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Abstract 4 

Material design of alkali activated fly ash-based binders for extrusion-based 3D printing, the rheological 5 

responses that are influential in ensuring printability, and the properties of such binders are discussed in 6 

this paper. Fly ash is supplemented with fine limestone, slag, or portland cement to provide adequate 7 

microstructural packing required for printability. The alkaline activators help reduce the yield stress and 8 

enhance the cohesiveness of the mixtures. Based on the measured shear yield stress at different times 9 

and concurrent printing of a filament, the printability window and yield stress bounds for printability, 10 

applicable for the chosen printing parameters, are established. This approach could be used for mixture 11 

qualification for extrusion-based printing. The Benbow-Bridgwater model is implemented on extrusion 12 

rheology results of pastes to determine the extrusion yield stress and wall slip shear stress, which are 13 

useful process-related parameters. It is shown that these parameters can also be related to shear and 14 

extensional rheological properties of alkali-activated pastes, thus ensuring a much-needed link between 15 

parameters related to material design and the process of extrusion. Mechanical properties and pore 16 

structure similar to those of conventionally cast mixtures are achieved.  17 
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1. Introduction 25 

3D printing (or additive manufacturing) enables fabrication of complex and multi-scale structures through 26 

computer-aided design [1,2]. This technology has been successfully applied in aerospace, automotive, and 27 

biomedical fields [3–5]. 3D printing of cementitious materials where structures are created by layer-wise 28 

construction enables acceleration of the construction process, helps build complex architectural shapes 29 

that otherwise are difficult to realize, and facilitates labor and energy reductions [6–10]. 3D printing also 30 

enables special components to be fabricated. As an example, low cost syntactic foams (hollow particles 31 

filled composite materials) were recently created by 3D printing technique as reported in [11,12]. The 32 

commonly used 3D printing technique for concrete is material extrusion and layered printing [8,13–15], 33 

even though direct ink writing and powder-based printing have also been attempted [16–19]. These mixes 34 

are designed to flow through a barrel-die system and have enough structural stability when stacked in 35 

layers to print a stable structure. In extrusion-based printing, the rheological characteristics of the 36 

mixtures play a crucial role, and thus several studies have explored the influence of paste rheology in 3D 37 

printing of cementitious materials [19–23]. In addition to rheological properties, setting time and 38 

mechanical properties of the printed elements are also of interest [24,25], as is the case with any 39 

construction material. 40 

A large number of ongoing studies on 3D printing of cementitious materials focus on the use of binders 41 

based on ordinary portland cement (OPC), as expected [9,26,27]. Significant advances in the field of 42 

mineral and chemical admixtures have aided in the production of OPC-based 3D printed materials whose 43 

rheology and early-age response can be tailored. The use of geopolymer binders, which has been widely 44 

recognized as a sustainable option to reduce the carbon footprint of concrete, for 3D printing has also 45 

been reported [28–32]. It is conceivable that such sustainable binders can be utilized in mass construction, 46 

especially in areas where waste/by-product materials like fly ash are abundant. 3D printing of low strength 47 

geopolymer binders can also be employed in disaster rehabilitation where temporary structures are 48 

needed. This paper examines the aspects that are relevant in the material design of fly ash-based alkali 49 

activated binders for 3D printing. Special focus is given to: (i) the use of minor ingredients including fine 50 

limestone powder that contributes to improved microstructural packing that provides the network 51 

strength in the fresh state to be extruded and layered in a shape-stable manner, and (ii) the influence of 52 

alkaline activators on the rotational, extensional, and extrusion rheology of pastes. These studies 53 

elucidate the relevant characteristics of the fresh pastes that are influential in printability. Extrusion 54 

rheology experiments combined with phenomenological modeling is used to obtain the linkage between 55 
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the material design and process-related parameters, thereby enabling better strategies to produce 56 

sustainable, alkali-activated 3D printable binder systems. 57 

2. Experimental Program 58 

2.1 Source Materials and Activators 59 

The primary source material utilized in this study was class F fly ash conforming to ASTM C 618. Based on 60 

our previous work [20] and several trial mixtures, it was observed that other minor ingredients are 61 

required to ensure extrudability and buildability (together termed as printability). Moreover, materials 62 

such as slag and ordinary portland cement (OPC), when incorporated into alkali activated fly ash-based 63 

systems, improves the setting time and the mechanical properties of the binder. Table 1 lists the binder 64 

components utilized in this study, along with their chemical composition. Figure 1 shows the particle size 65 

distributions (PSDs) of the source materials used. Sodium hydroxide (NaOH), sodium silicate solution 66 

(waterglass), or sodium sulfate (Na2SO4) were used as the activating agents in this study. NaOH was used 67 

as the sole activator, or in combination with sodium silicate or sodium sulfate to provide requisite 68 

alkalinity to enable aluminosilicate dissolution and precipitation. Waterglass supplied by PQ Corporation 69 

has a solids content of 36%, a silica modulus (molar ratio of SiO2-to-Na2O) (Ms) of 3.3, and specific gravity 70 

of 1.38 g/cm3. The sodium hydroxide and sodium sulfate powders were determined to have specific 71 

gravities of 2.13 and 2.66 g/cm3 respectively. 72 

Table 1: Chemical composition of the source materials 

Components of the 
binders 

Chemical composition (% by mass) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOI 

Fly ash (F) 58.40 23.80 4.19 7.32 1.11 3.04 2.13 

Slag (S) 36.0 10.5 0.67 39.8 7.93 2.10 3.01 

OPC (C) 19.60 4.09 3.39 63.21 3.37 3.17 2.54 

Limestone (L) CaCO3 > 99% 

Alumina powder (A) AL2O3> 99% 

 73 
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 74 

Figure 1: Particle size distributions (PSD) of the paste constituents. 75 

2.2 Printer and Print Geometries 76 

A desktop printer based on Cartesian configuration [33] was customized with a 100 cm3 barrel to print the 77 

alkali activated paste mixtures. The diameter of the barrel (Db) used for paste printing was 35 mm. Two 78 

different die exit diameters were adopted in this study (4 mm and 6 mm) with lengths of 35 mm and 20 79 

mm respectively to maintain the die length-to-diameter ratios (Ld/Dd) of 9 and 3.33. The die entry 80 

diameter was 10 mm. The inner surface of barrel was lubricated to reduce the wall friction and ensure 81 

smooth and easy motion of the piston. Several shapes were printed to investigate and visually inspect the 82 

printability of mixtures. Slic3r software [34] was used to adjust the printing parameters including printing 83 

speed, layer width and height, and infill volume and pattern. The printing parameters used in this study 84 

are: layer height of 3mm, layer width of 6 mm, and printing speed of 20 mm/s. 85 

2.3 Material Design for Printability: Multi-Component Binders and Activators 86 

The printability criteria employed in this study were: (i) the ease of extrusion through a tapered nozzle 87 

(extrudability), and (ii) the stability of the layered printed shape (buildability). These criteria, together 88 

termed as printability, were visually ascertained in the preliminary phase of the study to select a matrix 89 

of alkali-activated fly ash-based mixtures for 3D printing.  The extrudability and buildability of the selected 90 

mixtures are quantified later. Note that these are also dependent on printing parameters including nozzle 91 

shape and printing speed. The material design procedure started with class F fly ash as the sole binder, 92 

activated by a 5% NaOH solution. Mixtures were prepared using a mass-based liquid-to-binder ratio (l/b) 93 
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starting from 0.20, at 0.01 increments. Mixtures developed using the lower end of this l/b range were very 94 

stiff and difficult to extrude. A l/b of 0.25 was found to result in a cohesive, extrudable paste (control 95 

mixture); however, this mixture was not buildable, as shown in Figure 2(a). This response is similar to that 96 

observed for plain OPC and OPC-fly ash pastes reported in [20], which were also not buildable. The 97 

buildability of the cement pastes, for a given set of printing parameters, is a strong function of the initial 98 

yield stress of the paste, which depends on the number and quality of interparticle contacts. This in turn, 99 

is a function of the particle sizes, arrangement of the particles (including effects of flocculation), and the 100 

type of interparticle forces [35]. However, flocculation and its effects are not discussed in this paper. The 101 

use of fly ash (d50 of ~18 µm) alone as the binder is likely to result in an insufficient number of interparticle 102 

contacts to provide sufficient yield stress to the paste. Thus, fine limestone (d50 of 1.5 µm) was used as a 103 

filler material [36], replacing 15% of fly ash by mass, to enhance the number of interparticle contacts in a 104 

given volume and give better fresh state rigidity to the system to resist the overburden pressure without 105 

instability. The printability was substantially improved through this minor compositional change, as shown 106 

in Figure 2(b). The l/b was increased to 0.27 to ensure extrudability, attributable to the presence of fine 107 

limestone particles. 108 

 109 

Figure 2: Hollow cube geometry printed using fly ash-based binders activated using 5% NaOH: (a) 100% 110 
class F fly ash paste (l/b=0.25), showing shape instability, and (b) improvement in printability and 111 

buildability when 15% fine limestone is incorporated into the paste (l/b=0.27). 112 

Next, the activator concentration was increased from 5% to 10% NaOH. With a 10% NaOH content in the 113 

activator solution, an extrudable mixture containing fly ash alone was obtained with a l/b of 0.20 (as 114 

compared to a l/b of 0.25 for 5% NaOH activation). The increase in activator viscosity with increase in 115 

NaOH concentration  enhances the cohesiveness of the mixture [37]. The combined effects of: (i) reduced 116 

interparticle spacing at a lower l/b, (ii) increased activator viscosity, and (iii) greater negative surface 117 

charges on fly ash particles at higher NaOH concentrations that result in increased interparticle repulsion 118 

[37] enable the production of an extrudable mixture as shown in Figure 3(a) and (b), at a l/b of 0.20. 119 

However, the mixture was too cohesive, to the extent of being very “sticky”, that resulted in layer 120 

 
(a) (b)
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deformation at corners during the printing process (as the print head drags already laid material), as can 121 

be noticed in these figures. To compensate for this effect, the l/b was increased to 0.24, along with the 122 

replacement of 15% of fly ash with fine limestone powder. Figure 3(c) shows that, while the mixture 123 

consistency and water retention was improved (note the shine in Figure 3(a) and (b), which is due to water 124 

draining from the paste, while Figure 3(c) shows improved water retention due to limestone addition), 125 

the print quality was still inconsistent. Minor compositional changes could account for these effects, but 126 

in order to create a more diverse composition, the limestone content was increased to 30%, and the l/b 127 

to 0.27, to result in a satisfactorily extrudable and buildable mixture as shown in Figure 3(d). Note that 128 

the l/b is same for the selected mixtures with 15% and 30% limestone powder (Figure2(b) and 3(d)). It has 129 

been suggested that higher hydroxide contents in particulate suspensions might have an effect similar to 130 

that of superplasticizers [37]. 131 

132 
Figure 3: Hollow cube geometry printed using fly ash-based binders activated using 10% NaOH: (a and b) 133 

100% Class F fly ash paste (l/b=0.20) showing layer deformation, (c) binder with 15% limestone 134 
(l/b=0.24), showing shape instability, and (d) binder with 30% limestone (l/b=0.27) showing satisfactory 135 

printability and buildability. 136 

In addition to the binary fly ash – limestone systems discussed earlier, slag or OPC were also used as 137 

components of the activated binders to develop ternary blend systems. In such cases, the fly ash content 138 

was fixed at 50% (mass-based). The fly ash – OPC – limestone system was activated by a combination of 139 

sodium sulfate and NaOH so as to reduce the overall alkalinity of the activator and ensure easier handling. 140 

It has been shown that Na2SO4 (a neutral salt) activation of high volume fly ash mixtures result in 28-day 141 

compressive strengths of ~30 MPa when cured at ambient temperatures [38]. The addition of 1% NaOH 142 

enhanced the cohesiveness of this system. The fly ash – slag – limestone system was activated using NaOH 143 

or a combination of NaOH and sodium silicate to provide a Na2O-to-powder ratio (n) of 0.05 and SiO2-to-144 

Na2O ratio of the activator (Ms) of 0.50. In the latter system, 1% Al powder was used to delay the setting 145 

time of the mixture. The chosen mixtures were mixed at 200 rpm for 30 seconds, followed by 1200 rpm 146 

for 90 seconds to obtain a homogenous mixture. Table 2 lists the selected binders used for further studies. 147 

Note that the letter (F, L etc.) corresponds to the ingredients (see Table 1), and the number in the subscript 148 

refers to the mass fraction of the ingredient in the starting binder blend. The median particle sizes of 149 

 

(a) (b) (c) (d)
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blends are also listed in the table to indicate how the use of minor ingredients change d50 of the composite 150 

mixture. This is significant since yield stress is known to be well related to the square of d50 [20,35].  151 

Table 2: Binder proportions and the median particle sizes (d50) for the final printable mixtures 

Mixture 
ID 

FFA 
(%) 

Slag 
(%) 

OPC 
(%) 

LS 
(%) 

Al 
powder 

(%) 

Alkali activator 
(%) Liquid/powder 

ratio 
d50 

(µm) NaOH 
(%) 

Na2SO4 

(%) 

F85L15 85   15  5  0.27 15.20 

F70L30 70   30  10  0.27 10.37 

F50C30L20 50  30 20  1 2 0.30 11.32 

F50S30L20 50 30  20  5  0.35 8.79 

F50S30L19A1 50 30  19 1 n=0.05*, Ms=0.5** 0.30 8.71 
*  n= Na2O/total powder (mass based); NaOH is the source of Na2O. 
** Ms= SiO2/Na2O (molar based), Sodium silicate solution is the source of SiO2. 

 

 152 

2.4 Test Methods 153 

2.4.1 Rheological characterization 154 

A mini slump cone with a bottom diameter of 38 mm, top diameter of 19 mm, and a height of 57 mm was 155 

used to determine the shape stability of the printable binders. The paste was loaded in the mini-slump 156 

cone and then slowly lifted to determine the slump value. A dynamic shear rheometer (TA Instruments 157 

AR 2000EX) was used to carry out the rheological studies using a parallel plate geometry to determine the 158 

shear stress (𝜏) of the printable pastes as a function of shear rate (�̇�). The upper and lower plates were 159 

serrated at depths of 1 mm and 0.15 mm respectively to prevent paste slip on the shearing surface. The 160 

bottom plate contained Peltier elements, and was conditioned to a temperature of 25  0.1 °C. The 161 

volume of paste sample was calculated for a plate gap of 2 mm and evenly put on the bottom plate to 162 

avoid an overfilled state while testing. The sequence of steps employed in rotational parallel plate 163 

rheology includes: (i) a stepped ramp up pre-shear phase for approximately 80 s to homogenize the paste, 164 

(ii) a stepped ramp-up, and (iii) a stepped ramp-down, as shown in Figure 4(a) [36,39]. The data was 165 

collected from only the down-ramp phase. Shear stress and shear rate data were extracted using TA 166 

Instruments’ TRIOS software package. The range of the shear rate used in this test were from 5-to-100 s-167 

1, and the Bingham model was used to extract the apparent yield stress from the relationship between 168 

shear stress and shear strain rate.  In addition to shear rheology, the parallel plate test set up was also 169 

used for the tack test. The tack test indicates the adhesive properties and cohesion of the paste mixtures. 170 

These properties are important to ensure that the pastes adhere well to surfaces, which influences the 171 
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interface properties [40]. The paste was placed on the bottom plate and a gap of 2 mm was set between 172 

the plates. A pre-shear phase similar to the one shown in Figure 4(a) was used to homogenize the paste. 173 

The top plate was set to rise at a constant velocity of 10 µm/s until the sample was completely separated 174 

from the plates. The normal force experienced by the top plate was recorded as a function of plate 175 

separation. 176 

A 4.45 kN servo-controlled MTS machine was used to carry out the extrusion rheology studies of alkali 177 

activated printable pastes. The paste sample was filled in the extruder immediately after mixing, ensuring 178 

that no air voids are entrapped in the paste. The plunger was placed inside the barrel in direct contact 179 

with the compacted paste. The assembly was placed in a specially fabricated holder to allow the upper 180 

platen of the test machine to axially compress the plunger. A multi-speed extrusion test with ram 181 

velocities ranging from 150 mm/min to 10 mm/min was used. Figure 4(b) shows the experimental 182 

procedure used for the extrusion rheology tests. The nozzle (die) diameters used for the extrusion test 183 

were 4 mm and 6 mm, and the corresponding nozzle lengths were 35 mm and 20 mm respectively. The 184 

extrusion velocity is calculated from the ram velocity using flow equivalence, given as: 185 

𝐷𝑏
2𝑉𝑟𝑎𝑚 = 𝐷𝑑

2𝑉𝑒𝑥𝑡                                                                                                                                                        (1) 186 

where Vram is the ram velocity and Vext is the extrusion velocity, and Db and Dd are the barrel and die 187 

diameters respectively. 188 

 189 

Figure 4: Experimental procedure used for: (a) parallel plate rheology, (b) extrusion test. 190 

2.4.2 Pore structure and mechanical properties 191 

The setting times of the selected mixtures were determined in accordance with ASTM C 191-18a [41], 192 

with a time gap between each penetration reading of 15 minutes. Mercury intrusion porosimetry (MIP) 193 

(a) (b)
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was used to investigate the porosity and critical pore sizes of the different layers of the printed pastes. 194 

Small samples carefully obtained from different printed layers were placed in the low-pressure chamber 195 

of the porosimeter (Quantachrome Instruments Pore Master). The sample was pressurized with mercury 196 

from an ambient pressure to 345 KPa (60 psi). This is followed by intrusion of mercury in a high-pressure 197 

chamber where the pressure was increased to 414 MPa (60,000 psi). The pore diameter (d) as a function 198 

of the intrusion pressure can be obtained from the Washburn equation as: 199 

𝑑 =
−4 𝜎 𝑐𝑜𝑠𝜃

∆𝑃
                                                                                                                                                             (2) 200 

where ∆𝑃 is the difference in the pressure between successive steps (MPa), 𝜃 is the contact angle 201 

between mercury and the cylindrical pore (130o in this study) [42–44], and ( σ) is the surface tension 202 

between mercury and the pore walls (485 mN/m). 203 

The specific gravities of the paste samples were determined using a gas pycnometer (Ultrapyc 1200e, 204 

Quantachrome Instruments). The compressive strengths of the printed pastes were determined on 205 

printed cubes of 40 mm side length. The flexural strength of the printed pastes was determined using a 206 

three-point-bending test. A displacement rate of 0.5 mm/min was used for the tests [45]. Three replicate 207 

specimens 21 mm x 21 mm x 120 mm in size were tested for each mixture listed in Table 2. 208 

3. Results and Discussions 209 

3.1 Mini-Slump Flow and Initial Setting Times 210 

The workability of the pastes and their setting times are important parameters in the qualification of 3D 211 

printable binders. Sufficiently long initial setting time is necessary to avoid premature stiffening while the 212 

mixture is being extruded and printed. Figure 5(a) shows the mini slump values and Figure 5(b) shows the 213 

needle penetration as a function of time for the selected paste mixtures. It is desirable to have a cohesive 214 

mixture demonstrating minimal slump to obtain a stable print with little or no deformation while 215 

maintaining extrudability. The maximum mini-slump value recorded was less than 9 mm which allowed 216 

consistent extrusion while being able to retain the shape during and after printing. The initial setting time 217 

ranged between 1.5 to 6.0 hours, which is generally attributed to the low reactivity of fly ash at ambient 218 

temperatures. For the mixtures (F85L15) and (F70L30), the setting time of (F70L30) was apparently delayed, 219 

attributable to increased alkaline activator (10% of NaOH) used in this mixture compared to (5% of NaOH) 220 

used in (F85L15). The increased NaOH decreased silica polymerization resulting in delayed setting time as 221 

reported in [46]. For the slag or OPC containing mixtures (F50S30L20, and F50C30L20), the rapid setting was 222 
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attributed to the presence of slag [47] and OPC which helped accelerate the setting time at ambient 223 

temperature. However, the mixture containing slag along with alumina (F50S30L19A1) showed the longest 224 

setting time of approximately 6 hours due to the presence of alumina that delayed the setting time as 225 

proved in literature [48]. The cohesiveness of the mixtures, attained through improved packing of particles 226 

[24,49] (Section 2.3), ensured that the printed shapes were stable. 227 

 228 

Figure 5: (a) Slump values and (b) initial setting times of the printable pastes. 229 

3.2 Rheological Characterization of Fresh Pastes 230 

3.2.1 Yield stress from parallel plate rheology and its relation to printability 231 

The yield stress of the pastes is influenced by the composition of the binders, and the type and amount 232 

of activators. Figure 6(a) shows the effect of mixture composition on the yield stress and plastic viscosity 233 

of the selected binders. The F70L30 mixture shows the lowest yield stress due to the higher amount of 234 

NaOH (10%) which acts like a superplasticizing admixture [37]. The yield stress of the F85L15 mixture is 235 

higher because of the lower water content in this mixture and the lower amount of NaOH. For mixtures 236 

containing 50% of fly ash, the yield stress and plastic viscosity are higher when OPC is present in the 237 

mixture than when slag is present. From the particle size distributions shown in Figure 1, it appears that 238 

OPC has a higher fraction of finer particles (0.5 to 5 m) than slag, which could explain this behavior from 239 

a particle packing point of view. This is consistent with the inverse size dependence on yield stress shown 240 

in several studies (e.g. [50]). It is also conceivable that the surface charges in OPC that influence 241 

flocculation, and the effects of particle shapes might also play a role in this behavior. The yield stresses 242 

vary between 150 Pa and 500 Pa for all the mixtures evaluated, which is very similar to the extrudable and 243 
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printable OPC-based binders evaluated in a companion study [20]. As suggested earlier, this range 244 

depends on the printing parameters also.  245 

It is instructive to understand the influence of the activating agents on the yield stress of suspensions. 246 

Hence the yield stress of the printable binders shown in Figure 6(a) are compared to those obtained when 247 

water is used as the dispersing medium instead of the alkaline solution. The results are shown in Figure 248 

6(b). The decrease in yield stress when alkaline activators are used as dispersing media can be attributed 249 

to the fact that alkaline solutions act in a manner similar to that of superplasticizers [37].  The higher the 250 

alkalinity of the activator, the larger the decrease in yield stress. 251 

 252 

Figure 6: (a) Yield stress and plastic viscosity of the printable binders, and (b) effect of alkali activators on 253 
yield stress of design printable fresh pastes. 254 

Figure 7(a) shows the mini slump test on an extrudable fly ash-water paste at an l/b of 0.25, while Figure 255 

7(b) shows an extrudable fly ash-water-NaOH paste at an l/b of 0.20. It can be seen that, in addition to 256 

decreasing the yield stress (even at a lower l/b ratio), alkaline solutions also resulted in enhanced 257 

cohesiveness of the pastes and better shape retention. 258 

Printability is defined as the ability of a mixture to extrude (extrudability) and maintain the structural 259 

integrity when built in layers (buildability) [51], as explained earlier. Yield stress is an important rheological 260 

parameter that influences printability. It is also well known that slump of a cementitious mixture is related 261 

to its yield stress [52,53]. Thus, the use of mini slump values and the yield stress obtained from rotational 262 

rheology are synergistically considered to arrive at bounds for printability of the paste mixtures. Here, in 263 

addition to the alkali-activated binders considered in this paper, data from a companion work on OPC-264 
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based binders [20] are also used. Figure 8 depicts the yield stress and slump of a range of mixtures 265 

considered, both printable and non-printable. All the considered mixtures were extrudable. A lower mini 266 

slump value and a higher yield stress are generally found to be the requirements for a printable mixture. 267 

 268 

Figure 7: Mini slump of 100% fly ash paste mixed with: (a) only water, and (b) water with 10% of NaOH 269 
showing the effect of alkaline activator on paste slump and its cohesiveness. 270 

 271 

Figure 8: Yield stress vs. slump value of printable and non-printable mixtures 272 
(Data for stable mixes (OPC) labelled in the graph was obtained from our previous study [20]. 273 

The evolution of yield stress with time provides useful indications on the window of printability. For all 274 

the selected mixtures, yield stress was determined using the parallel plate geometry after maintaining the 275 

paste at rest different periods of time, as shown in Figure 9(a). The time interval between two 276 

measurements were determined based on the setting time of the pastes (Figure 9(b)). For the pastes that 277 

set faster (i.e., the 50% fly ash mixtures containing slag or OPC), the yield stress was measured after a rest 278 

period of 30 minutes, while for the other mixtures, the first rest period was 60 minutes. Corresponding to 279 

every time interval of yield stress measurement, a single filament was extruded and printed at different 280 

times after initial mixing. An example is shown in Figure 9(b) for the F85L15 mixture. The yield stress of the 281 

mixture corresponding to the final time beyond which it cannot be extruded and printed is designated as 282 

(a) (b)



13 
 

the upper bound of yield stress. For all the mixtures evaluated here, the yield stress limit of extrudability 283 

and printability was around 700 Pa (limited by the printer’s capacity used in this study). In Figure 9(b), it 284 

is shown that, at 60 minutes (the time of first yield stress measurement for the F85L15 paste), remixing was 285 

done for 30 s before printing the filament again. This is to simulate the homogenization that happens 286 

during the pre-shear phase in the yield stress measurement method. The time from initial mixing to the 287 

time when the yield stress reaches approximately 700 Pa is termed as the printability window. Based on 288 

the above analysis, the F70L30 and F50S30L19A1 mixtures showed the longest printability window (3h) while 289 

the F50S30L20 mixture showed the shortest window (1h). The printability window is found to scale relatively 290 

well with the initial setting time of the pastes, indicating that the setting time could be used as a surrogate 291 

parameter to estimate the printability window. This finding assumes significance since it shows that a 292 

simple test such as the setting time can be a useful indicator of an important process parameter, i.e., 293 

printability window, relating to 3D printing. It is also important to note that this result has been arrived at 294 

based on the few selected mixtures from this study and extensive investigations are needed to ensure 295 

that the relationship is valid over a wide range of mixture compositions. 296 

 297 

Figure 9: (a) Yield stress of printable mixtures with time showing the printability zone, and (b) extruded 298 
filaments of F85L15 mixture as a function of time after mixing. (R: remixing for 30 s after 60 min from 299 

initial mixing time). 300 

3.2.2 Tack test (extensional rheology) 301 

Extensional rheology can be used to quantify the adhesive and cohesive nature of the pastes, which are 302 

influential in 3D printing. Cohesion is defined as the internal strength of the material at rest while 303 

adherence is defined as the tendency of the material to stick to a surface [54]. These properties influence 304 
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the interlayer bonding in layered manufacturing, which plays an important role in the mechanical 305 

properties of the printed components. 306 

Figure 10(a) shows the normal force as a function of plate displacement for the printable alkali-activated 307 

fly ash-based pastes, and Figure 10(b) shows the peak force and the gap displacement corresponding to 308 

the peak load. The adhesive and cohesive properties of the paste can be evaluated by the absolute value 309 

of the peak force and resistance of the paste to elastic failure [55]. An elastic increase in the normal force 310 

until the peak is demonstrated by all the mixtures. The peak load (corresponding to critical gap 311 

displacement) corresponds to the cohesion of the mixture beyond which rupture occurs and force starts 312 

to decay under a combination of viscous effects in adhesion and intrinsic cohesion. A higher peak force is 313 

reported to correspond to a higher adhesive capacity [55]. Figure 10(c) depicts the adhesion energy of the 314 

selected pastes, defined as the area under the force-displacement curve. The energy required to separate 315 

the paste under a normal tensile force is indicative of the influence of material composition on the 316 

bonding capacity, which influences interface properties of the 3D-printed structure.  317 
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 319 

Figure 10: Tack test results showing: (a) absolute normal force as a function of plate displacement, (b) 320 
peak force and corresponding gap displacement for the selected pastes, and (c) adhesion energy of the 321 

design printable pastes. 322 

The average peak forces of the selected pastes were between 6 N and 10 N whereas the total 323 

displacement (at complete separation) ranged between 2 to 9 mm (excluding the initial gap of 2 mm). The 324 

peak forces and the corresponding gap displacements shown in Figure 10(b) indicate that the paste 325 

containing OPC demonstrate the lowest gap displacement at peak force. This is corroborated by the 326 

lowest adhesive energy showed by this paste as shown in Figure 10(c). The lower gap displacement and 327 

the faster force decay after rupture indicates lower cohesive forces in the system containing OPC as 328 

compared to other mixtures evaluated. This can also be attributed to the lower alkalinity of the paste 329 

containing OPC – the higher viscosity of NaOH combined with its higher concentration in the other systems 330 

contributing to increased cohesive stresses in the fresh state.  Further, the paste containing the highest 331 

amount of NaOH (F70L30) showed the highest adhesive energy among the mixture studied, once again 332 

emphasizing the influence of the activating agent characteristics on early age adhesive and cohesive 333 

forces. The adhesion energy of the alkali-activated fly ash-based pastes reported here are 1.2 to 2 times 334 

higher than that of the OPC-based pastes reported in our previous work [20]. While much of this is 335 

attributed to the activator characteristics as mentioned earlier, this has implications in interlayer 336 

properties when a wet-on-wet layer construction scheme is implemented, as is the case with 3D-printed 337 

cementitious structural elements. Also, higher modulus can result in a reduction of inter-layer bond 338 

strength [56] which is related to lower adhesive energy of the mixes. 339 

3.3 Influence of the Extrusion Process on the Rheology of the Printed Material 340 
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The rheological response of fresh binder mixtures was reported in the preceding sections, and criteria 341 

that could be used to infer important characteristics such as printability window, yield stress bounds, and 342 

adhesive characteristics discussed. However, extrusion involves application of pressure on the fluid paste 343 

at a certain velocity, and the rheological characteristics are highly sensitive to pressure and speed of 344 

extrusion. Analytical models and numerical models to evaluate the behavior of a yield stress fluid under 345 

pressure have been reported [57–61]. However, for ease of analysis and interpretation, we carry out 346 

extrusion rheology and implement a phenomenological Benbow-Bridgwater model [61] to analyze paste 347 

extrusion and infer the rheological characteristics of the extruded and printed material. The Benbow-348 

Bridgewater model employs a plasticity approach to analyze the extrusion rheology of dense ceramic 349 

suspensions [62]. 350 

Figure 11 shows the extrusion force-displacement relationship for a selected alkali-activated fly ash-based 351 

paste (F70L30) subjected to different ram velocities, for different Ld/Dd ratios (9 and 3.33). An instantaneous 352 

increase in force is experienced because of the upsetting of the paste before its exits through the die. The 353 

pressure drops correspond to the changes in ram velocity, and the force plateau for each ram velocity is 354 

considered to be the corresponding extrusion force. The significant influence of Ld/Dd ratio on the 355 

extrusion force is shown in Figure 11, which can be used to glean the importance of the extruder geometry 356 

for desirable extrusion-related parameters. 357 

 358 

Figure 11: Force vs. ram displacement for a printable paste in a syringe extruder subjected to different 359 
ram velocities. 360 

The Benbow-Bridgewater model can be expressed as:  361 
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𝑃𝑒𝑥𝑡 = 𝑃1 + 𝑃2 = (𝜎0 + 𝛼𝑉𝑒𝑥𝑡
𝑚 ) ln (

𝐴𝑏
𝐴𝑑
) +

𝑀𝐿

𝐴𝑑
(𝜏0 + 𝛽𝑉𝑒𝑥𝑡

𝑛 ) =  𝜎𝑌 ln (
𝐴𝑏
𝐴𝑑
) +

𝑀𝐿

𝐴𝑑
𝜏𝑤                                   (3) 362 

where Pext is the total extrusion pressure, P1 is the die entry pressure (the pressure required to extrude 363 

the paste from the barrel through the die entry), and P2 is the die land pressure (which allows the paste 364 

to flow through the die under pure shear conditions). Vext is the extrusion velocity, 𝛼 and 𝛽 are velocity 365 

multipliers, and m and n are velocity exponents. 𝜎0 is the extrusion yield stress (as opposed to pure shear 366 

yield stress, since the confinement effects of the barrel and the compressional effects of the ram influence 367 

yielding) at the die entry, 𝜎𝑌 is the apparent velocity-dependent extrusion yield stress of the plastic 368 

material, 𝜏0 is the slip yield stress, and 𝜏𝑤 is the velocity-dependent shear stress experienced by the paste 369 

due to its interaction with the die wall. The geometrical parameters include M, L, Ab and Ad which are the 370 

perimeter of the die, length of the die, barrel area, and die area respectively. The exponents m and n are 371 

taken as 1 (i.e., the extrusion pressure-velocity relationship is taken as linear, which was observed here, 372 

as well as in [20]), and thus the equation is reduced to a four-parameter model.   373 

The Benbow-Bridgewater equation was derived based on a uniform die diameter. However, the die 374 

geometry used in this study is the frustum of a cone (Dentry ≠ Dd). In this case, the area of die is a function 375 

of length of the die and the second term corresponding to the die in Equation 3 is modified suitably [20] 376 

as:  377 

𝑃2 = 𝑃𝑒𝑥𝑡 − 𝑃1 =
𝑀𝐿

𝐴𝑑
(𝜏0 + 𝛽𝑉𝑒𝑥𝑡

𝑛 ) =   ∑
𝑀𝑖

𝐴𝑖

𝑛

𝑖=0

𝐿𝑖 (𝜏𝑤)                                                                                         (4) 378 

MiLi is the surface area of the individual cylinder that forms part of the frustum, and Ai is the cross-379 

sectional area of the cylinder. Li is taken as 1 mm.  380 

To determine the Benbow-Bridgewater parameters, the extrusion force is plotted as a function of Ld/Dd 381 

ratios for different ram velocities. The linear relationship between Ld/Dd and the extrusion force for 382 

different velocities is extrapolated back to the Y-axis to give the force at Ld/Dd = 0, from which the die 383 

entry pressure P1 for different velocities are calculated. P1, along with the barrel and die areas, is used to 384 

calculate the velocity-dependent yield stress Y. The wall shear stress w is determined from Equation 4. 385 

Figure 12 depicts the extrusion yield stress (σY) and the wall shear stress (𝜏𝑤) predicted by Benbow-386 

Bridgewater model, which can be considered as the extrusion process-related parameters since they are 387 

dependent on extrusion velocity. The size of the error bars in this figure show the stresses corresponding 388 

to the highest and lowest extrusion velocities (which are deduced from ram velocities) used. The extrusion 389 

yield stresses predicted from the model range from 75-to-162 KPa while the shear yield stresses extracted 390 
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through parallel plate rheology ranged from 155-to-520 Pa. Shear yield stress of 50-to-200 Pa measured 391 

through rotational rheology has been correlated to  yield stress in the 3-to-40 KPa range from extrusion 392 

experiments [63]. The influence of the extrusion process on rheological response of pastes are thus 393 

evident. To achieve shape stability, it has been reported that the yield stress of extruded paste should be 394 

greater than 20 kPa [64]. All the alkali-activated fly ash-based pastes satisfy this criterion.  395 

Wall slip shear stress is an important parameter in 3D printing of binders since this stress must be 396 

surmounted to ensure flow out of the nozzle. The wall shear stress, which is also pressure dependent as 397 

is known for other concentrated suspensions [65–67], depends on the Ld/Dd ratio as can be noticed from 398 

Figure 12, showing that it is. It is seen from this figure that the F70L30 mixture shows a higher wall shear 399 

stress not withstanding a smaller extrusion yield stress. This could potentially be due significant changes 400 

in the paste during the extrusion process (e.g., liquid phase migration) leading to inhomogeneous particle 401 

distribution in the die. The consequence is a higher energy need for extrusion and printing, likely resulting 402 

in further phase separation and inhomogeneous print quality. Extensional and wall stresses predicted 403 

through models thus serve as important tools in the apriori determination of the effectiveness of chosen 404 

mixture compositions and extruder geometry in ensuring efficient extrudability and printability.  405 

 406 

Figure 12: Velocity-dependent extrusion yield stress and wall shear stress (at two Ld/Dd ratios) for the 407 
printable pastes. The error bars relate to the range of stresses corresponding to the range of extrusion 408 

velocities.  409 
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Figure 13(a) depicts the relationship between the extrusion yield stress and the shear yield stress 410 

determined from parallel plate rheology and the peak force from tack test. For the selected mixtures, the 411 

extrusion yield stress from extrusion rheology and the shear yield stress from parallel plate rheology are 412 

well correlated, indicating that the determination of simple shear yield stress indeed can be used to infer 413 

the behavior of the paste under extrusion. The tack force and the extrusion yield stress are also well 414 

correlated. It can be postulated that the adhesive forces because of the viscous nature of the mixture in 415 

the presence of activators (as explained earlier) keeps the particles closer together, which consequently 416 

results in an increased extrusion yield stress for the mixtures exhibiting higher tack force. Figure 13(b) 417 

depicts the relationship between the shear yield stress from parallel plate rheology and the extrusion 418 

force required. The extrusion force is taken as the force corresponding to the highest point in the force-419 

displacement relationship shown in Figure 11. These relationships can be useful in understanding the 420 

extrusion response of these binder systems from straightforward laboratory tests. 421 

 422 

Figure 13: Correlation of: (a) extrusion yield stress with shear yield stress from parallel plate and peak 423 
force from tack test, and (b) shear yield stress from parallel plate with force of extrusion. 424 

3.4 Compressive and Flexural Strengths of 3D-Printed Binders 425 

The compressive and flexural strengths of the alkali-activated fly ash-based 3D printed cubes and beams 426 

were evaluated after the respective curing regimes. In the first curing regime, all the samples were cured 427 

in a moist chamber (23 ± 1oC, > 98% RH) until 28 days. In the second regime, all the samples except the 428 

mixture containing OPC (F50C30L20) were exposed to heat curing (at 70oC) for two different durations (24 h 429 

and 48 h). Figure 14 shows the test directions. Three companion specimens were used for compressive 430 

and flexural strength testing. 431 

(a) (b)
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 432 

Figure 14: The test direction for mechanical strengths. 433 

Figure 15 depicts the compressive and flexural strengths of the selected binders. When moist cured, the 434 

compressive strength increases with reducing amount of fly ash in the binder, as expected. The 435 

compressive strength of the paste containing OPC is the highest. Similar strengths have been attained for 436 

mixtures containing high volumes of fly ash, activated using alkali sulfates [38]. The 28-day compressive 437 

strength the F50S30L20 mixture activated using NaOH was lower than that of F50S30L19A1 mixture activated 438 

using sodium silicate, owing to the presence of reactive silica from the sodium silicate leading to 439 

enhancement in the reaction product volume and constitution. The fly ash-limestone specimens (F85L15 440 

and F70L30) cured at (23 ± 1oC, > 98% RH) and tested at 28-day showed the lowest compressive strength 441 

among the test specimens. The compressive strengths of the F85L15 and F70L30 mixtures activated using 442 

NaOH improved when cured at 70oC, with a longer curing duration providing better strengths. The 443 

compressive strength results of 3D printed binders shown here suggest that the trends are similar to the 444 

compressive strengths of binders cast in a conventional manner [38,68]. 445 

Figure 15(b) depicts the flexural strength of the 3D printed alkali activated fly ash-based binders. For the 446 

F85L15 and F70L30 mixtures, the heat treatment improved the flexural strength when compared to the moist 447 

curing regime. However, the heat treatment was found to cause extensive microcracking in the F50S30L20 448 

and F50S30L19A1 mixtures due to the high shrinkage of slag-containing alkali activated binders [69,70], 449 

thereby leading to poor flexural strength (microcracking influences flexural strength more than the 450 

compressive strength). The slag-containing specimens moist-cured at ambient temperatures showed the 451 

highest flexural strengths. When shrinkage is countered through moist curing, and the reaction of slag is 452 

facilitated, better strengths are obtained. The flexural strength of the OPC-containing mixture was also 453 

found to be lower since the interfacial strength of this mixture (as evidenced from tack test results) likely 454 

is lower, resulting in interlayer failure at relatively lower flexural stresses. Also, F85L15 and F50C30L20 showed 455 

F
F
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a higher modulus (peak force to displacement ratio) from the tack test and relatively lower flexural 456 

strengths. This complements previous observations where higher modulus resulted in lower inter-layer 457 

bond strength [56]. More studies on this aspect is ongoing. 458 

  459 

 460 

Figure 15: (a) Compressive strengths, and (b) flexural strengths of selected binders after subjecting to 461 
different curing regimes. 462 

3.5 Effect of Extrusion and Overburden Pressure on Pore Structure 463 

Layer-wise printing of cementitious composites can impact the pore structure (and thus the mechanical 464 

and durability properties) in multiple ways. The effect of extrusion (consolidation) is not uniform during 465 

the time the paste makes its way out of the extruder, resulting in differing particle concentrations and 466 

fluid contents (due to potential liquid phase migration). When printed in layers, the bottom layer is 467 

subjected to increased overburden pressure from the subsequently printed layers. The specific gravity, 468 

porosity, and critical pore size of the top and bottom layers of the printed cubes (layer dimensions of 6 469 

mm x 3 mm; width x height) are compared in this section. Figure 16 depicts these pore structure 470 

parameters for the pastes studied. The variation in specific gravities between the top and bottom layers 471 

was less than 3% for all the pastes. It is observed that no significant difference exists in the porosity and 472 

critical pore size between the top and bottom layers for all the specimens. The bottom layer, which is 473 

printed first, is generally less influenced by the squeeze and consolidation effects because the material 474 

flows only a small distance before being extruded; however, the overburden pressure in this layer is 475 

higher. For the top layer, there is no overburden pressure, but the paste that constitutes this layer is 476 
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subjected to higher confinement effects in the barrel and gets subjected to pressure for a longer time 477 

while being extruded. It is thus likely that the net effect on the pastes is rather similar for the extruder 478 

geometry and mixture compositions evaluated here, resulting in insignificant changes in porosity between 479 

the top and bottom layers. 480 

 481 

Figure 16: (a) Porosity and (b) critical pore sizes of top and bottom layers of the printed cubes. 482 

4. Conclusions 483 

The focus of this paper was on the material design and evaluation of 3D-printable binders based on alkali 484 

activation of fly ash-based blends. Using fly ash as the major ingredient, and limestone, slag, or OPC as 485 

minor ingredients, mixtures were proportioned so as to be extrudable and buildable (printable). When 486 

alkaline activators were used in lieu of water, the shear yield stress of the fresh pastes decreased, and the 487 

cohesiveness increased, similar to the use of a superplasticizer in conventional OPC systems. The yield 488 

stress was also found to depend on the particle sizes (and in turn particle packing in the suspension) of 489 

the constituents.  The mini slump values and shear yield stresses determined on extrudable mixtures were 490 

synergistically used to arrive at bounds for printability of the paste mixtures.  This study also defined a 491 

printability window based on concurrent measurement of time-dependent yield stress and extrusion 492 

printing of a filament of the paste. For the mixtures evaluated, a shear yield stress of 700 Pa (in parallel 493 

plate rheometry) indicated an upper limit of printability. This window was found to scale relatively well 494 

with the setting time of the pastes. The presence of alkaline activator also resulted in increased tack force 495 

and adhesive energy for these binders as compared to conventional cement-based binders.  496 
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The extrusion rheology experiments coupled with the Benbow-Bridgwater model facilitated the extraction 497 

of extrusion yield stress and die wall slip shear stress of alkali-activated fly ash-based binders, which are 498 

important process-related parameters in extrusion-based 3D printing.  These parameters were shown to 499 

be related to shear yield stress and extensional (tack) properties of the virgin paste, thereby providing a 500 

means to understand the response of the extruded mixture from simple rheological experiments, and 501 

therefore could be used to link material design to the extrusion-based printing process. The compressive 502 

and flexural strength tests on the pastes showed that, in general, comparable mechanical properties as 503 

that of conventionally cast specimens can be obtained through layered printing. However, strength 504 

reduction likely due to microcracking (for mixtures containing slag, especially when heat cured) and weak 505 

inter-layer bonding (in mixtures containing portland cement) were observed, which requires careful 506 

material design and curing conditions to ensure long-term performance and durability. The study has 507 

shown that alkali activated fly ash-based binders can be successfully designed for beneficial properties. 508 
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