. For each topic, it also 

provides alternative recommendations. Furthermore, some future research directions are 

proposed. 
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Chapter 2. Literature review 

2.1 3D printing technology and its potential for construction 

Often synonymous with “3D printing”, AM is a cost-effective and time-efficient method for 

producing 3D objects with complex and customised geometries and advanced material 

properties and functionality (Huang, Leu et al. 2015). In 2015, ASTM International Committee 

F42 on AM technologies defined AM as “a process of joining materials to make objects from 

3D model data, usually layer upon layer, as opposed to subtractive manufacturing 

methodologies” (ASTM 2015, Huang, Leu et al. 2015).  

Based on the work of Kruth (1991), Wong and Hernandez summarised and updated the 

classification of AM into the following categories: (1) liquid based: fused deposition modelling 

(FDM), stereolithography (SL), and polyjet; (2) solid based: laminated object manufacturing 

(LOM); and (3) powder based: selective laser sintering (SLS), electron beam melting (EBM), 

laminated engineered net shaping (LENS), 3D printing (3DP), and prometal (Wong and 

Hernandez 2012).  

ASTM International Committee F42 on AM technologies defined the terminology of 

AM in the standard ASTM F2792-12a and provided seven categories for grouping current and 

future AM machine technologies (ASTM 2015). Researchers at Loughborough University 

(Loughborough University 2016) supplied the schematics of each category (see Figure 2-1). In 

2015, Huang, Leu et al.  summarised the AM processes in ASTM and corresponding techniques 

and materials as shown in Table 2-1. 
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Figure 2-1 Schematics of seven categories of AM in ASTM (Loughborough University 2016): (a) 

Binder jetting; (b) Directed energy deposition; (c).Material extrusion; (d) Material jetting; (e) 

Powder bed fusion; (f) Sheet lamination; (g) Vat photopolymerisation. 
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Table 2-1 AM categories details (ASTM 2015, Huang, Leu et al. 2015). 

Process category Terminology Example Material 

Binder jetting 

AM process in which a liquid agent is 

selectively deposited to joint powder 

materials 

3DP 

Waxes 

Composites 

Polymers 

Ceramics 

Directed energy 

deposition 

AM process in which focused thermal 

energy is used to fuse materials by 

melting as they are being deposited 

LENS Metals 

Material extrusion 

AM process in which material is 

selectively dispensed through a nozzle 

or orifice 

FDM Thermoplastics 

Material jetting 
AM process in which droplets of build 

material are selectively deposited 
MJM  

Waxes 

Ceramics 

UV curable 

resins 

Powder bed fusion 
AM process in which thermal energy 

selectively fuses regions of powder bed 

SLS 

Waxes 

Thermoplastics 

Metals 

SLM Metals 

EBM  Metals 

Sheet lamination 
AM process in which sheets of material 

are bonded to form an object 
LOM 

Paper 

Metals 

Thermoplastics 

Vat photopolymer-

isation 

AM process in which liquid 

photopolymer in a vat is selectively 

cured by light-activated polymerisation 

SLA 
UV curable 

resins 

 

According to the Wohler’s Report 2013 (Wohlers and Caffery 2013), the compound 

annual growth rate (CARG) of revenues of all AM products and services all over the world 
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over the previous 24 years was 25.4%, and the rate of growth was 27.4% over the period from 

2010 to 2012, reaching $2.2 billion in 2012 (Huang, Leu et al. 2015). Two years later, according 

to the Wohler’s Report 2015 (Wohlers and Caffery 2015), the CARG over the previous 26 

years increased to 27.3% while over the 3-year period from 2012 to 2014 it rocketed to an 

impressive 33.8%, reaching $4.1 billion in 2014. These figures show that the AM industry has 

been on a healthy trajectory and it has excellent potential from the economic aspect. Besides, 

the worldwide revenue was expected to exceed $100 billion by 2020 (Wohlers and Caffery 

2012). 

In 2015, two large companies in the USA, Stratasys Inc. and 3D Systems Inc., owned 

the majority of patents related to these technologies, and employed more than 4000 people 

worldwide, as reported by Wood (2015). This technology has already helped to transform 

several industry research sectors, such as prototyping, biomedical and automotive. In the last 

few decades it has developed in precision, detail and material quality. Improvements in strength, 

economics, fabrication speed and functionality have made AM suitable for the manufacture of 

end-use components, not just early stage prototyping (Wood 2015). According to Keating 

(2014) from the Massachusetts Institute of Technology (MIT), the spatial dimension is no 

longer a significant concern, with applications from printing a small biological cell to macro 

structures such as an entire building.  

2.2 Existing 3D printing technology in concrete construction 

Owing to stress concentrations, rectilinear buildings are weaker than curved structures, but they 

fit traditional construction techniques. AM-based construction (Keating 2014) could allow the 

introduction of curvature in buildings, thereby improving structural integrity. At this time, 

some researchers have invented machines based on technologies of material extrusion and 

binder jetting to print cementitious materials (Barnett and Gosselin 2015). Combined with 
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traditional processes (i.e. sculpting and mould-casting), five novel 3D printing-based 

construction techniques are introduced in this section, as shown in Figure 2-2. 

 

Figure 2-2 Five novel 3D printing-based construction methods (Xu, Chen et al. 2016). 

2.2.1 D-shape 

In 1997, Pegna used a powder-and-binder method to build structures up in layers, spreading a 

thin layer of cement and spraying a binder. The Italian inventor Dini (2016) developed a large 

3D printer called the D-Shape, which made it possible to print structures in irregular shapes. 

The construction time required by D-Shape was about a quarter that of the traditional 

construction method, and the cost was just halved (Feng, Meng et al. 2015). Dini and his 

company, Monolite UK Ltd, patented this model in 2006. The D-Shape used a binder to 

selectively deposit the powder bed. In this process, a layer of powder bed was laid and 

compacted, and then the binder was selectively deposited by nozzles on a gantry frame 

controlled by the Monolite software (Craveiro, de Matos et al. 2012). The process was repeated 

layer by layer until a full 3D object was formed and extracted from the powder. Figure 2-3 

illustrates the process. 

   3D printing processes                                                  Traditional processes

Binder jetting Material extrusion Sculpting Mould-casting

D-shape

Print-in-place 

construction

Composite 

method

Contour craftingConcrete printing
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Figure 2-3 Schematic of D-Shape printing process: (a) before printing, (b) during printing, and (c) 

after printing (Feng, Meng et al. 2015). 

Researchers at Tsinghua University tested the D-Shape method by producing oven-

dried specimens comprised of a vinyl polymer and carbonhydrate plaster powder injected with 

a water and humectant binder (Feng, Meng et al. 2015). This printing method proved to be 

capable of producing complex curved products that would be extremely difficult to replicate 

using traditional mould-casting techniques (Rael and San Fratello 2011), as exemplified by a 

freestanding 2.7 (H)× 3.6 (W) × 3.6 (L) m structure printed by UC Berkeley researchers (see 

Figure 2-4) (Williams 2015).  
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Figure 2-4 The 'Bloom' pavilion (Williams 2015) printed by D-Shape method. 

2.2.2 Contour crafting 

The contour crafting (CC) method involves the extrusion of wet concrete in 2D layers by an 

automated gantry as trowel-like fins attached to the print nozzle spread and shape the concrete 

into smooth forms (Link 2015). The layered concrete filaments are hardened and bind together 

without the need of formwork, creating the desired 3D object. Generally, a concrete tank 

attached to a mobile truck supplies two nozzles with cement, with a trowel smoothing the 

outside for a clean and paint-ready surface. Once a horizontal layer is completed, the height of 

gantry is increased, and the next layer is printed. Figure 2-5 shows the schematic process. 

 

Figure 2-5 Schematic of contour crafting method (Khoshnevis 2004). 

Top trowel

Side trowel

Nozzle
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This method has been used by researchers at the Loughborough University to print 

specimens comparable in compressive strength to mould-cast specimens, using a fine sand 

aggregate mixed with ordinary Portland cement CEM I 52.5 (Leach, Carlson et al. 2012). In 

the commercial sphere, CC has been successfully implemented by the Chinese company 

Yingchuang - WinSun, to build ten houses within one day where each house cost $7,000 (see 

Figure 2-6) (Havencab 2016). In addition to civil structures, potential applications of CC 

include low-income housing, emergency shelters and lunar applications (University of 

Southern California 2014). 

 

Figure 2-6 The highest building worldwide by 3D printing (Havencab 2016). 

2.2.3 3DCP technique 

Concrete Printing, commonly referred to as 3D Concrete Printing (3DCP), is an extrusion 

technique developed at Loughborough University (Lim, Buswell et al. 2011). Figure 2-7 shows 

the process. This method is similar to CC, but it has some advantages. First, the single nozzle 

(9mm) is smaller than that in CC and furnishes a higher resolution (Eindhoven University of 

Technology 2015). Also, it retains the 3D freedom assisted by a round nozzle. This makes the 

tool path simpler as it is independent of the deposition direction (Lim, Buswell et al. 2012). 

3DCP does not require the additional axis of rotation needed by rectangular shaped nozzles. 
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Furthermore, the oval shaped extruded filament maximises the interface, thereby improving 

interlayer bonding (Lim, Buswell et al. 2012). The mix is cement and gypsum; is a high-

performance material commonly used in the construction industry. However, it does require a 

high degree of control (Lim, Buswell et al. 2011).  

 

Figure 2-7 Concrete printing process (Alec 2014). 

2.2.4 Composite method 

The composite method utilises extrusion and powder-printing to create powder-supported, 

extruded 3D objects. Each layer of extruded cementitious material is surrounded by a layer of 

granular cementitious powder by an automated gantry with dual printing nozzles. Binder is 

then extruded to harden certain parts of the granular support, producing a multi-material piece 

(Dezeen 2016). Figure 2-8 illustrates the composite method. 

 

Figure 2-8 The composite method (Jimenez Garcia 2016) 
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So far, this method has only been tested by students from the Bartlett School of 

Architecture in their project Amalgamma, where they successfully created both structurally 

strong and geometrically precise objects (Dezeen 2016). 

2.2.5 Print-in-place construction 

Researchers at MIT succeeded in providing an emerging idea by combining 3D printing 

processes and conventional formwork construction methods (see Figure 2-9). Akin to a mould, 

the “print-in-place” formworks are compatible with pouring any castable material inside. The 

method provides the possibility of selecting materials with a wide range of tailored properties, 

such as rapid production and monolithic cast strength. With the use of BASF polyurethane 

material with a fast curing time, foam can be printed layer by layer into formwork, providing 

thermal insulation. The process, termed Print-in-Place construction, is designed for on-site 

fabrication of formwork for castable structures, such as concrete exterior walls and civil 

infrastructure (Keating and Oxman 2012). After the mould is printed, a conventional concrete 

casting method is applied (Keating 2014). 

 

Figure 2-9 Additive fabrication tests using polyurethane spray foam (left) produced test isolative 

formwork samples with consistent and tunable layer heights (right) (Keating 2014). 
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Moreover, sculpting may be used to modify this process. Secondary milling techniques 

improve the surface finish and reduce manufacturing time. The resolution of this modified 

process is shown in Figure 2-10.  

 

Figure 2-10 Combining additive and subtractive processes in the Print-in-Place construction method 

2.3 Challenges of existing methods 

According to the summary by Xu et al. 2016, only two processes in 3D printing catalogues, 

binder jetting and material extrusion, are applied in concrete construction. Combined with two 

traditional processes, sculpting and mould-casting, five existing 3D printing applications in the 

cementitious construction industry are reviewed. They are D-Shape, concrete printing, CC, 

composite method, and Print-in-Place construction. Figure 2-2 shows the relationships between 

each method and the processes (Xu, Chen et al. 2016). However, there are some obstacles 

facing the 3D printing concrete method including mechanical properties, reinforcements, 

curing conditions, durability, interlayer bonding, the relationships among hardening time, 

pumpability and extrudability, and applicability (Xu, Chen et al. 2016). 

2.3.1 Mechanical properties 

Deterioration of mechanical properties is a major problem in both powder-based (D-Shape) 

and extrusion methods (CC and 3DCP). The current D-Shape method may only be suitable for 
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printing non-structural components, as the material printed by the team at Tsinghua University 

was very brittle with low compressive strengths around 14 MPa and flexural strengths about 4 

MPa (Feng, Meng et al. 2015). The extrusion process also affects mechanical properties. 

Detailed studies have shown that crack density increases when compared to a cast equivalent 

mix (Leach, Carlson et al. 2012). Researchers have suggested that the use of high-performance 

concrete (compressive strength up to 88MPa) is required for 3D printing to meet industry 

standards (Lim, Buswell et al. 2011). Flexural strength is significantly decreased when loaded 

at an angle perpendicular to the surface and parallel to printed layers, in which case the tension 

between the layers results in up to 36% reduction in flexural strength (Leach, Carlson et al. 

2012, Lim, Buswell et al. 2012). Similarly, the direct tensile strength is reduced by 23% in such 

loading conditions (Leach, Carlson et al. 2012). 

2.3.2 Reinforcements 

In the existing seven categories of 3D printing processes, the incorporation of reinforcements 

is rarely incorporated, but they are introduced in CC and 3DCP processes. In CC, multiple 

robotic modules allow for the concurrent implementation of other components, such as 

insulation or imbedding steel reinforcements (Leach, Carlson et al. 2012). However, the system 

with an additional mechanical arm increases the complexity in both machining systems and 

structural designs, leading to extra cost. In 3DCP, voids for conduits designed into the model 

can be created precisely for the post-placement of utilities or reinforcements. Tensile capacity 

can be improved by inserting steel bars which are post-tensioned and grouted into place (Lim, 

Buswell et al. 2012). However, in this method, the implementation of reinforcements is done 

by labour. The process cannot avoid being labour-intensive and not cost-effective. 
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2.3.3 Curing 

Special curing methods are essential for 3D printed components, which are usually built 

without formwork. Formwork is also an important barrier to prevent drying of early-age 

concrete. 3D printed concrete is particularly susceptible to shrinkage cracking, since additional 

surface area is exposed to evaporation (Leach, Carlson et al. 2012, Yang 2015). It has been 

found that surfaces exposed to evaporation tend to have decreased flexural strength. Shrinkage 

cracking occurs when evaporation rates cause concrete to dry out before it sets. Cracking also 

occurs on the surface of concrete while it is still plastic. When the evaporation rate is greater 

than the bleeding rate, water recedes below the concrete’s surface and forms a menisci between 

fine cement and aggregate particles, causing a tensile force to develop in the surface layers as 

are pulled together, and leading to tensile capillary pressure and cracking (National Ready Mix 

Concrete Association 1998). When a good level of curing is provided, this shrinkage can be 

kept to an acceptable level (Le, Austin et al. 2012). In addition, excessive loss of water may 

hinder the hydration reaction of some cement binders. 

2.3.4 Hardening time, pumpability and extrudability 

Another key challenge is balancing hardening time, pumpability and extrudability. Pumpability 

is defined as the capacity of concrete to be pumped from the original place with lower gravity 

potential in a tube to a higher place; extrudability is defined as the capacity of concrete to pass 

through the narrow tubes and nozzles of printing head and as well as the ability to maintain its 

extruded shape. These properties are significantly influenced by the mix proportions and the 

presence of additives including pozzolanic particles, superplasticiser, retarder, accelerator and 

fibres. 
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2.3.5 Durability 

Durability is always a concern in any concrete construction. Durability is the ability to last a 

long time without significant deterioration. With respect to concrete, factors influencing 

durability include resistance to freezing and thawing, resistance to sulphate attack, chloride 

resistance and resistance to ASR. In 3D printing processes, rapid hardening cement systems, 

such as calcium sulphoaluminate cement systems, usually contain more ettringite for higher 

early strength (Taylor 1997). However, the rich ettringite content can lead to poor durability 

with severe damage to concrete structures due to delayed ettringite formation (DEF) (Taylor, 

Famy et al. 2001). Also, rapid hardening produces some more side effects with regard to the 

durability of concrete structures, including lower crack resistance, higher dry shrinkage, higher 

interlayer corrosion risk and water penetration effects. 

Among the durability problems, ASR, a typical type of AAR, can significantly damage 

concrete in the long term. It is the result of the chemical reaction in concrete between the 

hydroxyl ions associated with the alkalis sodium and potassium within the structure of cement 

and the reactive silica within the structure of the aggregates (Farny and Kosmatka 1997). 

Originally, the structure of quartz (SiO2) is composed of three-dimensionally linked (O2-Si-O2) 

silica tetrahedral sharing their oxygen, and the surface is different with unsatisfied charges and 

loose bonds, especially in poorly crystalline silica. Then, dissolved hydroxyl (OH-) attaches to 

unsatisfied siloxane bonds (Si-O-Si) present at the silica surface, forming silanol (Si-OH) 

groups (Vivian 1951). After that, the silanol (Si-OH) groups combine with sodium and 

potassium ions, and an alkali-silica gel is formed between the aggregate surface and cement 

paste. Finally, the hydrophilic alkali-silica gel absorbs water and expands. The resultant 

internal stress exceeds the tolerance of the aggregate and surrounding cement paste, leading to 

sppalling and cracks (Fernandes and Broekmans 2013). Based on the reaction processes, there 

three necessary conditions have been summarised for ASR. They are the presence of sufficient 
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water, sufficient availability of alkalis, and ASR reactive aggregate. ASR is also called concrete 

cancer (Collepardi 2010). It results in deleterious effects such as internal deterioration, cracking, 

movement and displacement, discoloration and dark patches, efflorescence and exudations, and 

pop-outs (Clark 1989). 

2.3.6 Applicability 

Applicability is another crucial issue in the 3D printing technology of concrete. Applicability 

of 3D printing technology relies on the ease of implementation on site or in local factories. 

Originally, D-Shape was designed for off-site production and many successful projects were 

completed. The technique has been used for artistic statues or smaller scale structures such as 

gazebos and swimming pools. Feasibility in full scale building construction is not yet evident 

(Dini 2016). Ongoing research seeks to demonstrate the potential for local, on-site printing. 

Moreover, in some printing techniques such as 3DCP, the aggregate must be very fine (the 

maximum size of used aggregate being 2 mm (Le, Austin et al. 2012, Le, Austin et al. 2012)), 

constrained by the small (9 mm) diameter of the nozzle. This size constraint limits the mix 

design and affects the applicability of the technique in areas lacking suitable aggregates. 

2.3.7 Interlayer bonding 

The bond strength between printed layers is a critical mechanical property of objects produced 

by an AM process (Le, Austin et al. 2012). It affects the structural performance, particularly 

when the process temporarily stops between layers. It leads to low shear strength in the 

interlayer region where two concrete layers are attached to each other (Le, Austin et al. 2012, 

Sanjayan, Nematollahi et al. 2018), which contributes to the free water on the concrete layer 

surfaces reported in some studies (Gillette 1963). Weak interfacial bonding between layered 

concrete greatly reduces flexural strength in printed specimens. Le et al. (Leach, Carlson et al. 
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2012) found that printed specimens exhibited flexural strength of approximately 6 MPa when 

load was applied in-plane with layers, whereas mould-cast specimens of the same composition 

exhibited flexural strengths of about 11 MPa. However, a certain amount of water required for 

a SSD state is deemed necessary to achieve good adhesion between layers (Austin, Robins et 

al. 1995). In addition, some studies have cited the lack of stability and eccentricity in freshly 

printed concrete as other important shortcomings (Wolfs, Bos et al. 2018). These problem limit 

the application of 3D-printing concrete in the safety contexts, e.g. providing housing for 

survivors in post-disaster sites. Traditionally, according to current codes (CAN 2004, 

Institution 2004, Committee, Institute et al. 2008), factors influencing bonding are (1) concrete 

compressive strength, (2) normal stress at interface, (3) amount of reinforcement crossing the 

interface, and (4) the roughness of the substrate surface (Santos and Júlio 2011). However, 

when it comes to 3D printing concrete, the influence factors can be extremely divergent. 

Many researchers have conducted investigations with regard to this issue, seeking 

solutions to improve interlayer bonding apart from traditional concrete repair theory. One 

attempt has been made by Lou et al. (Le, Austin et al. 2012) to assess the effectiveness of fibres 

in the interlayer region. However, fibre reinforcement is not as beneficial as it should be, due 

to the lack of chemical bonding between the fibres and the cementitious mix. In another study, 

Yusuo and Xiaozhi in 2016 (Wang and Hu 2016) applied two research conditions: a) epoxy 

only, and 2) epoxy with short Kevlar fibres 6 mm in length. The results showed the 

effectiveness of the incorporation of epoxy, and the group with epoxy and Kevlar showed better 

interfacial strength. Recently, Sanjayan, Nematollahi et al. (2018) investigated the effects of 

time delay on interlayer strength, with the delay time and interlayer moisture level as the 

influential factors affecting cement strength. 
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2.4 Techniques for improving performance of 3D printing 

layered concrete 

Among the summarised seven challenges of existing 3D printing technologies of concrete, the 

interlayer bonding is very significant and is currently investigated by researchers. In this 

section, four techniques are introduced to address the issue. Epoxy and PVA fibres assist to 

improve the interlayer bonding strength itself. GO is used for reducing ASR, which leads to 

severe dimensional changes and cracks in 3D printed concrete layers. TMDs is studied for 

potential sensing purposes for 3D printed concrete. 

2.4.1 Epoxy 

Epoxies, also known as epoxy resins, are a class of reactive prepolymers and polymers with an 

epoxide functional group (May 1987). They usually react with themselves by catalytic 

homopolymerisation, or with specific co-reactants including polyfunctional amines, acids, 

phenols, alcohols and thiols. Epoxy has outstanding properties such as excellent mechanical 

strength (up to 190 MPa compressive strength, 112 MPa flexural strength, and 85 MPa tensile 

strength), superior resistance to heat (survives up to 177° (Morena 1988)), good resistance to 

chemicals, and great adhesive strength. Epoxies have now been widely applied in paints and 

coating, adhesives, industrial tooling and composites, wind turbine technology composites, 

electrical systems and electronics, petroleum and petrochemical, consumer and marine 

applications, aerospace applications, biology, and art. 

2.4.2 Polyvinyl alcohol (PVA) fibre 

PVA fibre, short for polyvinyl alcohol fibre, was used as glue for adhering pieces of paper 

together. Then, it became an excellent wood glue. After that, it became an extremely versatile, 
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waterproof adhesive and sealer, and had an extraordinary number of uses in building 

construction. Now, it is widely added into cement and mortar to achieve superior mechanical 

properties (Betterman, Ouyang et al. 1995, Ong, Basheerkhan et al. 1999, Hossain, Lachemi et 

al. 2013, Noushini, Samali et al. 2013). Moreover, engineered cementitious composites with 

PVA fibres, called ECC-PVA, have been widely investigated and adopted in applications due 

to their excellent properties and cost-effectiveness (Pan, Wu et al. 2015). 

2.4.3 Graphene oxide (GO) 

As a graphene derivative, GO consists of a hexagonal carbon network bearing hydroxyl, 

epoxide, carboxyl and carbonyl functional groups. These oxygen-containing functional groups 

render GO sheets hydrophilic and highly dispersible in water (Qiu, Yang et al. 2010). The 

various functional groups coupled with the large surface area create a highly reactive GO 

nanomaterial. Therefore, GO has emerged as a potential nano-reinforcement due to the 

improvement in solubility, ease of production and positive interaction with cement matrix. 

Detailed information on the fabrication and characterisation of GO cement can be found in the 

recent US patent (Pan, Duan et al. 2012) filed by CI Duan. The results show that GO sheets 

can significantly improve compressive strength, flexural strength and fracture toughness as 

well as the pores of cement. 

2.4.4 Transition metal dichalcogenides (TMDs) (MoS2 and WS2) 

MoS2 has a two-dimensional layered structure consisting of covalently bonded S-Mo-S sheets, 

which are unit elements of the bulk material (Splendiani, Sun et al. 2010). The layers are bound 

by van der Waals force to form the bulk MoS2. Since the interaction of van der Waals force is 

not strong enough to maintain the bulk under some circumstances, freestanding monolayer 

MoS2 are expected to exist, and can also be fabricated (Mak, Lee et al. 2010, Radisavljevic, 
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Radenovic et al. 2011, Ganatra and Zhang 2014). The crystal structure in WS2 is almost the 

same, with a tungsten atom substituting in the position of the molybdenum atom. In other words, 

monolayer WS2 is also valid. Figure 2-11 shows the crystal structures of MoS2 and WS2. 

 

Figure 2-11. Layered crystal structure of MoS2 and WS2 (Radisavljevic, Radenovic et al. 2011) 

Because the thickness of the monolayer structures is very small, the elastic properties 

of strength and Young’s modulus are expected to be high. Several groups have investigated the 

relative properties of monolayer MoS2; Table 2-2 summarises the results.  

It has been found that the mechanical strength of MoS2 is relatively high. The Young’s 

modulus is similar to that of steel, which is 206.4 to 210.1 GPa at room temperature (Ledbetter 

1981). Theoretically, monolayer WS2 should have similar properties. 
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Table 2-2 Elastic properties of monolayer MoS2. 

Reference 
Mechanical Properties 

In-plane stiffness (N/m) Young’s modulus (GPa) 

Bertolazzi, Brivio et al. (2011) 180 ± 60 270 ± 100 

Yue, Kang et al. (2012) 123 N/A 

Castellanos-Gomez, Poot et al. (2012) N/A 330 ± 70 

Cooper, Lee et al. (2013) N/A 210 

Liu, Yan et al. (2014) N/A 171 ± 11 

 

Photoluminescence (PL) spectroscopy is widely used to characterise electronic and 

optical properties. In this project, MoS2 and WS2 are investigated by photoluminescence. 

Photoluminescence occurs when the excitation is effective with photon energy larger than the 

bandgap of the semiconductor. Light emission is the behaviour.  

The CVD method has been reported by a number of groups to successfully fabricate 

thin MoS2 or WS2 flakes with different parameters and different substrates (Zhan, Liu et al. 

2011, Lee, Zhang et al. 2012, Shi, Zhou et al. 2012, Van Der Zande, Huang et al. 2013). Figure 

2-12(a) shows a typical CVD schematic principle. 

Lee et al. (2012) reacted MoO3 and sulphur powder on SiO2/Si substrates. The 

temperature of the reaction chamber was 650℃, and N2 was applied in the chamber during 

reaction. The result was of good quality, with star-shaped and atomically thin products. 

Similarly, Zhan et al. (2012) made that by using Mo thin films as precursors. The temperature 

in the reaction chamber was controlled to rise from room temperature to 500℃, then to 700℃. 

The temperature of the sulphur powder was kept 113℃. Shi et al. (2012) decreased the chamber 

temperature to 400℃, and obtained atomic thickness MoS2 flakes grown on graphene surface 

depositing on Cu substrate. Van der Zande et al. (2013) used the same method and parameters 

as Lee et al. (2012) to fabricate MoS2. For improvement, careful cleaning of the substrates led 
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to higher quality products: no seed was observed in the centre of the flakes. Figure 2-12(b) and 

(c) show high-quality example samples fabricated by van der Zande et al. (2013). The flakes 

are relatively large with smooth surfaces. 

 

Figure 2-12 a) Typical CVD principle for fabricating thin MoS2 samples; b) and c) Optical image of 

MoS2 flakes grown by van der Zande et al. (2013) 

As is well known, the transfer technique is significant for transferring grown materials 

to new arbitrary substrates. A number of investigations can subsequently be carried out with 

the flakes on corresponding substrates. The PMMA-assisted transfer technique is widely used. 

PMMA-assisted transfer technique is common for graphene, but it can also be applied 

for MoS2. Figure 2-13 shows a typical PMMA-assisted MoS2 transfer process. First, a thin 

PMMA film is spin-coated onto the original substrate surface on which MoS2 is grown 

(sapphire substrate). Then, the sample is soaked in an alkaline solution (usually as KOH or 

NaOH solution) for a period of time. If needed, the solution can be heated to accelerate the 

reaction rate. After that, the PMMA film should separate from the original substrate with the 
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MoS2 sample attached on it. The film is then placed on the surface of DI water for cleaning 

purposes, with the assistance of buoyancy, and fished out by a desired new substrate. After it 

is baked on a hot plate to dry, the experiment concludes. Figure 2-13 shows a schematic of the 

PMMA-assisted transfer process. 

 

Figure 2-13 Schematic of PMMA-assisted transfer process (Lu, Lu et al. 2014). 

Several groups have reported their parameters for this transfer technique, including the 

concentration of the alkaline solution, the soaking time of the sample in alkaline solution, and 

the heating temperature of the alkaline solution (Zhan, Liu et al. 2011, Lin, Zhang et al. 2012, 
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Chiu, Li et al. 2014). Lin et al. (2012) succeeded in transferring CVD-grown MoS2 on SiO2 

substrates in 2 Mol/L NaOH solution at 100℃ for 30 min. Chiu et al. (2014) followed the 

footprint to stack monolayer MoS2 on WSe2 flakes. Zhan et al. (2012) dipped an MoS2 sample 

covered by PMMA film into 15 Mol/L KOH solution without heating the solution, and 

successfully separated the MoS2 sample directly from the original SiO2 substrate. 
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Chapter 3. Investigation of interlayer bonding 

between 3D printed mortar layers using epoxy 

adhesive 

3.1 Introduction 

As introduced in previous chapters, 3D printing technology has the potential for popular use in 

concrete construction in the future due to its advantages. It is cheaper in production cost and 

time, incurs lower injury rates at work, helps to create more technology-based jobs and benefits 

the implementation of complex views in building art (Nematollahi, Xia et al. 2017). Meanwhile, 

material extrusion processes are widely used for in-situ construction, and successful examples 

were presented in Chapter 2. If the differences between each method are ignored, the 

mechanism in summary is the extrusion of cementitious materials from a nozzle layer by layer. 

After the substrate has hardened to form ideal structures, the upper layer material is extruded 

over the substrate. By repeating this procedure, a monolithic structure can be manufactured, 

depending on the printing device capacity and velocity. However, the weak point of the whole 

structure can be identified as the interlayer region because of the interval time between printing 

successive layers, which makes it impossible for two layers to merge completely. Meanwhile, 

stress concentration can occur due to potential flaws caused by the loose merge between two 

layers, which may also considerably reduce the interlayer strength. In summary, the strength 

of 3D printed cementitious materials is highly dependent on the interlayer bonding strength 

(Le, Austin et al. 2012). According to reports, the interlayer strength of printed concrete is 0.2 

to 0.65 MPa, which is very weak compared to the tensile strength of cast-in-place concrete. At 

this stage, the huge gap between 3D printing technology of concrete and conventional concrete 
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construction is the reason for endeavouring to enhance the interlayer bonding strength of the 

former up to real coherence, as high as that of integrated concrete. 

Based on the foregoing literature review, when concrete-to-concrete bonding is 

considered, concrete repair theory becomes the principle. Only four factors are considered by 

current codes: a) the concrete compressive strength; b) the normal stress at the interface; c) the 

amount of reinforcement crossing the interface; and d) the roughness of the substrate surface 

(Santos and Júlio 2011). However, when these factors are applied to 3D printing of concrete, 

they cannot contribute very much to improving the interlayer bonding to equal that of 

integrated concrete. Many researchers have conducted investigations with regard to this issue, 

seeking solutions to improve interlayer bonding apart from traditional concrete repair theory. 

One trail was followed by Lou et al. (Le, Austin et al. 2012), who assessed the effectiveness of 

fibres in the interlayer region. However, fibre reinforcement is not as beneficial as anticipated, 

due to the lack of chemical bonding between the fibres and the cementitious mix. Another 

course of investigation was taken by Yusuo and Xiaozhi in 2016 (Wang and Hu 2016), who 

compared two conditions in their research: a) epoxy only, and b) epoxy with short Kevlar fibres 

6 mm in length. The results showed the effectiveness of the incorporation of epoxy, and the 

group with epoxy and Kevlar showed better interfacial strength. Recently, Sanjayan, 

Nematollahi et al. (2018) investigated the effects of time delay on interlayer strength, with the 

delay time and interlayer moisture level found to be as the influential factors affecting cement 

strength. 

In this section, research is conducted to investigate the issue, with the aim of improving 

interlayer bonding strength as much as possible, up to real coherence. The research plan is to 

apply a thin layer of epoxy resin between two layers of cementitious materials, mortar in this 

case. After that, the advanced plan is the incorporation of PVA fibres between epoxy and 

mortar to increase interlayer bonding strength between mortar and epoxy. For both plans, 
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experimental work is necessary to simulate 3D printing conditions and to test mechanical 

strength for comparison purposes. Meanwhile, parameters, curing conditions, and printing 

interval time are adjusted to determine the optimum situation. After experimental work, SEM 

characterisations are conducted to find the mechanism of the improvement. Meanwhile, MD 

and quantum calculations are used to assess the effect of epoxy resin applied in the interlayer 

region of 3D printed mortar, to compare with the experimental work. 

3.2 Experimental program 

3.2.1 Materials 

In this study, 3D printed cementitious materials are simulated, to achieve the final specimen 

size of 80*80*20mm. In this case, mortar with sand as aggregate is applied instead of concrete. 

GP (General Purpose) Cement conforming to AS 3972 is used as binder to ensure that the 

properties are the same in each batch. The water for mixture is tap water. Construction sand is 

heated and dried for over 12 hours before mixing. Sika ViscoCrete-2100, a type of high-range 

water-reducing admixture, is used to improve the workability of the mortar. The water/cement 

ratio is 0.3. The sand/cement ratio is 1.5. The Sika ViscoCrete-2100/ cement ratio is 0.3%.  The 

mould size is 80*80*80mm, and the first-demoulded specimen before cutting is a cube. 

Meanwhile, the epoxy resin Araldite 2000+ is used, and the ratio between Part A and Part B is 

1.25. The foregoing specifications are for the materials preparation for specimens with epoxy 

but without fibres. For specimens with fibres, PVA fibres are used with the length of 13mm 

and diameter of 0.1mm. The volume of epoxy is 0.3%. 
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3.2.2 Experimental methods 

Mortar is mixed conforming to ASTM C 305. For each mixture, 150g water is placed in a bowl 

with 1.5g superplasticiser. After adding 500g cement, the mixer is started to mix at slow speed 

(140 r/min) for 30 seconds. Over the next 30 seconds, 750g sand is gradually added into the 

bowl at slow speed mixing rate. Then, the mixer is accelerated to medium speed (285 r/min) 

for 30 seconds. Finally, after a pause of 90 seconds, the mixing procedure concludes by mixing 

for 60 seconds at medium speed (285 r/min). 

The epoxy is mixed by a planetary centrifugal epoxy mixer. For each mixture, 33g 

Araldite Part A and 26.4g Araldite Part B are mixed into a container, and the container is put 

into the mixer to mix for 3 mins at the rate of 2000 rpm. For specimens with PVA fibres, 1.4g 

PVA fibres are added into the container together with two parts of epoxy. The mix design is 

shown in Table 3-1. 

Table 3-1 Mix design for mortar-epoxy system (weight: grams) 

 Mortar Mortar with epoxy Mortar with epoxy and PVA 

Cement 500 500 500 

Water 150 150 150 

Sand 750 750 750 

Sika ViscoCrete-2100 1.5 1.5 1.5 

Araldite 2000+ Part A 0 33 33 

Araldite 2000+ Part B 0 26.4 26.4 

PVA Fibres 0 0 1.4 

 

After the mortar has been mixed, the first layer of mortar is cast. The mould size is 

80*80*80mm, and the first layer of mortar is 80*80*38.5mm (L*W*H). The surface of the 

mortar layer is smoothed, and the layer is vibrated on a vibration table for 30 seconds. After 

half of the printing interval time, a layer of epoxy 3mm in thickness is cast over the first layer. 
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After waiting for the duration of the other half of the printing interval time, the second layer of 

mortar (80*80*38.5mm) is cast over the layer of epoxy, and the vibration table is used to 

compact as well. A two-dimensional schematic is shown in Figure 3-1(a). 

 

Figure 3-1 Schematic of the specimens: a) the procedure to cast cubic specimens; b) the final 

specimen used for strength test by cutting. 

Following one day of hardening, the cubic specimens are demoulded and cured in 

saturated lime water at 20 degree. This curing is mainly for the mortar. One day before each 
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strength test, the cubic specimens are taken from the curing tank to be cut into specimens 

20*20*80mm in size. A schematic of the specimen is shown in Figure 3-1(b). After that, these 

specimens are cured in an oven at a specified curing temperature for 10 hours to cure the epoxy 

part. Finally, strength testing is applied. Table 3-2 shows the experimental schedule. 

Table 3-2 Experimental schedule. 

Day Actions 

1 Mix mortar. Cast cubic specimens. 

2 Demould cubic specimens. Cure them in lime water for mortar. 

7 Cut cubic specimens into stick specimens. Cure them in oven for epoxy. 

8 Conduct 7 days strength testing. 

14 Cut cubic specimens into stick specimens. Cure them in oven for epoxy. 

15 Conduct 14 days strength testing. 

28 Cut cubic specimens into stick specimens. Cure them in oven for epoxy. 

29 Conduct 28 days strength testing. 

 

For mechanical strength testing, a three-point bending test is applied to test the tensile 

strength between interlayer structures. Figure 3-2 shows schematics of both the load path and 

a cross-section of the test, under ‘Instron 4204 50kN’. The distance between two rollers was 

65mm, and the loading rate was 0.02 mm/min. The tensile strength can be calculated by the 

formula 𝜎 =
𝑀𝑦

𝐼
. 

 

Figure 3-2 load path for 3-point bending test 
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3.2.3 SEM characterisation 

Scanning electron microscopy (SEM) is a type of microscopy using a focused beam of 

electrons scanned over the surface of a sample to reconstruct a magnified image of the sample 

surface. It can be used to reveal information about a sample’s morphology, topography and 

chemical composition, using different available detectors. In this study, SEM is used to 

characterise fracture surface morphology to investigate the failure type and potential 

mechanism between mortar and epoxy (and PVA fibre). Figure 3-3 shows a fracture surface to 

be scanned by SEM. 

 

Figure 3-3. Fracture surface by three-point bending test for SEM scanning 

3.3 Molecular dynamics simulation 

This section corresponds to declarations #4 and #5. 

In this study through MD simulation, two pairs of bonding are investigated. One is the 

effects of epoxy adhesive on the performance of the interlayer zone of 3D printing mortar, and 

the other is a new type of sulphur-carbon (BCS) polymer. Resin and calcium silicate hydrate 

(CSH) gel unit cells of modified cementitious composites were built and optimised separately. 

A new model of the nanoscale interactions between CSH and epoxy resin was introduced. The 
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trajectories of atoms and molecules of CSH and epoxy resin were determined by numerically 

solving Newton's equations of motion for a system of interacting particles, where forces 

between the particles and their potential energies were calculated using interatomic potentials 

and COMPASS force field. Also, density functional theory (DFT) calculations were utilised to 

assess the valence electron density and charges to help further assess the interaction between 

these materials. 

A tobermorite 14Å structure CSH model was adopted to simulate the CSH matrix (Tao 

and Shahsavari 2017). The model was intended to preserve the periodic boundary conditions 

in three dimensions, thus presenting a suitable model for the reinforcing role of epoxy resin 

and its thermodynamic interactions with the CSH matrix. In the designed cell, epoxy resin was 

wrapped in CSH matrix on all sides. The dimensions for the periodic cell of CSH-epoxy resin 

was set to 78.5 Å × 108.5 Å × 153.9 Å. A COMPASS force field (Wei, Wang et al. 2017) was 

adopted to model the interatomic interactions between epoxy resin and CSH matrix. The 

designed system should come to equilibrium at its lowest energy level. Optimisation of the 

structure and minimisation of the energy level were achieved using the SMART method, which 

is a combination of the steepest descent, conjugate gradient and Newton–Raphson method (Al-

Ostaz, Wu et al. 2010). For the system to reach P = 0.001 GPa (air pressure) and T = 298 K 

(room temperature), a total analysis time of up to 300 Ps with an NPT ensemble was employed 

to optimise the shape of the supercell. To control the temperature and pressure respectively, 

Nose thermostat and Berendsen Barostat were set (Berendsen, Postma et al. 1984). To preserve 

the equilibrium, changes in energy, temperature and density were monitored until they 

fluctuated around a constant value. To reach a homogenous volume structure, an NVT 

ensemble for 300 PS was employed. 

DFT calculations were performed through the Cambridge Serial Total Energy Package 

(CASTEP) (Clark, Segall et al. 2005). To calculate the distribution of electron density between 
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atoms, the spin-polarised (Topsakal and Ciraci 2010) generalised gradient approximation 

(GGA-PW91) was used (Perdew 1992). The cut-off energy of plane waves responsible for 

basis set size determination was obtained as 700 eV. The energy and electronic calculations 

were done using k-point sampling for the Brillouin zone by 4×4×1 Monkhorst-pack k-point 

mesh. Full atomic relaxation was achieved when all remaining forces went below 0.01 eV Å-

1. 

3.4 Results and discussion 

In this section, the results of the aforementioned experimental program, SEM characterisations, 

and MD simulation are presented. First, the effectiveness of epoxy adhesive to improve mortar 

interlayer bonding is reported by mechanical tests. SEM characterisation proves the physical 

mechanism and MD simulation provides evidence in the chemical bond aspect. Second, by 

introducing PVA fibres into the previous system, additional improvement is obtained. Also, 

the physical mechanism is reported as bridging features in SEM. Then, two parameters, epoxy 

curing temperature and printing interval time, are controlled respectively to find the optimal 

approach. 

3.4.1 Effectiveness of epoxy adhesive to improve mortar interlayer bonding 

The purpose of this section is to check the effectiveness of epoxy adhesive incorporated 

between two layers of mortar to enhance interlayer bonding. Four groups of specimens are 

compared and the details are shown in Table 3-3. In this section, the results of the three-point 

bending tests are presented to compare the tensile strength between the interlayer zones of 

different groups of specimens. Codes for the nominated specimen groups follow the rule for 

names of ‘Ax-y’. ‘A’ means the specimen type, such as ‘C’ for control, ‘P’ for plain, ‘E’ for 

epoxy, and ‘F’ for fibre. ‘x’ means the 10-hour curing temperature one day before the tests, 
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such as ‘20’ for 20 degrees. ‘y’ means the printing interval time between two layers of mortar 

casting, such as ‘30’ for 30 minutes. For example, the group of specimens ‘E20-30’ means the 

specimens with epoxy incorporated between two layers of mortar with the printing interval 

time of 30 minutes, and the curing temperature of 20 degrees in the oven one day before the 

test. 

Table 3-3 Details of specimens’ parameters for investigating the effectiveness of epoxy to improve 

interlayer bonding 

Code Description 
Oven curing 

temperature 

Printing interval 

time 

I20-

30 

Control sample. Integrated mortar without 

layer structures. 
20 degree 30 mins 

P20-

30 

Control sample. Plain mortar in two 

layers. 
20 degree 30 mins 

E20-

30 

Epoxy adhesive incorporated between two 

layers of mortar. 
20 degree 30 mins 

E40-

30 

Epoxy adhesive incorporated between two 

layers of mortar. 
40 degree 30 mins 

 

Figure 3-4 shows the three-point bending test results for 7 days, 14 days and 28 days, 

for the four groups of specimens shown in Table 3-3. 
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Figure 3-4 Three-point bending test results showing effectivess of epoxy in improving interlayer 

bonding 

For the group P20-30, it is shown that the tensile strength at 28 days is 1.12MPa, which 

is greater than the results reported in the literature (0.2-0.65 MPa). The reason is that in this 

experiment, mortar rather than concrete was used as the binder. Thus, the tensile strength 

measured is higher than the reports. However, in comparison with the other control sample I20-

30 with integrated mortar as 6.51 MPa, P20-30 has only 17% of that strength. Once 

incorporated by epoxy between two layers of mortar, controlled under the same circumstance, 

the group E20-30 shows great improvement compared to P20-30. At 7 days, the tensile stress 

reaches 1.5 MPa with a 92.3% increase over the control sample. At 14 days, the tensile stress 

reaches 1.61 MPa with a 76.9% increase. At the 28 days test, the tensile stress has increased 

by 82.1%, to 2.04 MPa. However, this group of specimens was cured at 20 degrees before 

testing, without specific oven curing for the epoxy element. The optimal curing condition is 40 
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degrees for 3 hours. The group cured at 40 degrees in the oven for 10 hours before testing, E40-

30, is compared with groups without the epoxy curing. At 7 days, the tensile stress of E40-30 

reaches 1.82 MPa, increases of 133% and 21.3% over that of P20-30 and E20-30, respectively. 

At 14 days, the tensile stress increases to 2.52 MPa, which is 177% higher than P20-30 and 

56.5% higher than E20-30. At 28 days, the tensile stress increases to 2.81 MPa, a 151% increase 

over that of P20-30 and a 37.7% increase over that of E20-30. Even compared with the control 

group I20-30, integrated mortar without a layer structure, the results are not bad. The tensile 

stress of the group E40-30 reaches 43.9%, 44.1% and 43.2% of the strength of control group 

I20-30 over 7 days, 14 days and 28 days, respectively. Clearly, the results show obvious 

increments between groups and between tests, and are reliable. 

A coincidence found during the testing process is that the fracture always occurs 

between the first layer of mortar and the layer of epoxy. This finding indicates that the strength 

of the lower interface is always lower than that of the upper interface. Analysis of the process 

of the experiments reveals that the reason is related to the vibration. The vibration process 

causes a tiny amount of bleeding, with extra moisture on the surface of the first layer of mortar. 

The extra moisture leads to the decrease in strength. 

Based on the mechanical strength test results, SEM characterisations are also performed 

on the fracture surfaces of both the epoxy side and the mortar side. Figure 3-5 shows the SEM 

pictures of group E40-30. On the epoxy side, see Figure 3-5(a) and (c), a large amount of 

cement hydrates adheres on the epoxy surface, and interlocking phenomena can be found 

between epoxy and cement hydrates. On the cement side, Figure 3-5(b) and (d) show that little 

epoxy can be found adhering to the cement. Hence, the failure in the interface between epoxy 

and cement occurs on cement side near the interface, and it appears to be in the interfacial 

transition zone (ITZ) of the cement.  
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Figure 3-5 SEM for group E40-30: a) on epoxy side with CSH and interlocking phenomenon; b) on 

mortar side without epoxy features; c) on epoxy side with CSH and interlocking; and d) on mortar 

side with a few epoxy features 

The following MD simulation section refers to declarations #3 and #4. For more 

validation and relating information, please refer to that papers. 

Figure 3-6 demonstrates a general view of the model, the direction of imposed strain 

and the obtained stress-strain diagram for both the composite and the cement matrix, here 

modelled with CSH. Figure 3-6(a) shows the composite model, with epoxy resin confined by 

two layers of CSH. In Figure 3-6(b), the weakest direction of the model is depicted, where the 

tensile stress is inflicted, to directly assess the strength of the interlayer cohesion. The diagram 

shown in Figure 3-6(c) depicts the behaviour of the pristine CSH and the composite matrix 

under tensile stress. The first part of the diagram demonstrates both structures in the elastic 

region, with the CSH and the CSH-epoxy resin composites peaking at 4.13 GPa and 4.73 GPa, 

in 7.5% and 10% strains, respectively. These figures indicate that the addition of epoxy resin 

between the CSH layers strengthens the structure, extending the cement elastic region by a 
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third. Taking a more in-depth look at the diagram, it is clear that in the later phases, both 

structures show similar behaviour, gradually degrading in terms of resistance, with the 

interlayer region slowly beginning to dissent at the weakest plane; with CSH layers separating 

in higher strains in the pristine specimen, whereas in the CSH-epoxy resin specimen, the 

separation occurs in the intermediate region between the CSH and epoxy resin.   

 

Figure 3-6 (a) Model of the CSH-epoxy resin composite; (b) direction of imposed strain on the model; 

(c) Stress-strain diagram of pristine CSH and CSH-epoxy resin composite 

Further study explores the use of a new type of sulphur-carbon polymer to provide a 

dependable bonding material between adjunct layers of 3D printed mortar. Figure 3-7(b) shows 

the MD model at two different stages: first at zero strain and secondly at 12% strain. The second 

strain value shown in Figure 3-7(b) is where the maximum stress is tolerated, and the expansion 

is more significant in the CSH layers than in the BCS polymer. Shear strength is a more 

practical factor in 3D printing; as a matter of fact, the shear strength and flexibility of a structure 

are directly related to the feasibility of the 3D printing industry. Figure 3-7(c) shows the 

interfacial shear stress for each model. CSH1, the monolith CSH model, bears about twice as 
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much interfacial shear stress than the pure CSH-CSH model. It is followed closely by the BCS-

enhanced model, the interfacial shear strength of which is 17% less than that of the CSH1 

model and 50% higher than that of the CSH2 model. To gain better understanding of the shear 

failure process, the BCS-enhanced interface is assessed in the atomic scale. Considering shear 

strength in the interface between CSH layers, the model shown in Figure 3-7(d) is a good 

measure of crack propagation in the structure. Cracks begin at the interface between the BCS 

polymer and the CSH layer where the shear force is imposed. However, Figure 3-7(d) also 

demonstrates the cohesion established between the BCS polymer and the CSH layers even 

under large deformations. 

 

Figure 3-7 a) Stress-strain behaviour of printed mortar, BCS polymer enhanced printed mortar; b) 

Modelled interaction zone under tensile strain c) Interfacial shear strength for pristine printed 

mortar, BCS-enhanced printed mortar and seamless mortar specimen d) Modelled interaction zone 

under shear force 
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3.4.2 Enhancement of mortar-epoxy system by PVA fibres 

In section 3.4.1 it was stated that, in the group E40-30, the ITZ is considered to be the weakness 

in this system when the interlayer bonding is enhanced by epoxy. Hence, PVA fibre was 

incorporated into the system to enhance the ITZ, in the sample group designated F40-30. Also, 

control groups of integrated and layered mortar were created, named I20-30 and P20-30, using 

the same composite and cured at 20 degrees (normal field condition) in the 10 hours before the 

test results were compared. The diameter of the PVA fibre is 100 micro metres and length is 

13mm. Table 3-4 shows the detailed parameters of the compared specimen groups. 

Table 3-4 Parameters of specimens used to investigate the effectiveness of PVA fibre to improve 

interlayer bonding 

Code Description 
Oven curing 

temperature 

Printing 

interval time 

I20-

30 

Control sample. Integrated mortar without 

layer structures. 
20 degree 30 mins 

P20-

30 
Control sample. Plain mortar in two layers. 20 degree 30 mins 

E40-

30 

Epoxy adhesive incorporated between two 

layers of mortar. 
40 degree 30 mins 

F40-

30 

Epoxy with PVA fibres incorporated 

between two layers of mortar. 
40 degree 30 mins 

 

Figure 3-8 shows the three-point bending test results for 7 days, 14 days and 28 days 

for the four groups of specimens shown in Table 3-4. 



48 

 

Figure 3-8 Three-point bending test results showing the effectiveness of PVA fibres in improving the 

previous approach. 

Clearly, the effectiveness of PVA fibres is superior compared to the results without the 

incorporation of fibre. After 7 days, the tensile stress in the E40-30 group increases by 32.4% 

compared to that in the F40-30 group. After 14 days, it increases by 24.6%. After 28 days, it 

again increases by 21.4%. These results indicate marked improvement produced by the 

introduction of PVA fibres. Moreover, when the results of the F40-30 group are compared with 

those of the I20-30 control group, the tensile stress of F40-30 increases by 58.1%, 54.9% and 

52.4% compared to that of the control group for 7 days, 14 days and 28 days, respectively. It 

can be concluded that this type of material, enhanced by epoxy and PVA fibres, is suitable for 

3D printing mortar constructions. To a certain extent, the PVA fibre enhancement provides 

enough strength for 3D printed structures, and it can be an alternative method for addressing 

the problem of low interlayer bonding.  
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When the mechanism of improvement by the incorporation of PVA fibres is considered, 

SEM characterisation can provide evidence. Figure 3-9 shows SEM pictures for the group of 

specimens F40-30. In Figure 3-9(a), a hole in the mortar can be clearly seen, with the same 

diameter as that of the PVA fibres. It is the evidence of fibre pull-out. From Figure 3-9(b), a 

fibre incorporated into the system is broken in mortar. Fibre pull-out is evident in Figure 3-9(c). 

In Figure 3-9(d), both pull-out and the breaking phenomenon can be found. 

 

Figure 3-9 SEM for group F40-30: a) hole left by fibre pull-out; b) fibre broken in mortar; c) pull-out 

phenomenon; and d) fibre pull-out and broken. 

3.4.3 The influence of oven curing temperature on epoxy-mortar and epoxy-

fibre-mortar system 

In section 3.4.1, the strength difference between E20-30 and E40-30 was found, indicating the 

influence of oven curing (mainly for epoxy) in the final strength of specimens. In this section, 

the influence of oven curing temperature is investigated as a parameter. Four groups of curing 
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temperatures are chosen, 20 degrees, 30 degrees, 40 degrees and 60 degrees. The printing 

interval time is kept at 30 mins. Table 3-5 shows the detailed parameters of the compared 

specimen groups, and Figure 3-10, Figure 3-11 and Figure 3-12 illustrate the three-point 

bending test results for 7 days, 14 days and 28 days, respectively. 

Table 3-5 Details of specimens’ parameters for investigating the influence of epoxy curing 

temperature on interlayer bonding in mortar-epoxy and mortar-epoxy-PVA systems  

Code Description 
Oven curing 

temperature 

Printing 

interval time 

E20-

30 

Epoxy adhesive incorporated between two 

layers of mortar 
20 degrees 30 mins 

F20-

30 

Epoxy with PVA fibres incorporated 

between two layers of mortar 
20 degrees 30 mins 

E30-

30 

Epoxy adhesive incorporated between two 

layers of mortar 
30 degrees 30 mins 

F30-

30 

Epoxy with PVA fibres incorporated 

between two layers of mortar 
30 degrees 30 mins 

E40-

30 

Epoxy adhesive incorporated between two 

layers of mortar 
40 degrees 30 mins 

F40-

30 

Epoxy with PVA fibres incorporated 

between two layers of mortar 
40 degrees 30 mins 

E60-

30 

Epoxy adhesive incorporated between two 

layers of mortar 
60 degrees 30 mins 

F60-

30 

Epoxy with PVA fibres incorporated 

between two layers of mortar 
60 degrees 30 mins 
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Figure 3-10 7 days three-point bending test results to determine the influence of oven curing 

temperature 

 

Figure 3-11 14 days three-point bending test results to determine the influence of oven curing 

temperature 
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Figure 3-12 28 days three-point bending test results to determine the influence of oven curing 

temperature 

From the results shown in these three figures, it is evident that, except for the groups 

E20-30 and F20-30, groups containing PVA fibres always display higher tensile stress than 

groups without PVA fibres. In particular, in groups with the oven curing temperatures of 40 

and 60 degrees, the difference is much more apparent. Globally, the groups with the oven 

curing temperature of 40 degrees show the greatest strength. The groups with the oven curing 

temperature of 60 degrees have the second highest strength. It can be concluded that the curing 

temperature for epoxy plays an important role in influencing the tensile strength of 3D printed 

mortar, both with epoxy and with epoxy introduced by PVA fibres. One exception is for 

specimens with 20 degrees epoxy curing: there is a marked decrease in tensile strength in the 

F20-30 group compared to the E20-30 group. On the basis of the data presented, it is 

hypothesised that PVA fibres play both positive and negative roles in improving interlayer 
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bonding. The positive effect comes from mechanical enhancement, such as bridging. However, 

the chemical bond between CSH and PVA fibres is not strong. Once large amount of PVA is 

incorporated into the system, weak bonding results in a decrease in strength. Hence, in the 

group F20-30, the negative effect dominates the result. In the group F30-30, both sides 

contribute, thus there is only a small difference between E30-30 and F30-30. In the groups F40-

30 and F60-30, a positive effect predominates. 

In conclusion, the optimal curing condition for both approaches is 40 degrees for 10 

hours, which is the same as the recommendation for the epoxy itself. Curing benefits not only 

the epoxy strength, but also the interface. 

3.4.4 The influence of printing interval time on epoxy-mortar and epoxy-

fibre-mortar system 

Apart from curing temperature, another important parameter influencing the interlayer bonding 

strength is printing interval time, which is the time delay between two layers of mortar casting. 

In this case, the groups E40-30 and F40-30 become the reference for comparison by changing 

the printing interval time from 15 mins to 2 hours. Table 3-6 shows the detailed parameters for 

specimens E40-15, F40-15, E40-30, F40-30, E40-60, F40-60, E40-120, and F40-120. Figure 

3-13, Figure 3-14 and Figure 3-15 illustrate the three-point bending test results for 7 days, 14 

days and 28 days, respectively. 
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Table 3-6 Details of specimens’ parameters for investigating the influence of printing interval time on 

interlayer bonding of mortar-epoxy and mortar-epoxy-PVA systems 

Code Description 
Oven curing 

temperature 

Printing 

interval time 

E40-15 
Epoxy adhesive incorporated between two 

layers of mortar. 
40 degrees 15 mins 

F40-15 
Epoxy with PVA fibres incorporated 

between two layers of mortar. 
40 degrees 15 mins 

E40-30 
Epoxy adhesive incorporated between two 

layers of mortar. 
40 degrees 30 mins 

F40-30 
Epoxy with PVA fibres incorporated 

between two layers of mortar. 
40 degrees 30 mins 

E60-30 
Epoxy adhesive incorporated between two 

layers of mortar. 
40 degrees 60 mins 

F60-30 
Epoxy with PVA fibres incorporated 

between two layers of mortar. 
40 degrees 60 mins 

E120-

30 

Epoxy adhesive incorporated between two 

layers of mortar. 
40 degrees 120 mins 

F120-

30 

Epoxy with PVA fibres incorporated 

between two layers of mortar. 
40 degrees 120 mins 
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Figure 3-13 7 days three-point bending test results to determine the influence of printing interval 

time. 

 

Figure 3-14 14 days three-point bending test results to detemine the influence of printing interval 

time. 
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Figure 3-15 28 days three-point bending test results to determine the influence of printing interval 

time 

For the epoxy-mortar system specimen groups E40-15, E40-30, E40-60 and E40-120, 

it is clear that the interlayer bonding strength decreases with increasing the printing interval 

time for 7 days. However, for the longer terms of 14 days and 28 days, the strength of E40-15 

is lower than that of E40-30. Thus the optimal printing interval time for the long term for the 

epoxy group is 30 mins. The group E40-15 has the highest interlayer bonding strength within 

the E groups, of 2.74 MPa. However, that is still lower than the interlayer bonding strength of 

the group F40-30, of 3.14 MPa. For the epoxy-PVA-mortar system, specimen groups F40-15, 

F40-30, F40-30 and F40-120, a similar tendency is found, except in the group F40-15, which 

shows lower strength than that of the group E40-15. The reason is supposed to be the presence 

of high moisture content due to bleeding affecting the bonding between PVA fibres and mortar. 

In summary, the group F40-30 has the highest tensile stress of 3.41 MPa in 28 days, and 30 

minutes printing interval time is the optimal level of this parameter for both approaches. 
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3.5 Conclusions 

With the advances in the field of construction, numerous methods have been proposed to 

introduce automation to the industry. 3D printing is one such method and it is gaining 

prominence more quickly than the others. The problem with the 3D printed mortar lies within 

the interaction region, where the layers of extruded mortar interact. This region shows 

insufficient strength, causing the layers to be easily separated by a moderate shear force. 

In this study, two enhancement approaches were proposed and were investigated by an 

experimental program, SEM characterisation and MD simulation. One approach was the 

introduction of a thin layer of epoxy adhesive between layers of mortar. The second approach 

was incorporation of PVA fibres in the epoxy-mortar system. Apart from the epoxy adhesive, 

a carbon and sulphur polymer was also investigated by MD simulation. The following 

conclusions were drawn. 

1. With the first approach, the epoxy adhesive helped improve the interlayer bonding, with 

specific curing condition for epoxy, by more than 150% at 28 days. This result indicates 

the effectiveness of epoxy in enhancing the interlayer bonding strength of 3D printed 

mortar. SEM characterisation explained the reason in the physical aspect, as 

interlocking between epoxy and CSH was found. Moreover, chemical bonds between 

them were also found by MD simulation, providing strong evidence of the significant 

strength improvement. A new type of BCS polymer was also investigated by MD 

simulation, and proved to be effective. 

2. Incorporating PVA fibres into the abovementioned system further improved interlayer 

bonding strength. With 3 vol.% PVA fibres, the specimens showed a 21% increase 

compared to those without PVA fibres. The improvement achieved compared to the 

control integrated mortar reached 52.4%. This result indicates that the approach has 
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potential for application in concrete construction. SEM characterisation explained the 

additional improvement in the physical aspect, by the bridging mechanism of PVA 

fibres between epoxy and mortar. 

3. The curing temperature for the epoxy influenced the interlayer bonding strength. The 

curing temperature affected not only the epoxy strength itself, but also the interface 

between epoxy and mortar. For both approaches, 40 degrees was recommended as the 

optimal curing temperature. Between the curing temperatures of 30 degrees and 60 

degrees, the second approach showed better performance. 

4. Printing interval time also affected the interlayer bonding strength. For long-term 

durability, the 30 minutes printing interval time is recommended, having the highest 

tensile strength of both groups with epoxy and epoxy with PVA fibres. The reason why 

the 15 minutes time delay shows lower strength is hypothesised to be attributable to 

bleeding water. Thus, the water/binder ratio can influence the final bonding strength of 

the interlayer. 
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Chapter 4. Study of the effectiveness of GO in 

reducing alkali-silica reaction (ASR) in 3D printed 

mortar 

4.1 Introduction 

This chapter refers to declaration #5. 

The approaches in Chapter 3 provide insights for improving the low interlayer bonding 

strength of 3D printed mortar. Even if mechanical issues are improved, however, there are 

some durability problems. Usually, mortar with a high proportion of sand is used for 3D 

printing technology, rather than traditional concrete of coarse aggregates. In 3D printed mortar, 

due to the high content of sand, which is an ASR reactive aggregate, ASR can lead to serious 

durability problems in the long term. 

Internationally, durability performance is one of the key factors which affect the long-

term reliability of concrete structures. Inadequate durability often shortens their entire 

projected design lifetime. For example, a large number of concrete buildings and bridges in 

China have been rendered unserviceable within just half of their design life span (i.e., 20~30 

years). Improving the durability properties of concretes using GO provides a promising 

solution for the cracking, corrosion and durability problems in concrete.  

As a graphene derivative, GO consists of a hexagonal carbon network bearing hydroxyl, 

epoxide, carboxyl and carbonyl functional groups. These oxygen-containing functional groups 

render GO sheets hydrophilic and highly dispersible in water (Qiu, Yang et al. 2010). The 

various functional groups, coupled with the large surface area, create a highly reactive GO 

nanomaterial. Therefore, GO has emerged as a potential nano-reinforcement due to its 
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contribution to improvement in solubility, ease of production and positive interaction with 

cement matrix. Detailed information regarding the fabrication and characterisation of GO 

cement can be found in the recent US patent (Pan, W.H. Duan et al. 2012) filed by CI Duan. 

The results show that GO sheets can significantly improve compressive strength, flexural 

strength and fracture toughness, as well as the pores of cement. 

ASR is a kind of reaction between certain kinds of silica which occasionally exist in 

large quantities in aggregates and some hydroxyl ions in pore water of concrete (Hobbs 1986). 

In 1940s, the presence of ASR was considered a harmful process in the components of concrete. 

It was found very early that, considering exposure to natural environmental conditions, cement 

and aggregates are more liable to this type of concrete deterioration, which is caused by the 

opaline aggregates and high-alkali cement used in concrete (Swamy 2002). Some typical 

features of ASR in concrete structures are expansion, cracking and misalignment. However, 

none of these features can be considered to be uniquely the cause of ASR (Thomas 2011). In 

this project, GO was indicated to be effective to improve ASR problem by refining the mortar 

pore structures. 

4.2 Experimental program 

4.2.1 Expansion testing of ASR mortar 

This test is used to determine the dosage of GO and dune sand needed to reduce the mortar bar 

expansion below the innocuous threshold of 0.1% (ASTM C441 2012). ASTM C150 type I 

Portland cement is used. GO and dune sand are used at different replacement levels (mass 

based) to evaluate their efficiency in controlling ASR. Pyrex glass as a type of ASR-reactive 

aggregat  is used to accelerate the progress of the experiment (ASTM C1567 2012). To assess 

the influence of GO on ASR, accelerated mortar bar (25mm*25mm*280mm) tests are used. 



61 

During the test, expansion of samples is monitored. Nine samples containing different amounts 

of Pyrex glass (0, 50% and 100% replacement) and GO (0,0.02% and 0.04%) are prepared, 

three samples for each kind. The mix design is as shown in Table 4-1. The proportion of dry 

materials for the test mortar is 1 part cementitious materials to 2.25 parts of the combination of 

Pyrex glass and sand by mass. All mortars are prepared with water-to-cementitious materials 

ratio (w/cm) = 0.47, and the sand and Pyrex glass used have gradation in the range of 4.75 

mm–150μm in accordance with ASTM C1567 and C441. 

Table 4-1 Mix design of expansion test of ASR mortar 

 

For the initial storage and reading, each mould was placed in a moist cabinet or room 

immediately after the moulds were filled. The specimens remained in the moulds for 24±2 h. 

Specimens were then removed from the moulds and, while being protected against loss of 

moisture, were properly identified and an initial comparator reading was made (ASTM C441 

2012). The initial and all subsequent readings were recorded to the nearest 0.002 mm. All 

specimens were covered with sufficient tap water to totally immerse them. The containers were 

sealed and placed in an oven or water bath at 80.0±2 degrees for a period of 24 h ± 2 h. For 
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subsequent storage and measurement, subsequent comparator readings were made at 1, 3, 5, 7, 

10, 14, 21 and 28 days, at approximately the same time each day. The mass of each specimen 

was measured while the length was tested. 

4.2.2 Mechanical testing of ASR mortar 

To examine the effect of GO on the flexural strength (i.e., modulus of rupture) of the mortars, 

40mm*40mm*160mm prisms were tested in 3-point bending (Glasser and Kataoka 1981). The 

specimens were prepared and cured following the procedure of GB/T17671-1999. The mix 

design of this experiment was the same as that for ASTM C1567 already presented. The 

composition of the 9 sample groups was the same as that of expansion test. Thus there were 9 

groups, with 27 samples in total. Each sample was placed in a curing room immediately after 

the moulds had been filled. The specimens remained in the moulds for 24±2 h. Then the prisms 

were remove from the moulds. The prisms were tested after 28 days. For the equipment used 

to test flexural strength, 50kN Instron was used. The distance between the left point and right 

point was 110mm. The rate of loading was 0.04 mm/min and the testing took almost 20 min 

for each sample. 

4.2.3 SEM characterisation 

To understand the mechanism of the limiting effect of the GO on the expansion of ASR mortar, 

SEM was used to observe the micro features of the nine groups of samples. 
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4.3 Results and discussion 

4.3.1 Expansion test 

The length change of the prisms was calculated as a percentage at a particular age, using the 

expression: 

Percentage increase in length (%) = 
𝐿𝑛−𝐿0

𝐿0
× 100% 

where Ln is the length measurement at n days, L0 is the initial length (Glasser and 

Kataoka 1981). 

Figure 4-1 shows the expansion test results. Group A samples contain no Pyrex glass. 

Thus, the expansion rate of the samples is the lowest among the three groups. But the effect of 

GO on controlling the expansion from the first day is evident. Sample A1 contains no GO and 

sample A2 contains 0.02% GO. There is almost no difference during the first 21 days, meaning 

that the amount of GO (0.02%) is insufficient to control the expansion from the beginning of 

reaction. But from the 21st day, the expansion of A2 is clearly slower than that of A1, indicating 

the limiting effect of GO on expansion. Group A3 contains 0.04% GO. It is clear that the limited 

expansion of samples containing 0.04% GO occurs at the beginning of curing, meaning that 

0.04% GO is more effective in controlling expansion at the early age of the mortar. In 

accordance with ASTM C441, the test period should be 14 days. But in this experiment the 

time was extended to 28 days, which, it seems, was still not enough. Comparison of groups A2 

and A3 shows that from the 21st to the 28th day, the expansion of the two groups was becoming 

similar, which might indicate that, over a longer period, the difference between 0.02% GO and 

0.04% GO might be small, or could even be ignored. If so, it would not be necessary to add as 

much GO as 0.04%. 
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In group B, 50% Pyrex glass was used to replace common sand, to accelerate the 

reaction between aggregate and alkali. It is evident that the expansion in the three samples, 

which contain different GO ratios, is almost the same during the early stage. But from the 7th 

day, the expansion rate varies. In particular, after the 21st day, obvious expansion difference 

between the sample with 0.02% GO and with 0.04% GO appears. As is evident, the reactivity 

in group B is much faster than that in group A, due to the use of Pyrex glass. 

In group C, regulation is evident of the effect of GO on controlling expansion. Over the 

first 7 days, the expansion of the three kinds of samples is almost the same, but after the 7th 

day, the effect of GO appears. It is also clear that the samples with 0.04% GO show less 

expansion than those with 0.02% GO, indicating that the amount of GO also contributes to the 

control of expansion. 
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Figure 4-1 Mortar bar test results of expansion rates for three groups. 
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4.3.2 Mechanical test 

Figure 4-2 shows the flexural test results. Group A1 contains no GO, group A2 contains 0.02% 

GO and group A3 contains 0.04% GO. None of the samples contains Pyrex glass. The 

beneficial effect of the GO on flexural strength is obvious. The strength of A2 increases by 

5.56% compared with that of A1, whereas the strength of A3 increases by 24.17% compared 

with that of A1. This is an amazing increase in flexural strength with the use of a very small 

amount of GO. 

Compared with the improvement in group A, the regulation of flexural strength in group 

B is less apparent. But it is still possible to observe the increase by comparing B3 and B1. The 

flexural strength of B2 does not increase, which may due to measuring error. By comparing 

A1, B1, A2, B2, A3 and B3, it is evident that the samples containing Pyrex glass are more 

fragile than those in group A, which may the result of the more acute reaction between glass 

and alkali. More cracks form with the more reactive aggregates, directly causing the decrease 

in flexural strength. 

The regulation of flexural strength in group C is almost the same as that in group B. 

There is only a 3.7% increase in flexural strength from group C1 to C3. From comparisons of 

groups B and C, it is evident that the flexural strength has decreased. 
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Figure 4-2 Flexural test results. 

4.3.3 SEM characterisation 

SEM characterisation has been conducted to investigate this project and try to find some cracks 

with GO presences. The samples was prepared from the mortar bar samples, with GO and 

Pyrex Glass. In Figure 4-3(a) and (b), details of one of the cracks can be observed. But it is 

difficult to find any clue of GO in the crack. Therefore the method of seeking GO was changed. 

Some faults were selected to search for GO, with the result that something that looked like GO 

was found (see Figure 4-3(c) and (d)). Translucent materials can be seen on the fault, but one 

could not be totally confident that it was GO. More research was needed. 
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Figure 4-3 SEM showing cracks and GO-like features. 

4.4 Conclusions 

The main conclusions drawn from this research can be summarised as follows: 

1. As evidenced in expansion testing, groups containing various proportions of GO showed 

lower expansion than control samples. This finding indicated the effect of GO to reduce ASR. 

However, the difference was not significantly large. Probable factors included lack of 

workability control and lack of long-term testing for late ages. Further research is necessary to 

improve on these experiments, especially focusing on those two factors. Meanwhile, with the 

use of SEM, micro-structural features were observed such as micro-cracks and different types 
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of ettringite. Evidence of GO in the cracks was not observed unequivocally, and further study 

is necessary. 

2. The mechanical properties of mortar with GO were increased up to 25% for flexural strength. 

The samples containing 0.04% GO clearly showed the highest strength. One of the reasons for 

the improvement is supposed to be the pore structure refined by GO. More research is necessary 

to explain the mechanism by which GO improves mechanical properties. In the future, GO 

mortar has potential to be applied in 3D printing concrete for improved ASR resistance as 

investigated in this study. There may be other improvements in 3D printed concrete using GO 

mortar such as improvements in layer bonding as well as mechanical properties. 
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Chapter 5. Research on MoS2 and WS2: potential 

sensing material for 3D printing technology in 

concrete construction 

5.1 Introduction 

This chapter refers to declarations #2, #6 and #7. 

It was mentioned in Chapter 1 that dimensional changes between layers of 3D printing 

concrete, especially with a second material incorporated, can result in significant durability 

problems in the long term. Differential movements between layers and potential cracks are 

dangerous to concrete structures. Thus, appropriate sensors for such strain changes are 

necessary. Usually, strain gauges are used to measure strain in an object. The gauges are often 

attached to objects by a suitable adhesive. As the objects are deformed, the foil is deformed, 

leading to the electrical resistance to change. By calculation through the gauge factor and the 

electrical resistance change, the strain can be obtained. However, most strain gauges are 

currently made of three-dimensional materials. The four disadvantages of conventional strain 

gauges are low strain level sustainability, limited resolution, slow responsivity and insufficient 

sensitivity. To overcome these drawbacks and provide sensors for the 3D printing technology 

of concrete construction, research has been conducted into semiconducting TMDs, due to their 

superior mechanical and optoelectronic properties. 

The family (Mo,W) (S,Se)2 has recently been intensively studied. First, TMDs undergo 

indirect to direct bandgap transition when thinning down to monolayer (Mak, Lee et al. 2010). 

The direct bandgap gives TMDs strong light absorption and photoluminescence (PL). Second, 

atomically thin TMDs are strongly covalently bonded yet have chemically inert van der Waals 

surfaces. Thus, TMDs are stable in various environments and demonstrate extremely small 
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bending rigidity k and exceptionally high Young’s modulus (Bertolazzi, Brivio et al. 2011, 

Castellanos-Gomez, Poot et al. 2012, Liu, Yan et al. 2014). Third, monolayer TMDs show 

piezoelectricity due to broken inversion symmetry (Wu, Wang et al. 2014, Zhu, Wang et al. 

2015). As a result, monolayer TMDs may have significant potential for flexible optoelectronics 

(Pu, Yomogida et al. 2012, Lee, Yu et al. 2013), piezotronics (Wu, Wang et al. 2014, Zhu, 

Wang et al. 2015), mechanically enhanced nanocomposites (Eksik, Gao et al. 2014) and smart 

materials for strain sensing (Bissett, Tsuji et al. 2014). In these applications, strain is inevitably 

a critical object requiring comprehensive understanding. 

So far, substantial effort has been spent in the study of strain engineering to the band 

structure of TMDs by using bending (Castellanos-Gomez, Roldán et al. 2013, Conley 2013, 

He, Poole et al. 2013, Zhu, Wang et al. 2013, Wang 2015), high-pressure compression (Hui, 

Liu et al. 2013, Chi, Zhao et al. 2014, Nayak, Bhattacharyya et al. 2014, Nayak, Pandey et al. 

2014, Fan, Zhu et al. 2015, Nayak, Yuan et al. 2015, Peña-Álvarez, del Corro et al. 2015, Zhao, 

Zhang et al. 2015, Dou, Ding et al. 2016) and tensile elongation (Liu, Amani et al. 2014). 

Results indicate that strain is an effective way to tune the bandgap from direct to indirect, 

generate the redshifts of trion and exciton peaks, and change the material conductivity from 

semiconducting to metallic (Roldán, Castellanos-Gomez et al. 2015). However, the important 

question of how strain relaxes within TMDs is still open. 

5.2 Experimental program 

In this section, the methodology to address the research purposes is introduced. Generally, the 

main methodology in this project is laboratory experiments. The first is a CVD experiment to 

fabricate high-quality monolayer MoS2 and WS2 samples with large and ultra-smooth surfaces. 

The second is transferring CVD-grown monolayer samples to different substrates for further 

investigation. The third is analysing the CVD-grown samples and the transferred samples by 
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optical and atomic force microscopy (AFM). The fourth is finite element (FE) simulation by 

ABAQUS. 

5.2.1 CVD technique for fabrication of monolayer MoS2 and WS2 

In this project, a novel CVD method instead of mechanical exfoliation is applied to fabricate 

monolayer MoS2 and WS2 crystals. The governing reactions for MoS2 are shown as follows, 

but that of WS2 is much more complex and is not displayed here. 

𝑆(𝑝𝑜𝑤𝑑𝑒𝑟)
∆
→ 𝑆(𝑣𝑎𝑝𝑜𝑟) 

Mo𝑆2(𝑝𝑜𝑤𝑑𝑒𝑟) + 𝑆(𝑣𝑎𝑝𝑜𝑟)
ℎ𝑖𝑔ℎ 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 
→              𝑀𝑜𝑆3 (𝑣𝑎𝑝𝑜𝑟) 

𝑀𝑜𝑆3 (𝑣𝑎𝑝𝑜𝑟)
𝑐𝑜𝑜𝑙 𝑑𝑜𝑤𝑛
→       𝑆(𝑣𝑎𝑝𝑜𝑟) + 𝑀𝑜𝑆2(𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) 

The groups of reactant are reacted in a CVD instrument, and Figure 5-1 provides a 

schematic representation of the experimental instrument and reactant. 

 

Figure 5-1 Schematic representation of the experimental instrument and reactants: a) MoS2 and b) 

WS2 (Zhang, Chang et al. 2016). 
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To fabricate monolayer MoS2 and WS2 crystals of high quality, the parameters of 

temperature, gas flow rate, heating rate, cooling rate and precursor powders should be 

optimised. To grow MoS2, sulphur powder is heated to around 220℃ for 30 min to produce 

sulphur vapour into the furnace. The temperature in the CVD furnace is gradually increased to 

around 950℃ over 30 min. The reaction is protected by argon gas (60 sccm). At temperatures 

above 800℃, sulphur vapour reacts with MoS2 powder to form MoS2, which is volatile and 

forms MoS2 vapour. After reaching the maximum target temperature, the furnace is rapidly 

cooled, to deposit MoS2 flakes on sapphire substrates next to the MoS2 powder on the quartz 

crucible. The reaction mechanism for growing WS2 is similar, with some differences of 

precursor powder (WO3), temperature and flow-rate control. The maximum temperature for 

WS2 deposition is around 830℃, and the gas is substituted by a combination of argon and 

hydrogen with a tube-shaped flow controller. 

5.2.2 Wet-chemical transfer technique 

Wet-chemical transfer is versatile and suitable for transferring MoS2 and WS2 crystals onto 

different types of substrate including curved surfaces, silicate and polymer. The technique is 

based on the water wetting effect: water wets hydrophilic surfaces and avoids hydrophobic 

ones. Generally the wet-chemical transfer method has been used to prepare polymer-coated 

transmission electron microscopy grids before (Schneider, Calado et al. 2010). 

In this project, MoS2 and WS2 flakes were transferred onto other substrates by the eight 

steps shown in Figure 5-2: (a) Spin coat PMMA film (hydrophobic) onto a sample by a spinner; 

(b) Make 3 Mol/L KOH solution; (c) Soak the sample in KOH solution at 100 °C for 2 hours; 

(d) Separate PMMA film with the help of the surface tension of water; (e) Soak PMMA film 
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in DI water for 1 hour; (f) Fish out PMMA film upwards onto a new substrate; (g) Bake the 

transferred sample for 10 to 15 mins; (h) Observe the transferred sample by optical microscope. 

. 

Figure 5-2 Eight steps for wet-chemical transfer technique. 

5.2.3 Optical and AFM measurements 

Raman/PL measurements were performed using a confocal microscope system (WITec alpha 

300R) with a 50× objective lens. A 532 nm laser was used to excite samples placed on the 

loading frame. The spectra were collected using a 600-line mm−1 grating. To avoid sample 

damage, 50 μW laser power and 1 s integration time were applied during PL and Raman 

mapping. The PL intensity images were obtained by summing the PL intensity from 590 to 660 

nm. The PL peaks of natural and charged excitons were estimated from Lorentzian fitting. The 

AFM measurement was carried out on a Bruker Dimension Icon in tapping mode. 

5.2.4 FE simulation 

The FE simulation of monolayer WS2/PDMS model under tension was performed by 

ABAQUS (version 6.12). The model with WS2 thickness of 20 μm consisted of 30,315 nodes 

and 27,709 elements and the model with WS2 size of 5 μm consisted of 19,135 nodes and 
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17,107 elements. Perfect bonding was assumed at the interface between monolayer WS2 and 

underlying polydimethylsiloxane (PDMS) in the model. Appropriate boundary conditions were 

applied along the edges of the specimen to simulate a uniaxial tensile test. The material 

properties of Young’s modulus and Poisson’s ratio adopted in the simulation were 350 kPa and 

0.5 for PDMS, and 300 GPa and 0.3 for WS2. 

5.3 Results and discussion 

5.3.1 Chemical vapour deposition (CVD) fabrication 

CVD was applied to grow high-quality WS2 crystals on atomically flat Al2O3 (0001) using 

WO3 and S powders as the precursors; see Figure 5-3 and the Experimental section. In brief, 

the powders were located into the middle (WO3) and upstream (S) of a 25 mm quartz tube and 

heated by furnace and heating tape to 800 and 200 °C in 0.5 h, respectively. Monolayer WS2 

was grown on sapphire substrates by maintaining the temperatures for 0.25 h. Figure 5-3(a), 

(b) and (c) shows the optical image and AFM topography of a representative grown WS2 crystal 

on sapphire. The zoomed-in AFM image shown in Figure 5-3(c) indicates the atomic flatness 

of WS2 crystals grown on the terraces of sapphire (0001). The edges of the triangular WS2 

crystal are raised in height due to water intercalation into the interface between the WS2 and 

the hydrophilic sapphire substrate (Zheng, Xu et al. 2015). Scanning PL images taken under 

532 nm excitation indicate uniform PL and Raman signals across the WS2 crystal except for 

extraordinary PL intensity at the edges; see Figure 5-3(d), (e), and (f). It is inferred that the 

extraordinary PL intensity at the edges is related to the intercalated water based on the AFM 

image (Zheng, Xu et al. 2015). It should be noted that the uniform PL peak energy image shown 

in Figure 5-3(f) was obtained using single peak Lorentzian fitting to the mapped PL spectra. 
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Figure 5-3 (a) Optical image of a WS2 crystal grown on sapphire. (b) AFM height image of the WS2 

crystal on sapphire. (c) Height image of the square region shown in (b). (d-f) Integrated Raman 

intensity, integrated PL intensity and PL peak position mapping of the WS2 crystal on sapphire. (g) 

PL spectrum of WS2 on sapphire. Black circles are experimental data; blue line is a fit to the sum of 

two Lorentzians (red and green lines). (h) Raman spectrum of WS2 on sapphire. Scale bar: 5 μm in 

(a,b) and (d-f); 2 μm in (c) (Zhang, Chang et al. 2016). 

Figure 5-3(g) shows the PL spectrum of the WS2 crystal on the sapphire growth 

substrate. A fit of the spectrum (blue line) indicates two Lorentzian peaks identified as due to 

the trion (X–, 1.972 eV, green line) and exciton (X0, 1.991 eV, red line) with 19 MeV 

difference. The peak intensity ratio of exciton to trion is ≈2.0, close to WS2 or MoS2 on SiO2/Si 

with 10 V gate voltage, which is at negative doping (Mak, He et al. 2013, Zhu, Chen et al. 

2015). It is therefore deduced that the trion binding energy should be ≤19 MeV since the 

energy difference between X- and X0 increases as the negative doping increases (Chernikov, 
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Van Der Zande et al. 2015, Zhu, Chen et al. 2015). The energies of trion binding as well as the 

X- and X0 peak energies are much smaller than those observed for WS2 on SiO2/Si (Zhu, Chen 

et al. 2015), possibly due to the larger dielectric constant of Al2O3. Owing to the weak laser 

power (50 μW) of 532 nm excitation, the Raman spectrum taken from the WS2 crystal only 

indicates the E′peak without showing the A’1 peak; see Figure 5-3(h). 

5.3.2 Wet-chemical transfer technique 

For the purpose of strain measurement, CVD-grown WS2 crystals were transferred to PDMS 

substrates by the poly (methyl methacrylate) (PMMA)-assisted wet transfer method (see the 

Experimental Program section and Figure 5-4). Figure 5-4(a), (b), and (c) show the optical 

image and AFM topography mapping of the same WS2 crystal as presented in Figure 5-4, after 

being transferred on PDMS. The flake is rotated due to the transfer process. It can be seen that 

the transferred crystal remains intact and clean except for serration of the edges and the 

appearance of a few wrinkles; see the zoomed-in topography image in Figure 5-5(c). The bulk 

of the crystal is unaffected by the transfer process. The serration of the edges points to defects 

along the edges as active locations for potassium hydroxide (KOH) etching of the WS2 crystal, 

while no KOH etching is observed on the main body of the WS2 crystal, indicating a lack of 

substantial defects. It should be noted that the extraordinary PL intensity around the edges of 

WS2 disappears after being transferred to PDMS; see Figure 5-4(e). The disappearance is likely 

caused by the combination of KOH etching to the edge and the inability of water intercalation 

in the space between WS2 and hydrophobic PDMS (Zheng, Xu et al. 2015). Also, the PL 

intensity decreases from edge to centre after being transferred. This feature has been observed 

on intact CVD-grown WS2 as well as due to the chemical heterogeneity (Kim, Yun et al. 2016, 

Liu, Lu et al. 2016). It is therefore believed that the crystals transferred here remain high in 

quality, comparable to those before being transferred. In particular, the uniform Raman (Figure 
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5-4(d)) and PL peak position signal (Figure 5-4(f)) across the crystal confirm the quality of the 

transferred crystals without substantial defects such as cracks and holes. 

 

Figure 5-4 Schematic illustration of WS2 crystals transferred by a PMMA-assisted wet-chemical 

method on PDMS substrate (Zhang, Chang et al. 2016). 
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Figure 5-5 a) Optical image of a WS2 crystal transferred on PDMS substrate. b) AFM height image of 

the WS2 crystal on PDMS. c) Height image of the square region shown in (b). d–f) Integrated Raman 

intensity, integrated PL intensity and PL peak position mapping of the WS2 crystal on PDMS.g) PL 

spectrum of WS2 on PDMS without strain. Black circles are experimental data; blue line is a fit to the 

sum of two Lorentzians (red and green lines). h) Raman spectrum of WS2 on PDMS without strain. i) 

Schematic of tensile stress loading frame. Scale bar: 5 μm in (a) and (b) and (d)–(f); 1 μm in (c) 

(Zhang, Chang et al. 2016). 

Figure 5-5 (g) shows a PL spectrum of the transferred crystal at zero strain (ε = 0, black 

circle). By Lorentzian fitting, the PL spectrum is composed of trion X- (green) and exciton X0 

(red) emissions at 1.983 and 2.022 eV, respectively, with ≈40 MeV difference. The peak 

positions and difference are shifted somewhat relative to the unstrained crystal on sapphire, 

again possibly due to change in the dielectric environment. The dominance of the X0 peak, of 
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which the peak intensity is approximately seven times higher than that of X-, indicates that 

PDMS is a clean substrate contributing little doping (Buscema, Steele et al. 2014). The clean 

substrate is desirable to maintain strong light–matter interaction and achieve a sharp PL peak 

for sensitive applications, since high doping weakens the PL intensity and broadens the peak 

width (Mak, He et al. 2013, Buscema, Steele et al. 2014, Zhu, Chen et al. 2015). Figure 5-4(i) 

shows the schematic of the strain measurement setup. The WS2/PDMS substrate can be 

strongly attached to the homemade loading frame after oxygen plasma treatment to the contact 

surface of PDMS. The loading frame is designed to fit into the commercial Raman microscope 

(WITec, Alpha300 R) for in-situ optical spectrum measurement of strained crystals. 

5.3.3 Strain relaxation of WS2 on PDMS substrate by Raman and PL and 

FE simulation 

These experiments indicated that the WS2 crystals undergo linear redshifts of X0 and X- peaks 

in PL and the E′peak in Raman, when the uniaxial tensile strain of PDMS substrate is 

increased from 0 to 0.16. However, strain relaxation of WS2 was observed in the formation of 

wrinkles and cracks (in large crystals) when the substrate strain was further increased from 

0.16 to 0.32. More interestingly, the wrinkle patterns were found to depend on the crystal 

orientation relative to the tensile strain direction. While the wrinkles were distributed uniformly 

across the triangular WS2 crystal with an edge parallel to the tensile direction, localised 

wrinkles within the crystal were formed with an edge perpendicular to the tensile direction. 

These observations were explained by the FE simulations indicating that the pattern of 

wrinkling reflected the pattern of strain distribution within each crystal, see Figure 5-6. These 

results indicated that for 2D TMD materials to be employed in the stretchable electronics field, 

the linear relationship between optical spectral shift to tensile strain only applied when tensile 

strains were small. Beyond a critical strain value, a new relationship must be established for 
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correct strain indication, taking wrinkle formation into consideration. Also, triangular TMD 

crystals with one edge oriented parallel to the tensile strain direction were preferable for 

straintronics due to more uniform strain distribution. These results will help understanding of 

the mechanical properties of TMD crystals and shed light on the design of high-quality 

straintronics and flexible electronics. 

 

Figure 5-6 Finite element (FE) simulation of WS2 under tensile strain. a,b) FE model of WS2/PDMS 

sample under tensile strain corresponding to thecase in Figure 4a. c,d) Snapshots of FE simulation 

results of WS2 under the substrate strain at 0.1 and 0.5. e,f) FE model of WS2/PDMS sample 

undertensile strain corresponding to the case in Figure 4b,c. g,h) Snapshots of FE simulation results 

of WS2 under substrate strain at 0.1 and 0.5(Zhang, Chang et al. 2016).. 

5.4 Conclusions 

TMDs such as MoS2 and WS2 have the potential to be made into new generation strain gauges 

due to their superior mechanical and optoelectronic properties. This can lead to the 

development of a sensing technique for 3D printing technology of concrete construction. For 

example, such TMDs could be embedded into 3D printed mortar layers to monitor dimensional 

changes by strain. In this study, the fabrication, transfer methods and some strain behaviours 

were investigated, and the corresponding conclusions were drawn as follows. 
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1. The CVD method proved to be a strong candidate for the fabrication of thin-layer MoS2 and 

WS2 flakes with smooth surface in large quantity. 

2. The wet transfer method was successfully used to transfer fabricated MoS2 and WS2 from 

sapphire to other substrates such as PDMS. 

3. PL and Raman results indicated linear tensile strain by elongating the PDMS substrate on 

which the transferred WS2 crystals sat, when the uniaxial tensile strain of PDMS substrate was 

increased from 0 to 0.16. However, with the tensile strain increased from 0.16 to 0.32, strain 

relaxation of WS2 occurred. Moreover, triangular TMD crystals with one edge oriented parallel 

to the tensile strain direction were preferable for straintronics due to more uniform strain 

distribution. The situation was confirmed by FE simulation. 
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Chapter 6. Conclusions and recommendations 

3D printing has become an alternative to replace the traditional concrete construction industry 

by virtue of its specific advantages such as high automation, cost-effectiveness, time-efficiency, 

and ease in customising structures. However, there are still some bottlenecks facing this 

technology on concrete, with regard to mechanical properties, reinforcements, curing 

conditions, durability, interlayer bonding, the relationships among hardening time, pumpability 

and extrudability, and applicability (Xu, Chen et al. 2016). Among these, poor interlayer 

bonding is a typical obstacle currently limiting the development of 3D printing technology on 

concrete construction. In this thesis, research into enhancement approaches to bonding between 

3D printed layered mortars was performed. Next, ASR was investigated, since the potential 

dimensional change caused by a high content of ASR reactive aggregate in 3D printing mortar 

is believed to result in marked deterioration in the long term. Thirdly, emphasis was placed on 

the sensing method for dimensional change between 3D printed layered mortars, especially 

with the incorporation of epoxy or other adhesive. TMDs such as MoS2 and WS2 have potential 

as candidates for addressing problems such as strain gauge. Studies of fabrication, transfer and 

mechanical testing of the materials was conducted. 

In this chapter, conclusions and recommendations are drawn. The key findings are 

summarised from the previous chapters, on which basis recommendations are put forward 

corresponding to each chapter. 

6.1 Key research findings 

1. Epoxy adhesive helps improve interlayer bonding, with the specific curing condition 

by epoxy being 150% over 28 days. This finding indicates the effectiveness of epoxy 

in enhancing the interlayer bonding strength of 3D printed mortar. SEM 
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characterisation explains the reason in the physical aspect, as interlocking between 

epoxy and CSH is found. Moreover, chemical bonds between layers are also found by 

MD simulation, which is strong evidence for the significant strength improvement. A 

new BCS polymer was investigated by MD simulation, and proved to be effective. 

2. Incorporating PVA fibres into the abovementioned system further improves interlayer 

bonding strength. With 3 vol.% PVA fibres, specimens showed a 21% increase 

compared with those without PVA fibres. It reaches 52.4% of control of integrated 

mortar. This finding indicates that the approach has potential for application in concrete 

construction. SEM characterisation explains the additional improvement in the physical 

aspect by a bridging mechanism formed of PVA fibres between epoxy and mortar. 

3. Curing temperature for epoxy influences the interlayer bonding strength. Curing 

temperature affects not only epoxy strength itself, but also the interface between epoxy 

and mortar. For both approaches, 40 degrees is recommended as the optimised curing 

temperature. Between curing temperatures 30 and 60 degrees, the second approach 

showed better performance. 

4. Printing interval time affects the interlayer bonding strength as well. For the long term, 

30 minutes printing interval time is recommended with highest tensile strength for both 

groups with epoxy and epoxy with PVA fibres. The reason why 15 minutes time delay 

shows lower strength is supposed to be attributed to bleeding water. Thus, the 

water/binder ratio can influence the final interlayer bonding strength. 

5. Based on the expansion test, groups containing various proportions of GO show less 

expansion compared to control samples. This finding indicates the effect of GO on 

reducing ASR. However, the difference is not significantly large. Likely factors include 

lack of workability control and lack of long-term testing for late ages. Further research 

is necessary to extend the experiments, especially based on these two factors. 
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6. The CVD method proves to be an excellent candidate for fabricating large quantities of 

thin-layer MoS2 and WS2 flakes with smooth surfaces. The wet transfer method was 

successfully used to transfer fabricated MoS2 and WS2 from sapphire to other substrates 

such as PDMS. PL and Raman results indicated linear tensile strain by elongating the 

PDMS substrate on which the transferred WS2 crystals sat, when the uniaxial tensile 

strain of the PDMS substrate was increased from 0 to 0.16. However, when the tensile 

strain was increased from 0.16 to 0.32, strain relaxation of WS2 occurred. Moreover, 

triangular TMD crystals with one edge oriented parallel to the tensile strain direction 

are preferred for straintronics due to their more uniform strain distribution. This 

situation was confirmed by FE simulation. 

6.2 Recommended approaches and parameters 

Based on this research master’s study, recommendations are made in this section. First, the 

approach of using epoxy adhesive to enhance interlayer bonding of 3D printed mortar is shown 

in Table 6-1 with parameters. Additionally, the approach of using epoxy and PVA fibres to the 

bond is recommended in Table 6-2 with parameters. For both these recommendations, it is 

suggested that researchers refer to them and optimise the parameters based on their research 

objectives. 
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Table 6-1 Parameters of the approach using epoxy adhesive to enhance interlayer bonding of 3D 

printed mortar 

Type of cement GP cement conforming to AS 3972 

Type of water reducer Sika ViscoCrete-2100 

Type of epoxy Araldite 2000+ 

Water to cement mass ratio 0.3 

Sand to cement mass ratio 1.5 

Water reducer to cement mass ratio 0.3% 

Epoxy Part A to Part B mass ratio 1.25 

Printing interval time 30 mins 

Epoxy curing temperature 40 centidegrees 

Epoxy curing time 10 hours 

 

Table 6-2 Parameters of the approach using epoxy and PVA fibres to enhance interlayer bonding of 

3D printed mortar 

Type of cement GP cement conforming to AS 3972 

Type of water reducer Sika ViscoCrete-2100 

Type of epoxy Araldite 2000+ 

Type of fibre PVA fibre 

Diameter of fibre 0.1 mm 

Length of fibre 13 mm 

Water to cement mass ratio 0.3 

Sand to cement mass ratio 1.5 

Water reducer to cement mass ratio 0.3% 

Epoxy Part A to Part B mass ratio 1.25 

Fibre to epoxy volume ratio 3% 

Printing interval time 30 mins 

Epoxy curing temperature 40 centidegrees 

Epoxy curing time 10 hours 
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For studies using GO to reduce ASR, the optimal fraction of GO is 0.04% of cement as 

recommended. However, because the improvement was not as significant as expected, 

researchers should repeat and modify such experiments in future. 

For the study of TMDs, the CVD method is recommended. To grow MoS2, sulphur 

powder is heated to around 220℃ in 30 min to transmit sulphur vapour into the CVD furnace. 

In the CVD furnace, the temperature is gradually increased to around 950℃ over 30 min. The 

reaction is protected by argon gas (60 sccm). At temperatures above 800℃, sulphur vapour 

reacts with MoS2 powder to form MoS3 which is volatile and forms MoS3 vapour. After 

reaching the maximum target temperature, the furnace is rapidly cooled to deposit MoS2 flakes 

on sapphire substrates next to the MoS2 powder on a quartz crucible. For WS2, the reaction 

mechanism is similar with some differences in the precursor powder (WO3), temperature and 

flow-rate control. The maximum temperature for WS2 deposition is around 830℃, and the gas 

is substituted by the combination of argon and hydrogen with a tube-shaped flow controller. In 

future, based on the current findings, there is high incentive for investigation of TMDs as 

candidates for sensing material. This would help solve some of the problems in 3D printing 

technology on concrete, especially sensing aspects. 

6.3 Future research 

Due to time limitation of the master’s study, the study is not comprehensive enough to provide 

application perspective. In the future, there are still some relating works based on this study 

can be investigated. 

1. It has been shown that epoxy can be one approach to improving interlayer bonding strength 

of 3D printed mortar. In this study, the epoxy has been used for study is Aradite 2000+. More 
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types of epoxy are necessary to be investigated to see whether they have similar properties, and 

to find the best resolution. 

2. PVA fibres have been proved to be effective to improve interlayer bonding of epoxy 

modified 3D printed mortar. However, the dosage and parameters of the fibres have not been 

specified. In the future, researchers need to do more research on the parameters and even types 

of fibres to modify this approach. 

3. About the study to use GO to improve ASR in 3D printing concrete, experiment data is 

limited. Future researchers need to do more experiments, and simulations if applicable.  
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