
Journal Pre-proof

Investigation of additive incorporation on rheological,
microstructural and mechanical properties of 3D printable alkali-
activated materials

Mehdi Chougan, Seyed Hamidreza Ghaffar, Pawel Sikora, Sang-
Yeop Chung, Teresa Rucinska, Dietmar Stephan, Abdulrahman
Albar, Mohammad Rafiq Swash

PII: S0264-1275(21)00127-1

DOI: https://doi.org/10.1016/j.matdes.2021.109574

Reference: JMADE 109574

To appear in: Materials & Design

Received date: 29 November 2020

Revised date: 27 January 2021

Accepted date: 6 February 2021

Please cite this article as: M. Chougan, S.H. Ghaffar, P. Sikora, et al., Investigation of
additive incorporation on rheological, microstructural and mechanical properties of 3D
printable alkali-activated materials, Materials & Design (2021), https://doi.org/10.1016/
j.matdes.2021.109574

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2021 Published by Elsevier.

https://doi.org/10.1016/j.matdes.2021.109574
https://doi.org/10.1016/j.matdes.2021.109574
https://doi.org/10.1016/j.matdes.2021.109574


 

1 
 

Investigation of additive incorporation on rheological, microstructural and mechanical 

properties of 3D printable alkali-activated materials 

Mehdi Chougana, Seyed Hamidreza Ghaffara,* Seyed.Ghaffar@brunel.ac.uk, Pawel Sikorab,c, Sang-Yeop 
Chungd, Teresa Rucinskac, Dietmar Stephanb, Abdulrahman Albare, Mohammad Rafiq Swashe 

aDepartment of Civil and Environmental Engineering, Brunel University London, Uxbridge, UB8 3PH, United Kingdom  

bBuilding Materials and Construction Chemistry, Technische Universität Berlin, Gustav-Meyer-Allee 25, 13355 Berlin, 
Germany 

cFaculty of Civil Engineering and Architecture, West Pomeranian University of Technology, Szczecin, Al. Piastow 50, 
70-311 Szczecin, Poland 

dDepartment of Civil and Environmental Engineering, Sejong University, 209 Neungdong-ro, Gwangjin-gu, Seoul 
05006, Republic of Korea  

eDepartment of Electronic and Electrical Engineering, Brunel University London,  Uxbridge, UB8 3PH, United Kingdom 
*Corresponding Author:  

 

Abstract 

This study investigates the addition of Poly-vinyl Alcohol (PVA) fibres and attapulgite nanoclay to alkali-activated 

materials (AAMs) with the aim of enhancing the mechanical performance and optimizing the printability and 

buildability of AAMs. The fresh properties of six mix formulations, including flowability, slump values, rheology, shape 

retention, and extrusion window, were evaluated. The best performing mixes, that exhibited optimal fresh 

properties, were 3D printed, and their mechanical performance, microstructure, and buildability were investigated. 

The addition of 1 wt.-% attapulgite nanoclay (i.e. A-1) showed the desirable fresh properties required for 3D printing, 

as well as providing sufficient mechanical reinforcement to the samples. The 3D printed A-1 samples showed an 

improved flexural and compressive strength by 43% and 20%, respectively, compared to both the casted and printed 

control mixes. Moreover, microstructure analysis, including SEM, Rapidair measurement, and micro-CT, provided 

evidence of the compatibility by showing the lowest pores anisotropy and mixture homogeneity, between attapulgite 

and AAMs.  

Key words: Alkali-activated materials (AAMs), Attapulgite nanoclay, Poly-vinyl Alcohol (PVA) fibres, 3D printing, 

Rheology, RapidAir measurement, Micro-CT, Reinforcement 

 

1. Introduction 

The application of alkali-activated materials (AAMs) has been expanded by employing additive manufacturing (AM) 

technology [1]. The implementation of these materials with high mechanical performance and adjustable setting time 
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provides an excellent feedstock for 3D printing [2,3]. Besides the mechanical strength, the interaction between 

particles, particle size, shape and gradation can all influence a mix in terms of printability (e.g. optimized extrusion, 

shape stability and complex shape buildability) [4,5]. Fresh property investigations and optimizations are still vital to 

obtain a 3D printable cementitious composite mixture. Various types of industrial products and by-products, such as 

ground granulated blast-furnace slag (GGBS), fly ash (FA), silica fume (SF), and metakaolin [6,7] have been used as 

aluminosilicate source binder. On the other hand, variety of activator solutions, including potassium hydroxide, 

potassium silicate, sodium silicate, sodium metasilicate, sodium sulfate, and sodium hydroxide solutions in different 

ratios are employed to start the polycondensation reaction, which alters both the fresh and hardened properties 

which should work towards a practical mix design for successful 3D printing [8–10]. Recent studies are still slow to 

maximize the full potential of AAMs in 3D printing, and many are using them as partial replacements to ordinary 

Portland cement (OPC) in the binder, solely for the small contribution to the environmentally friendliness. However, 

rheology modifier agents and reinforcement additives (e.g. polyvinyl alcohol (PVA), polypropylene (PP) [11], 

polyethylene (PE) [12], attapulgite [13], and nano-graphite particles (NGP) [14] have improved the printability and 

mechanical performance of 3D printed AAMs objects leading to more streamlined larger scale projects. Alkali-

activated mixes being implemented in 3D printing processes should be flowable enough to be pumped and extruded 

through a nozzle, as well as gain sufficient strength and stiffness to retain its shape after layer by layer deposition 

[15]. In general, the most critical challenge in the fresh property adjustment for 3D printing is to develop a mix with 

the high shear yield stress and low viscosity [7]. It is well accepted by several authors that the colloidal interactions, 

contact forces, and hydrodynamic forces between the AAMs particles are able to induce a thixotropy phenomenon, 

which indicates the different behaviour of mixes under the shear force and at resting time (i.e. low viscosity of fresh 

paste when subjected to shear force and high viscosity at the resting time) [16,17]. Several methods, including 

rheology, flowability, extrusion window, and mini-slump tests, have been proposed by researchers to better 

understand the thixotropic behaviour of AAMs reinforced with micro and nano additives [14]. Nematollahi et al. 

(2018), reported that the inclusion of different types of fibres, including PP, PVA, and polyphenylene benzobisoxazole 

(PBO) in the geopolymer increased the flexural strength. However, the interlayer bonding between the printed layers 

decreased [11]. Similar trends were also reported by the same authors, in which the incorporation of PP fibres 

reduced the spread diameter of fresh geopolymer and induced the positive effect on the compressive strength of 

hardened parts in the perpendicular load direction [18]. Panda et al. (2017) also focused on 3D printing of 

geopolymer incorporated with glass fibre (GF) inclusion up to 1 wt.-% and found a proportional increase in flexural, 

tensile, and compressive strength [19]. Furthermore, Panda et al. (2019) also found that thixotropic behaviour of 

geopolymers increased with incorporation of 0.5 wt.-% attapulgite nano-clay, which resulted in the improved 

printability due to the high shear stress and low viscosity of the fresh mixture. However, the mixes with nano-clay 

exhibit lower compressive strength compared to neat geopolymer [20]. The incorporation of nano-clays is effective 

because of the low thickness of individual platelets (i.e. 1 nm) and high lateral dimensions ranging from 200 nm to 
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2000 nm. This resulted in a high aspect ratio making nano-clays highly reactive [21]. In line with the aforementioned 

results and author's previous works [14,22], the fresh property investigation proved to be an effective and useful tool 

for identifying the suitable mix in terms of both mechanical property and printability. Therefore, in this study, PVA 

fibre with the dosages of 0.25 wt.-% and 0.5 wt.-%, attapulgite nano-clay with the dosages of 0.5 wt.-%  and 1 wt.-%, 

and a combined mix composed of 0.25 wt.-% of PVA and 1 wt.-% of attapulgite have been added to the alkali-

activated mixture. All the mixtures were characterized via fresh property tests, including flowability, rheology, mini 

slump, extrudable window, shape retention, and buildability. The chosen mixtures were then printed and 

investigated in the hardened state to evaluate the effect of additives on microstructure (i.e. SEM, RapidAir 

measurement, and µ-CT) and mechanical properties (i.e. flexural strength, and compressive strength). Finally, the 

correlation between fresh properties and mechanical performance was examined. 

 

2. Materials and experimental testing methods 

Outlined Figure 1 is the comprehensive framework of all the mix design and experimental procedures employed in 

this study. 
 

 
Figure 1 – Experimental design and analysis framework 

2.1 Materials  
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According to the author's previous study [14], the most effective alkali-activated cementitious composite for 3D 

printing was composed of (i) fly ash (Cemex, UK) which meets normal fineness (N) Category of British standard BS EN 

450-1:2012. The bulk density of fly ash is ranged between 0.8 - 1.0 g/cm3 with the maximum permitted residue of 

40% on a 45 µm sieve in dry state, (ii) ground-granulated blast furnace slag (Hanson Heidelberg Cement, UK) which 

complies with EN15167-1 with the bulk density of approximately 2.4 - 3 g/cm³ (20 °C). D50 and D90 percentiles of 

17.3 µm and 49.27 µm, respectively, were registered for this product. More details on the material characterizations, 

including the material size distribution and compositions, can be found in previous researches [23,24], (iii) micro-silica 

fume (J. Stoddard & Sons Ltd), (iv) graded sand including two different sand sizes of 0-0.5mm and 0.5-1.0mm 

following BS EN 410-1:2000, (v) sodium silicate solution with the SiO2/Na2O mass ratio of 3.23 (Solvay SA, Portugal), 

and (vi) 10 mol/l sodium hydroxide solution (Fisher Scientific, Germany). Polyvinyl Alcohol (PVA) fibres (Figure 2a and 

Table 1) provided by (Jesmonite, UK), and attapulgite nano-clay (Figure 2b) supplied by (Attagel 350, Lawrence 

Industries Ltd, UK) were incorporated as a reinforcement and thixotropic modifier additives, respectively. As 

indicated in Figure 2b, attapulgite nano-clay particles have an angular shape with sharp edges. Based on the data 

provided by the supplier, the material has a bulk density of 0.769 g/cm³ and maximum permitted residue of 45% on a 

44µm sieve in a dry state. 

 
Table 1 – Technical data on poly-vinyl alcohol fibre 

Fibre Diameter 

(μm) 

Length 

(mm) 

Aspect 

Ratio 

Young’s 

Modulus 

(GPa) 

Elongation at 

Rupture (%) 

Density 

(kg/m3) 

Nominal 

Strength 

(MPa) 

PVA 150 12 80 25-41 6 1300 1000 

 

 
  
Figure 2 – Microstructure of (a) PVA fibre and (b) Attapulgite nano-clay 

2.2 Mixing procedure and sample preparations 
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As shown in Table 2, a total of six alkali-activated mixes were produced. The FA, GGBS, and SF content were set to 60, 

25, and 15 wt.-%, respectively, by the overall weight of the binder. Moreover, the activator solution dosage (i.e. 

NaOH+Na2SiO3) used was 40 wt.-% of the total weight of the binder. Two particle size ranges of 0 to 0.5 mm and 0.5 

to 1 mm were obtained after oven-drying and sieving the fine river sand. The sand to binder ratio used in this study is 

0.55. The alkali-activated cementitious composites were prepared in three separate stages. In the first stage, the 

precursor ingredients, i.e. binders (FA+GGBS+SF) and graded sand, were dry-mixed using a planetary mixer 

(Kenwood, Germany) for 2 min at 250 rpm. The additives (i.e. PVA fibres and attapulgite nano-clay) were slowly 

added to the dry-mixture and mixed for another 2 min at 250 rpm. The additives volume fractions have been chosen 

based on the previous studies conducted by Panda et al. (2019) [25] and Nematollahi et al. (2018) [11]. The alkali 

activators i.e., sodium hydroxide and sodium silicate solutions with the fixed mass ratio of 2:1 were mixed at 700 rpm 

for 5 min, and then gradually added to dry-mixture and stirred for 2.5 min at 250 rpm, followed by mixing at 450 rpm 

until a homogeneous alkali-activated mixture was achieved. 

Table 2 – Mix design formulations with a constant water/solid ratio of 0.4 

Name Binder (wt.-%) Additive (wt.-%) 
(of AAM) 

Aggregate (wt.-%) Na2SiO3: NaOH 
ratio (by weight) 

FA  GGBS SF PVA Attapulgite nano-clay 0-0.5 mm 0.5-1 mm 

Control Sample 

(CS) 

60 25 15 0 0 60 40 2:1 

P-0.25 60 25 15 0.25 0 60 40 2:1 

P-0.5 60 25 15 0.5 0 60 40 2:1 

A-0.5 60 25 15 0 0.5 60 40 2:1 

A-1 60 25 15 0 1 60 40 2:1 

P-0.25+A-1 60 25 15 0.25 1 60 40 2:1 

2.3 Printing setup  

Similar to our previous works [14,22], a gantry 3D printer equipped with a custom-designed auger extruder was 

utilized with a circular-shaped nozzle of size 20 mm, motion speed of 20 mm/s, and nozzle standoff of 10 mm.  All the 

printable mix formulations were printed in a rectangular-shape and then cut to the 160 x 40 x 40 mm prisms (three 

samples for each composition) to keep it consistent with the casted samples. 

2.4 Fresh properties assessment 

Several test methods were used to obtain parameters which are interlinked and give evidence which explains the 

rheological properties of AAMs:   

 Flow table test was assessed to determine the workability and consistency of fresh mixtures following the BS 

EN 1015- 3:1999. The flowability of the fresh mixtures was measured at 0 minutes, 5 minutes, and 15 

minutes. In order to facilitate the comparison, the flowability percentage of each mixture was calculated 

using the following equation (see Eq.1): 
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             (1) 

Where, FP is flow percentage, dAverage is average spread-diameter of the paste in two perpendicular direction spread, 

and d0 bottom cone diameter. 

 The extrusion efficiency has been associated with an ‘extrusion window’, where a specific volume of material 

shows required workability to be extruded smoothly, without causing any discontinuity [26]. The extrusion 

efficiency test was conducted by printing a straight-lined filament of size 200mm in length. A filament was 

printed every 5 minutes rest-intervals from 0 minutes until the mix was no longer extrudable. 

 The mini-slump test was also carried out to determine the workability or fluidity of the fresh alkali-activated 

composites as it is quantitatively related to the yield stress of fresh mixtures [27,28]. The experiment was 

performed under BS EN 12350‑2:2009. Mini-slump cone apparatus used had the height, bottom, and top 

dimensions of 57, 38, and 19 mm, respectively. After one minute, the flow height reduction of each sample 

was recorded as slump value [28]. Moreover, the relative slump value was calculated according to the ASTM 

C1437 from the following equation (see Eq.2): 

   (
 

  
)
 
          (2) 

Where,    is relative slump value, d is average spread-diameter of the paste in two perpendicular direction 

spread, and d0 bottom cone diameter. 

 The rheological behavior of fresh alkali-activated mixtures was evaluated by employing KinexusLab + 

rheometer (Malvern Instruments Ltd., UK) in a parallel-plate configuration equipped with the rSpace software 

(Malvern Panalytical Ltd, UK). The tests were conducted immediately after the mixing procedure under the 

shear rate between 0.1 s-1 and 30 s-1 over 18 speed intervals, and the flow curves were plotted. All the 

rheology tests were performed at an ambient temperature (i.e. constant 25 °C).  Three replications were 

conducted to verify the repeatability of rheology tests. Due to the pseudoplastic behaviour and non-

Newtonian nature of fresh alkali-activated mixtures, the Herschel–Bulkley fitting model (see Eq.3) was 

adopted to fit the flow curves accurately and to evaluate the yield shear stress. 

               (3) 

Where,   is shear stress,    is yield stress, K is consistency,    is shear rate, and n is flow index. 

 The shape retention of each mix was examined based on our previous methodology [14]. Six layers of each 

mixture were printed. After adequate resting time, high-quality footages of the printed samples were taken, 

and quantitative measurement was carried out by employing ImageJ software to determine the accurate 

height of each deposited layer. 
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2.5 Mechanical property assessment 

The flexural and compressive strength tests were conducted on the casted and printed prismatic samples with 

dimensions of 160 × 40 × 40mm3. The mechanical property tests were carried out after seven days of curing in which 

for the first 24 hours, the samples were placed in the oven at 60°C [29] and the remaining six days air-cured. These 

tests conformed to BS EN 196-1:2016 and were completed using an Instron 5960 Series Universal Testing System.  

2.6 Microstructure analysis 

A small cross-section of the printed samples was cut using broken portions of samples in flexural strength test to 

investigate the microstructure using SEM (Supra 35VP, Carl Zeiss, Germany) coupled with Energy dispersive 

spectroscopy (EDS) analyser (EDAX, U.S.A). Prior to the SEM analysis of each composition, a minimum number of ten 

specimens with the approximate size of 10 mm3, were gold-coated by means of Edwards S150B sputter coater to 

provide electrical conductivity on samples surface. 

2.6.1 RapidAir measurements and micro-computed tomography  

In order to assess the microstructural characteristics of 3D printed specimens, two image-based approaches were 

applied: (i) 2D standardized technique based on a linear traverse method and (ii) X-ray micro-computed tomography 

(micro-CT) method enabling to obtain a 3D volumetric images of concretes. Our previous study showed that both 

techniques can be successfully applied to evaluate the microstructural properties of cementitious composites with 

satisfactory correlation between obtained results [30].  

 

Figure 3 – Representation of specimen extraction zones used for RapidAir (yellow) and micro-CT (blue) 

measurements.  

To evaluate the 2D air void characteristics of printed elements an automatic RapidAir 457 Automated-Air-Void-

Analyzer (Concrete Experts International, Sweden) was used following ASTM C 457-90 “Standard Test Method for 

Microscopical Determination of Parameters of the Air-Void System in Hardened Concrete” and its corresponding 

European version EN 480-11 “Determination of air void characteristics in hardened concrete”. The device enables to 

perform the air void analysis with a resolution of 1 to 2.5 µm.  
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Specimens dedicated for this measurement were rectangular specimens with an approximate area of 96 cm², 

obtained from vertical cross sections of specimens (Figure 3). Prior to testing, cured concrete samples were cut into 1 

cm-thick slices and one face of the sample was thoroughly polished. The surfaces of the samples were then painted 

with a black marker and zinc (II) oxide paste to increase the contrast between the air voids and the matrices. Two 

specimens were tested twice in each case following the BS EN 480-11 standard. The surface in question had an area 

of 120×80 mm2. The RapidAir device enables to perform the air void analysis with a resolution of 1 to 2.5 µm. Two 

measurements of each specimen were performed and mean value was taken. 

To assess the concrete characteristics along the height of specimen, three representative areas were defined: upper 

part, center part and lower part (Figure 3). X-ray micro-computed tomography (micro-CT) evaluations were 

performed on 20×20×20 mm3 specimens cut out from the upper, middle, and lower part of each extraction zone of 

printed element. The used micro-CT device is SKYSCAN1172, ex-vivo at Seoul National University in South Korea. 

 
Figure 4 – Micro-CT imaging for visualizing pore structure (Note: in the 2D binary image, the white represents pores 

within the specimen, while the gray colored parts represent pores in 3D binary image. The sample has the dimension 

of 20×20×20 mm3) 

Figure 4 describes the imagining procedure. The main target of the use of micro-CT images is to investigate the pore 

structures of the specimens. It was demonstrated that pores within 3D printed materials tend to irregular or 

anisotropic compared to the pores in casted samples, as shown in Figure 4. In general, an originally reconstructed 

micro-CT image is expressed with 256 values (0-255, 8-bit) or 25536 values (0-25535, 16-bit). In this study, 8-bit 

images were used to visualize the pore structure within the printed specimens. To segment pores from the 

reconstructed 8-bit images, a proper threshold value was selected using Otsu method [31] as well as manual 

adjustment, and the image segmentation was conducted using the imaging toolbox in MATLAB (R2020a). Each image 
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was composed of 200x200 pixels with the 46.7 μm pixel size, and a 3D image was generated by subsequently stacking 

of the binarized images along the direction of height.  

The anisotropy of the pore shape was confirmed using a probabilistic method, which is used to evaluate relative 

phase clustering size. Here, a probabilistic function, lineal-path function (L2) [32,33], was used to investigate 

directional pore characteristics of the specimens. This function can be utilized to investigate and continuity of pores 

(L2). Detailed descriptions of the used function can be found in [33,34], and general formulations are presented as 

follows (see Eq.4): 

                                                                     (4) 

Where r is the distance between the two points, while   and    are the angle between the test line and the z-axis, 

and the angle between the projections of the test line on the xy-plane, respectively.    denotes the pore volume 

fraction. Using the L2 function, the relative length along each direction can be compared. However, it is limited to be 

used for quantitative comparison because the feature of the L2 function is a type of distribution. To overcome the 

limitation, the each graph was integrated, and the computed value was used as the index to compare the degree of 

anisotropy of pores in each specimen.  

2.7 Buildability test 

An ad hoc testing method was employed by printing 5500 g of alkali-activated fresh composite in a circular-shape 

printing path with a diameter of 150 mm. After the printing process, the quality of samples in terms of maximum 

height of printed objects, vertical distortion, and layer deformation was investigated visually. High-quality pictures of 

the printed samples were used to perform a visual-investigation of each mix's buildability and outer-surface finish. 

ImageJ software was also employed to measure accurate reduction in bottom layers height and maximum printing 

height of each sample. 

3. Results and discussion 

3.1 Effect of additives incorporation on fresh properties 

As reported by several authors, e.g. [7,35–37], the cement-based composites have the colloidal interaction and are 

considered as fully thixotropic, which is attributed to the presence of Van der Waals colloidal forces in the materials 

in the fresh state. This can lead to generating initial yield stress. However, because of the high-viscosity behaviour of 

potassium silicate chemical reagents within the alkali-activated cementitious composites, the hydrodynamic effect is 

presented in these materials [7]. Previously, attapulgite nano-clay [13] and PVA fiber [38] were incorporated to 

improve the thixotropic behaviour over the hydrodynamic effect in the alkali-activated mixtures. The attapulgite 

particle edges with the opposite electrical charge induce the electrical attraction between the particles to generate 

high yield stress at the resting stage. Incorporation of attapulgite with the fine particle size can form Van der Waals 

bonding within mixture by filling the gaps between binder components [25]. On the other hand, the electrostatic 
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bonding can be formed due to intermolecular interactions between the PVA's hydroxyl group (–OH) and cementitious 

binders' surfaces, improving the thixotropic behaviour in the fresh state [39]. 

Following the methodology specified in BS EN 1015- 3:1999, an initial flowability (i.e. 5 minutes) of 32% was recorded 

for the control sample (CS). As can be seen in Figure 5, the flowability of all PVA fibre-reinforced mixtures (i.e. P-0.25 

and P-0.5) were reduced compared to the CS. The highest reduction of 26.5% was obtained by the 0.5% PVA sample. 

The presence of oxygen-containing functional groups (i.e. hydroxyl group -OH) on the outer surface of PVA fibers 

absorbs free water of the fresh mixture. This results in increased friction between the fibres and mixture’s solid 

components making it stiffer compared to control sample [38,40]. As reported by Zhu et al. (2018), fiber type and 

fiber dosage are the most critical parameters affecting the flowability. They also reported that the PVA fiber 

incorporation accelerates the reaction kinetics of fresh mixtures at early ages, which was evidenced by increasing the 

reaction heat release rate during the activation process [41]. Moreover, the long PVA fibers (i.e. 12 mm) with the 

flexible nature can easily twist and ball together, forming an agglomerated aggregate within the mixture during the 

mixing procedure, which leads to a decrease in the flowability [42]. 

The inclusion of attapulgite nano-clay reduces the flowability compared to the CS (see Figure 5). However, the 

attapulgite incorporation shows a more considerable influence on decreasing the overall flowability than PVA fibre 

incorporation when compared to the control sample. The results revealed that the initial flowability was reduced by 

the addition of 0.5 wt.-% and 1 wt.-% of attapulgite (i.e. A-0.5 and A-1) and reached 18 % and 25 %, respectively. The 

hybrid mixture (i.e. P-0.25+A-1) also proved to be successful in increasing the cohesion of the resulted mixture, with 

an approximate initial flowability of 22%. The reduced flowability of mixtures containing attapulgite nano-clay can be 

attributed to the increased water absorption generated by the fine particle size and high specific surface area of 

attapulgite particles. Moreover, the better dispersion of nano-clay in lower dosage, i.e. 0.5 wt.-%, compared to 1 wt.-

% leads to the better separation of nano-clay particles hence remarkably diminishing the flowability of the fresh 

mixture. 
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Figure 5 – Flowability of different alkali-activated materials  

The yield shear stress of each fresh mixture with and without additives was determined. It is commonly known that 

the yield stress is related to the slump values (i.e. slump height and relative slump value) of an alkali-activated 

composite [28]. In general, higher yield stress and lower mini-slump values are found to be the required conditions 

for a printable mix formulation [10]. Therefore, the mini-slump test was also carried out for the analysis of the flow 

behaviour of the fresh mixtures to check workability and shape stability of the mix. The results show that the yield 

shear stress of alkali-activated mixture increased from 1216 Pa for the control sample to 1361 Pa and 1522 Pa for P-

0.25 and P-0.5, respectively. As observed in Figure 6a, b and Table 3, the results obtained for yield stress are 

completely aligned with the values registered for mini-slump tests, where the addition of PVA fibres with the dosage 

of 0.25 wt.-% and 0.5 wt.-% have diminished the slump height by 14% and 43% and relative slump value by 33% and 

37%, respectively, compared to the control sample. On the other hand, the addition of 0.5 wt.-% and 1 wt.-% 

attapulgite increased the yield stress, reaching 2785 Pa and 1797 Pa, respectively. In a good agreement with the 

rheology results, the slump values were also drastically reduced (i.e. 71% for slump height and 60% for relative slump 

value) by the incorporation of 0.5 wt.-% attapulgite. However, the addition of 1 wt.-% attapulgite increased the slump 

values which is comparable to that of control sample (i.e. slump height of 7 mm and relative slump of 0.38). The 

hybrid mix composed of PVA fiber and attapulgite (i.e. P-0.25+A-1) also indicated a remarkable decrease in yield 

shear stress, slump height and relative slump value by 55%, 57%, and 17%, respectively, compared to control 

sample’s respective values.  

The author's previous work and several other researches have confirmed the direct relation between extrusion 

window and the other fresh properties of alkali-activated composites [14,20,43]. Moreover, the results obtained from 

the extrusion window test are known as the most pertinent and relevant parameter among other fresh property 

factors as it exactly imitate the 3D printing process of fresh AAMs [44]. This is due to the fact that all the other 

properties of a mix are insignificant if the mix cannot be extruded [45]. Therefore, the impact of additive 
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incorporation on the extrusion window of alkali-activated mixtures in the fresh state was examined, and the results 

are depicted in Figure 6b. As can be seen in Figure 6b, the increase in PVA fiber dosage decreased the extrusion 

window of the mixture from 40 min for P-0.25 to 30 min for P-0.5. Comparing to CS (i.e. 35 min extrusion window), 

the samples with the lowest dosage of fibres (i.e. P-0.25) poses a 15% higher extrusion window. Increasing the 

attapulgite dosage, however, followed a reverse trend in which the extrusion window increased from 10 min for A-

0.5 to 20 min for A-1. Moreover, the hybrid mix that contained the highest ratio of attapulgite and lowest dosage of 

PVA fibres (i.e. P-0.25+A-1) had an equal extrusion window (i.e. 20 min) compared to the A-1 composition. In all 

compositions except P-0.25, the inclusion of additives diminished the extrusion window compared to CS. 

 

 
Figure 6 – Fresh properties of samples: (a) rheology measurements, (b) extrusion window and slump values (b is a bit 
too hard to understand but leave it if you think is okay) 

Table 3 – Rheological properties of samples with different additives 

Sample Yield stress (Pa) K (Pa.sn) n R2 

CS 1215.62 4899.68 0.522 0.9959 

P-0.25 1361.18 6594.87 0.390 0.9934 

P-0.5 1521.64 1410.51 0.574 0.9915 

A-0.5 2785.08 3431.80 0.592 0.9959 

A-1 1797.11 3003.99 0.503 0.9974 

P-0.25+A-1 1889.60 856.90 0.530 0.9901 

The shape retention of all the samples were measured, and the results are shown in Figure 7. Among all samples, the 

mixture with 0.5 wt.-% of attapulgite (i.e. A-0.5) was excluded since it was not printable, as previously confirmed by 

the considerably low fresh property efficiency, including flowability, yield stress, slump values, and extrusion window, 

that was out of the employed operating extrusion system's limit. For the printable mixtures, the results of the shape 
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retention were compared in terms of first layer’s height (H1) and the height difference between the first and the sixth 

printed layer (Hdif).  

The results indicate that the H1 and Hdif values for the sample with 1 wt.-% attapulgite particles (i.e. A-1) was 

improved and reached 6.3 mm and 5.9 mm, compared to the values obtained for CS (i.e. 5 mm and 6.3 mm). The 

increased dosage of PVA fibres also improved the shape retention of the layers. The H1 value of P-0.25 and P-0.5 was 

increased by 20% and 90%, respectively, which was higher than that of CS. The Hdif, on the other hand, was decreased 

from 6.3 mm for CS to 6.1 mm and 3.5 mm for P-0.25 and P-0.5, respectively. The results suggest that the 

incorporation of PVA in high dosages (i.e. 0.5 wt.%) is more effective in terms of shape-stability during the deposition 

of the subsequent layers. The same effect was also observed for P-0.25+A-1 in which H1 and Hdif reached 7.3 and 5.0 

mm, respectively. However, the visual observations on the upper layers' quality showed a considerable inconsistency, 

which was generated due to the lower performance of the aforementioned mixes in terms of slump height, extrusion 

window, and yield stress compared to the CS and the mix with a lower fibre dosage (i.e. 0.25 wt.-%). 

  

 
Figure 7 – Shape retention results and printing appearance of the printed samples, (a) control sample, (b) P-0.25, (c) 
P-0.5, (d) A-1, (e) P-0.25+A-1 

3.2 Effect of additives incorporation on mechanical properties 

The mechanical performance of alkali-activated composites has been investigated to identify the ideal printable 

mixes to be used as feasible feedstock for the eventual upscaling process. Figures 8a-c shows comparisons between 

3D printed and conventionally casted specimens in a perpendicular load direction in terms of density, flexural, and 

compressive strength, respectively. 
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Figure 8 – Density and mechanical performance of casted and printed alkali-activated composites (a) density, (b) 
flexural strength, and (c) compressive strength at 7 days 

Before the mechanical property tests, the samples' density, both printed and conventionally casted, were measured 

(shown in Figure 8a). For samples with PVA fibres, the density of conventionally casted samples increased from 2.19 

g/cm3 for P-0.25 to 2.24 g/cm3 for P-0.5, which are higher than the value registered for casted CS (i.e. 2.14 g/cm3). On 

the other hand, the density of the printed samples also gradually increased from 2.33 g/cm3 for CS to 2.37 g/cm3 and 

2.42 g/cm3 for P-0.25 and P-0.5, respectively. The gradual densification by increasing the fibre content, both for 

printed and casted samples, is attributed to the adequate compatibility between the fibres and matrices. Further to 

this, a slightly higher density value was obtained for printed samples when comparing to the corresponding casted 

samples. This provides a confirmation that adequate compaction and integration of each extruded layer occurs during 

the extrusion process. Hence, the 3D printing process has the potential of minimising the formation of voids, which 

could be detrimental to the mechanical properties of the samples. 

The incorporation of Attapulgite (i.e. A-1) caused a slight increase of 4% and 3% in density of casted and printed 

samples, respectively, compared to that of CS. The results are aligned with the results obtained from other studies 

[46], which provides further evidence that the addition of nano-clay leads to an increase in the density of alkali-

activated mix. This suggests that the enhanced density recorded for the A-1 mix was attributed to the effective 

dispersion of these particles resulting in a less porous mix. For the hybrid sample (i.e. P-0.25+A-1) unexpected results 

were obtained, where the density of the casted sample was slightly higher (about 2.5%) than the printed one. This 

has to be associated with the high yield stress of the aforementioned mix, among the printable mixes, in the fresh 

state (see section 3.1), which led to inconsistent printing. This phenomenon generates trapped air babbles within the 

samples that reduces the density of printed sample compared to casted one. 

The mechanical property results (Figure 8b,c) revealed that for all the mixes, except CS and P-0.25+A-1 samples, the 

flexural strength of the 3D printed parts are relatively higher compared to the casted counterparts. However, the 

compressive strength of all the printed samples show a comparable values to that of conventionally casted 

specimens, although a slight reduction in compressive strength was observed for the printed P-0.25+A-1 mix 

compared to the casted mix. In general, the incorporation of PVA fibers resulted in improved flexural and 

compressive strength of the printed samples. The flexural and compressive strength of P-0.25 was increased by 49% 
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and 16%, respectively, to that of the printed control sample. However, the incorporation of more PVA fibres (i.e. P-

0.5) was shown to be less effective as the flexural and compressive strength increased by 18% and 1% compared to 

the printed control sample. 

The enhanced flexural and compressive strength is attributed to three major mechanisms. First, the improved 

integration of the fibres within the alkali-activated matrices is reinforced by the extrusion process [47]. Figure 9 

indicates that the fibre was well embedded in the matrices as large amounts of activation products are observed on 

the fibre surface [48]. This is further supported by the use of EDS, which identified similar elements of the matrix 

presented on the fibre surface. As reported by Xu et al. (2017), PVA fibres react with alkali-activated composites, a 

transitional layer composed of activation products are produced at the interface between fibre and matrices, which 

make strong interfacial bonding between the matrices and fibres. Hence, PVA fibres can be more effectively 

distributed and connected within the cementitious paste [49]. The second mechanisms are the crack-bridging and 

crack blocking phenomena induced by the incorporation of fibres. As shown in Figure 10, after the micro-cracks 

initiation, the micro-cracks tend to propagate within the cementitious paste to form macro-cracks. However, PVA 

fibres that have crossed the crack and are anchored in the matrices on both sides, effectively ‘sewing’ the two sides 

together and preventing the crack from widening [50]. This results in increased flexural strength of the fiber-

reinforced samples compared to both printed and casted CS. The third mechanism is the fibre alignment generated 

during the extrusion process within the alkali-activated paste [12,51]. In this hypothesis, during the extrusion process, 

the nozzle enables fibre alignment along the printing path, which can lead to an increase in flexural strength of the 

printed structures in a perpendicular load direction [52]. Several studies have demonstrated the feasibility of 

developing a 3D-printable fibre-reinforced cementitious composite and reported the positive impact of fibre 

alignment on the samples' mechanical performance [53–55]. 

 

 
Figure 9 – Microstructure analysis (SEM/EDS) of 3D printed PVA-reinforced alkali-activated composite  
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Figure 10 – Microstructure analysis of 3D printed samples reinforced with PVA fibres in the fracture zone 

The nano-clay additive, on the other hand, similarly increased the mechanical strength of the material. The addition 

of 1% attapulgite nano-clay (i.e. A-1) led to an increase in flexural and compressive strength from 9 MPa and 60 MPa 

for printed CS to 13.5 MPa and 64 MPa for A-1 printed samples, respectively (see Figure 8b,c). This could be 

attributed to the induced thixotropic behaviour of a mix through the addition of nano-clay generated by the rapture 

of the inter-particle links within the matrix under the shear-force of the extrusion process. After the printing process, 

due to the reversible behaviour of the thixotropic effect, the inter-particle links are rebuilt more robustly than before, 

resulting in the increased mechanical performance of the alkali-activated composite [16,25]. Another possible 

explanation, as demonstrated in Figure 11b, is that nano-clay incorporation accelerates the alkali-reaction process, 

leading to a higher amount of activation products and lower unreacted fly ash particles [46,56,57]. Moreover, the 

effective dispersion of nano-clay particles within the cementitious matrices leads to an improved porosity structure 

(see Table 5), thus, producing a more compact matrix structure compared to that of CS (see Figure 11a). Assaedi et 

al. (2016), also reported that the addition of up to 2% Cloisite 30B nano-clay particles to a geopolymer mix induced a 

remarkable increase in both flexural and compressive strength [46]. For P-0.25+A-1 sample, the flexural strength was 

increased by 29% however the compressive strength slightly decreased (i.e. 2%) compared to that of printed CS. As 

can be seen in Figure 8b and c, both flexural and compressive strength of P-0.25+A-1 are relatively lower than the 

values registered for individual A-1 and P-0.25. This is attributed to their respective poor fresh properties as 

previously discussed. The microstructure analysis further proved that the adhesion between the fibers and matrices 

decreased due to the lower workability of the mixture in a fresh state. As it is evident in Figure 11c and d, some 

unreacted fly ash and nano-clay particles are present between the fiber and matrices interface, which increases the 

stress concentration, hence decreasing mechanical performance. 
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Figure 11 – Microstructural analysis of the fracture zone of 3D printed (a) Control sample X100, (b) A-1 X3K, (c) and 
(d) P-0.25+A-1 

3.3 Effect of additives incorporation on 2D and 3D structure 
Table 4 and Figure 12 present the details of the Rapid Air void measurements obtained from vertical cross sections of 

printed specimens except P-0.5 that is eliminated due to poor mechanical performance compared to CS. Evaluation of 

the chord length frequency (Figure 12) confirms that specimens mostly consists fine voids. However, a significant 

difference between chord length frequency curves can be distinguished between the control sample (CS) and 

modified specimens. CS specimen exhibit significantly broader void distribution with higher contribution of coarser 

pores, while modified specimens possess higher quantity of fine voids. The contribution of so-called micro air voids 

(<300 microns) to the total air content of specimens CS, P-0.25, A-1 and P-0.25+A-1 is 53 %, 80 %, 83 % and 70 %, 

respectively. The total air content of specimens is relatively comparable, however, the lowest air content was 

reported for specimen 0.25-PVA which is 11 % lower when compared to CS specimen. The refinement of the void 

structures in specimens is also confirmed by other parameters such as average chord length and spacing factor, which 

confirms the decrement of the average void size as well as overall refinement of the void structure. This could be 

responsible for the observed strength improvements in modified specimens (Figure 8).  

Table 4 – 2D void characteristics properties of specimens cross-sections obtained with RapidAir device 
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Air void Parameter CS P-0.25 A-1 P-0.25+A-1 

Air content [%] 3.54 3.16 3.54 3.32 
Average chord length [mm] 0.158 0.087 0.081 0.082 
Specific surface [mm-1] 25.38 46.13 49.33 49.03 
Spacing factor [mm] 0.2319 0.1343 0.1193 0.1236 

Rapid Air technique can provide a good insight into general (averaged) void pore structure, however, does not enable 

the evaluation of the volumetric voids characteristics. Moreover, the alteration of the microstructure along the height 

of specimen cannot be determined. Therefore, micro-CT technique was adapted towards understanding the void 

characteristics along the height of specimen. 

 
Figure 12 – Chord length-frequency distribution in 3D printed specimens 

In each additive case, three different positions were selected at the top, middle, and bottom part of the specimens, 

and a total of 12 cases were investigated (Figure 3). Since the main target of the micro-CT measurement is the pore 

characteristics, the pore structure of each specimen was visualized as shown in Figure 13. In this figure, the gray part 

denotes the pores inside the specimens, and it can be confirmed that the pores within the specimens show 

directional dependency, although the degree of anisotropy varies according to the positions and additive types. 

Porosities of specimens measured on different height of specimen exhibits variation and in generally higher 

quantities of voids can be reported in lower and middle sections of specimens (Table 5). However, on average the 

total porosities from 3 tested heights are comparable to that of total air content value determined with RapidAir 

(Table 4). The slight discrepancy between the results is attributed to the different measuring ranges of both 

techniques.  

For qualitative and quantitative investigation, the lineal-path function (L2) was adopted in this study. Figure 14 shows 

the results of the L2 function for the cases in Figure 13. As can be seen in the figures, all cases show anisotropic 

characteristics in their pore structures. This indicates that the pores within the specimens are anisotropic, particularly 
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in the relatively large pores. In addition to the pore anisotropy, the porosity in each specimen at different locations 

can be found from the function at r/D is equal to zero.  

For a quantitative investigation, the L2 functions were integrated over the r/D, and the area in each function was 

computed. Table 5 shows the quantitative results of the L2 function and the porosity in each case. In this table, the 

integrated value denotes the degree of pore size along the direction, and the directional difference between the 

values in each specimen represents the degree of pore anisotropy (anisotropy ratio). The higher anisotropy ratio 

indicates that the specimen at that location contains more anisotropic pores, which can affect the stability of printed 

samples. Specimens CS and the P-0.25+A-1 show the highest anisotropic indexes, which indicate instability of the 

pores (Figure 14). Among the studied samples, the A-1 specimen shows the most stable and small anisotropy ratio 

that guarantees the quality of the printed material. These observations are in line with the results from the effect of 

additive incorporation on fresh properties and buildability investigations. The A-1 sample has satisfactory shape 

retention characteristics as well as the best buildability among the tested specimens, which will be discussed in the 

next section. It can be concluded that A-1 is the most homogenous mixture over the height between all the 

investigated samples. The lowest pores anisotropy as well as overall refinement of the microstructure in A-1 can also 

be correlated with the best mechanical performance.  
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Figure 13 – Pore structures of the measured specimens (Note: the gray region represents pores inside each 

specimen.) 
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Figure 14 – Lineal-path function for the measured specimens at different locations (Note: in each graph, the 

x-axis denotes the relative length of the test line, while the y-axis denotes function value.) 
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Table 5 – Pore characteristics obtained from micro-CT and integration of the L2 function in each direction 
and location 
Specimen Location L2 integration Anisotropy ratio 

[max/min] 
Porosity 
[%] 

Average 
porosity 
[%] 

X Y Z 

CS Top 4.38E-04 
 

4.30E-04 
 

3.04E-04 
 

1.441675 
 

2.39 
 

3.34 

Middle 7.43E-04 
 

4.60E-04 
 

7.42E-04 
 

1.614963 
 

3.61 
 

Bottom 8.12E-04 
 

5.35E-04 
 

7.82E-04 
 

1.517664 
 

4.01 

P-0.25 Top 7.64E-04 
 

6.12E-04 
 

6.98E-04 
 

1.249056 
 

4.26 
 

3.48 

Middle 4.66E-04 
 

4.80E-04 
 

2.93E-04 
 

1.637086 
 

2.33 
 

Bottom 7.34E-04 
 

5.08E-04 
 

6.64E-04 
 

1.444532 
 

3.84 
 

A-1 Top 5.19E-04 
 

4.81E-04 
 

3.94E-04 
 

1.31889 
 

2.5 
 

3.62 

Middle 6.83E-04 
 

6.60E-04 
 

6.00E-04 
 

1.138456 
 

3.71 
 

Bottom 9.56E-04 
 

9.95E-04 
 

7.62E-04 
 

1.306551 
 

4.64 
 

P-0.25+A-1 Top 2.96E-04 
 

3.62E-04 
 

3.58E-04 
 

1.223706 
 

2.53 
 

3.54 

Middle 4.75E-04 
 

6.74E-04 
 

6.15E-04 
 

1.420767 
 

4.25 
 

Bottom 8.25E-04 
 

6.07E-04 
 

0.0013 
 

2.141645 
 

3.85 
 

3.4 Buildability test  

The buildability performance of each printable mix, selected in previous section (i.e. section 3.3), is displayed in 

Figure 15a-d. The qualitative results indicated that all mixtures were printed without considerable radial distortion 

and adequate surface finish. However, due to the higher yield shear stress and low flowability of the fresh mixture, 

the printed cylinder's outer surface with PVA and attapulgite nano-clay (i.e. P-0.25+A-1) showed visible segregations. 

Moreover, due to the compressive load induced by the deposition of top layers, the reduction in bottom layers height 

was clearly observed for all mixtures. The maximum printing height of each object after printing was also measured. 

The results indicated that by printing the constant quantity of fresh materials (i.e. 5500 g), the incorporation of 

additives led to an increase in the maximum height of printed cylinders from 117 mm for the control sample (see 

Figure 15a) to 125 mm (see Figure 15b), 120 mm (see Figure 15c) and 138 mm (see Figure 15d) for A-1, P-0.25, and P-

0.25+A-1 samples, respectively. As it can be seen in Table 3, the results are fully aligned with the  rheology results as 

yield shear stress also showed that control sample had lower yield shear stress (i.e. 1215.62 Pa.s) compared to that of 

A-1 (i.e. 1797.11 Pa.s), P-0.25 (i.e. 1361.18 Pa.s), and P-0.25+A-1 (i.e. 1889.6 Pa.s). Direct relation between the 
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rheology parameters and buildability of printed objects proves the capability of rheology measurements as a practical 

tool for both mix selection and prediction of materials buildability before the printing process.  

 

 
Figure 15 – Buildability of the printed samples, (a) control sample, (b) P-0.25, (c) A-1, and (d) P-0.25+A-1. 

4. Conclusions 

The main objective of this study was to investigate the impact of two additives (i.e. PVA fibres and attapulgite nano-

clay) on the fresh properties of alkali-activated materials in terms of flowability, rheology, mini slump, extrusion 

window, and shape retention. Further, the printed samples' mechanical properties (i.e. density, flexural and 

compressive strength) were evaluated and compared to the corresponding casted samples. Finally, the reinforcing 

mechanisms of additives were elucidated by the correlations between the fresh properties, buildability, and 

mechanical properties as well as the 2D and 3D microstructure analysis (i.e. SEM, RapidAir measurement, and µ-CT 

scan) of the specimens. The following conclusive statement can be drawn from this study: 

 The incorporation of both attapulgite and PVA fibres in specific dosages can lead to improvements in the 

fresh properties of alkali-activated mix. Both additives at specific dosages induce an adequate decrease in 
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flow ability, slump height along with a sufficient increase in shape retention, yield shear stress, and extrusion 

window.  

 Amongst the investigate AAM mixes, P-0.25, A-1, and P-0.25+A-1 meet the basic buildability requirements 

needed for 3D printing. The inclusion of additives slightly increased the maximum height of printed objects 

compared to the control sample.  

 P-0.25 and A-1 were found to be the best performing sample in terms of 3D printing and mechanical 

performance. For P-0.25, the flexural and compressive strength increased by 24% and 10 %, respectively, 

compared to the printed control sample.  Samples with 1% attapulgite (i.e. A-1) also experienced increased 

flexural and compressive strength by 43% and 20%, respectively, compared to the printed control sample. 

This increase in mechanical performance is most likely attributed to good dispersion of nano-clay particles 

and fibers crack-bridging mechanisms throughout the composite. 

 The microstructure analysis clearly showed the effectiveness of attapulgite and PVA fibres incorporation in 

filling the voids and crack bridging mechanisms. 

 The study found that both RapidAir and micro-CT techniques can be successfully used as complimentary 

measuring approaches towards understanding the microstructural characteristics of the 3D printed elements. 

Noticeable pores anisotropy has been over the height in selected specimens, however, appropriate mixture 

design helps to overcome this obstacle.  

 The incorporation of 1 wt.-% attapulgite clay exhibits the most satisfactory microstructural characteristics 

with the lowest pores anisotropy as well as mixture homogeneity. This results in the best mechanical 

performance and shape retention followed by buildability. 

The promising breakthroughs of this study on the positive impacts of fibre and nano-clay additives in 3D printing of 

alkali-activated materials can lead to potential applications for large-scale construction. Future studies need focus on 

a more comprehensive mix design formulations to yield conclusive outcomes with statistical analysis and verification. 

Moreover, the reaction mechanisms and functionalities of the additives in determination of various properties of 3D 

printed AAMs should be elaborated. 
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