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Abstract. Some researches have been conducted on the application of geopolymer in 3D printing. However, 
there is no publication about the high-temperature properties of 3D printed geopolymer made from fly ash, 
slag, and metakaolin. This paper presents the experimental research on the mechanical properties of 3D 
printed geopolymer after being exposed to elevated empratures. The effects of curing age on high-temperature 
properties are analyzed. The heating temperasures were 300 ℃, 600 ℃, and 900 ℃, and the holding time 

was one hour. After exposure to temperatures, the flexural strength of 3D printed geopolymer exhibited 
different change trends with increasing curing age for different exposure temperatures. Before and after 
exposure to elevated temperature, the 3D printed geopolymer experienced significant anisotropic compressive 
strengths. The change trends of compressive strength at different exposure temperatures wit hincreasing 
curing ages were different from each other on different loading directions. 

1 Introduction 

The application of 3D printing technique in construction 
and building is attracting more and more attentions, and 
some researches and engineering projects have been 
conducted[1-10]. Geopolymer that is green, sustainable, 
and alternative to Portland cement has been formed as 3D 
printable cementitious materials[11-13]. Previous studies 
on 3D printable/printed geopolymer mainly focused on the 
preparation, fresh properties, interlayer adhesive strength, 
and hardened properties at ambient temperature.  

Panda et al. [14] carried out an evaluation of the 
application potential of fly ash-based geopolymer for 3D 
printed large scale construction elements. The 
experimental results show that mechanical properties of 
3D printed geopolymer exhibits anisotropic characters. 
Alghamdi et al. [15] prepared and characterized 3D-
printed foamed fly ash-based geopolymer for thermal 
insulation. Bong et al. [11] optimised 3D printable 
geopolymer cured at ambient temperature by investigating 
the impacts of type of hydroxide solution, type of silicate 
solution, and the mass ratio of silicate solution to 
hydroxide solution on workability, extrudability, shape 
retention ability, and mechanical properties. The 
experimental results show that the combination of sodium 
hydroxide and sodium silicate solutions with a SiO2/N2O 
ratio of 3.22 exhibited the most effective activating action 
for Slag-fly ash-based geopolymer.  Lim et al. [16] 
created a hybrid reinforcement by entraining continuous 

steel cable into extruded mortar, and the experimental 
results show that the flexural strength of 3D printed 
geopolymer is increased by 290%. Nematollahi et al. [17] 
found that only the compressive strength on perpendicular 
direction of additive manufactured fly ash-based 
geopolymer mortar can be improved by adding 
polypropylene fibres, and the flexural strength was 
improved due to the addition of fibres. Ohno and Li [18] 
designed fly ash-based Engineered Geopolymer 
Composite b integrating Design of Experiment, 
micromechanical modelling, and Material Sustainability 
Indices. Panda et al. [10] investigated the influences of 
printing time gap between layers, nozzle speed and nozzle 
standoff distance on the tensile bond strength of 3D 
printed fly ash-slag-silica fume-based geopolymer, and 
found that the bond strength is influenced by materials 
strength development rate and printing parameters. Panda 
et al. [19] investigated the fresh and hardened properties 
of 3D printed fly ash-slag-silica fume-based geopolymer, 
and found that silica fume significantly affected the fresh 
properties, and slag resulted in higher early strength.  

The mechanical properties of cementitious materials 
after high temperature exposure are important aspects of 
concern for application in the building and construction. 
However, no publication about the high-temperature 
properties of 3D printed geopolymer is found. This paper 
investigates the flexural and compressive strength of 
different loading directions after exposure to 300 ℃ , 
600 ℃, and 900 ℃. 
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2 materials and methods  

2.1 Materials 

The chemical compositions of fly ash (FA), slag and 
metakaolin used to prepare geopolymer in this study are 
listed in Table 1. The chemical compositions are measured 
using X-ray Fluorescence Spectrometer (XRF). The 
activator was commercial sodium silicate solution with a 
modulus of 2.0 and solid content of 40.1% by weight. 

Table1. Chemical analysis of raw materials (wt%) 

Composition SiO2 CaO Al2O3 MgO SO3 TiO2 Fe2O3 K2O MnO Others 
Fly ash 52.09 5.18 33.07 1.22 - 0.88 3.56 1.88 - 2.12 

Slag 27.5 44.60 13.20 8.72 2.05 1.36 0.76 0.43 0.43 0.95 
Metakaolin 47.4 0.39 41.6 - 0.085 1.88 2.89  0.28 5.475 

2.2 Preparation of 3D printed geopolymer mortar 
specimens 

First, 3D printable geopolymer mortar was prepared by 
mixing fly ash, slag, metakaolin, sodium silicate solution, 
water, superplasticizer, and hydroxypropyl 
methylcellulose (HPMC). The ratio of binder composition 
by mass is fly ash : slag : metakaolin = 3 : 4 : 3. The sand-
to-binder ratio is 1.75 by mass. The sodium silicate 
solution and water dosage are 0.36 and 0.112 respectively 
by the total mass of binder. Both the HPMC and 
superplasticizer dosage is 0.01 by the mass of binder. 

Once prepared, the 3D printable geopolymer mortar 
was placed into feed bin of 3D printer. Then the 3D printer 
was controlled by computer, and the mortar was extruded 
and deposited according to the model. The layer height 
was set as 14mm, and the extruded and deposited layers 
had a width of 52 mm. the 3D printed geopolymer had 
three layers. After finishing printing, the printed samples 
were covered with plastic film. After cured for 23 hours, 
40 mm × 40 mm × 160 mm specimens were extracted from 
printed filaments. Then, the specimens were cured at 20 ± 
2 ℃, and ≥ 95% relative humidity.  

2.3 High temperature exposure 

A electric resistance furnance was used to conduct the 
high temperature exposure test. The heating temperatures 
were set up to 300 ℃ , 600 ℃ , and 900 ℃ , and the 
holding time was one hour. The furnance was heated at the 
target temperature in advance. Then, the 3D printed 
geopolymer specimens cured for 1d, 3d, 7d, and 28d were 
placed into furnance.  

2.4 Flexural and compressive strength 

The 3D printed geopolymer specimens before and after 
high temperature exposure were subjected to flexural and 
compressive strength. The loading rate was 50 N/s during 
flexural strength test. The loading rate of compressive 
strength test was 2.4 KN/s. The compressive strength of 
3D printed geopolymer was measured on three loading 
directions, in terms of perpendicure to interface plane, 
longitudinal and lateral (Fig. 1). 

 

 
Fig. 1. Testing directions for the compressive strength test 

3 Results and discussion 

3.1 Flexural strength 

Fig. 2 plots the flexural strength before and after exposure 
to high temperature against curing age. As shown in Fig. 
2, curing ages exhibit different influences on flexural 
strength after exposure to different temperatures. For 
specimens ta 20 ℃  without exposure to elevated 
temperature, the flexural strength increased with 
increasing curing ages, and a very slow increase rate was 
observed during curing age between 3d and 7d. After 
exposure to 300 ℃, the flexural strength first increased 
from 1d to 7d, and then slightly decreased at 28d. After 
exposure to 600 ℃, the flexural strength increased with 
increasing curing age with a decreasing growth rate. After 
exposure to 900 ℃, the flexural strength increased first 
from 1d to 3d, and then decreased from 3d to 28d. It is 
notable that, from 3d to 7d, flexural strength had a 
significant increase after exposure to 300 ℃ and 600 ℃, 
but decreased after exposure to 900 ℃. After exposure to 
300 ℃ , 600 ℃ , and 900 ℃ , the flexural strength 
decreased from 7d to 28d.  
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Fig. 2. Flexural strength of 3D printed geopolymer cured for 

different ages before and after high temperature exposure. 

3.2 Compressive strength 

Fig. 3 shows the plots of compressive strength measured 
on three loading direction before and after high 
temperature exposure against curing age. As shown in Fig. 
3, the influences of curing age on compressive strength 
depend on exposure temperatures and compression 
loading directions. 

For 3D printed geopolymer specimens at 20 ℃ 
before exposure to high temperature, the increase rate was 
different on different loading directions. On perpendicular 
direction, the compressive strength experienced a slight 
increase between 1d and 3d, and a significant increase 
from 3d to 7d. In contrast, on longitudinal direction, 
compressive strength showed a significant increase from 
1d to 3d, and a slight increase between 3d and 7d. 
However, on lateral direction, compressive strength 
experienced a significant increase both from 1d to 3d and 
from 3d to 7d. 

 

 

 
Fig. 3. Compressive strength of 3D printed geopolymer on 

different loading directions: perpendicular, longitudinal, and 
lateral. 

For 3D printed geopolymer specimens at 300 ℃, the 
compressive strength exhibited similar change trends on 
perpendicular and longitudinal directions, by showing 
increase between 1d and 7d, and decrease between 7d and 
28d. However, on lateral loading direction, the 
compressive strength increased between 1d and 3d, then 
decreased between 3d and 7d, after that an increase was 
observed between 7d and 28d. 

After exposure to 600 ℃, the compressive strength 
increased continuously from 1d to 28d on perpendicular 
direction. However, on longitudinal direction, the 
compressive strength decreased first between 1d and 7d, 
and then increased between 7d and 28d. On lateral 
direction, a complex change trend in compressive strength 
was observed by showing increase between 1d and 3d, 
decrease between 3d and 7d, and increase between 7d and 
28d. 

After exposure to 900 ℃, the compressive strength on 
perpendicular direction increased first between 1d and 7d, 
then increased slightly between 7d and 28d. However, on 
longitudinal direction, the compressive strength increased 
continuously between 1d and 28d. On lateral direction, the 
compressive strength experienced an increase from 1d to 
3d, a drastic decrease from 3d to 7d, and a slight increase 
from 7d to 28d. 
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4 Conclusions 

The flexural strength and compressive strength tested on 
three directions of 3D printed geopolymer before and after 
exposure to high temperature. the 3D printable 
geopolymers mortar were prepared from fly ash, slag, and 
metakaolin, activated by sodium silicate solution. The 3D 
printed geopolymers were cured for 1d, 3d, 7d, and 28d. 
The 3D printed geopolymers were heated at 300 ℃ , 
600 ℃ , and 900 ℃  for one hour. The compressive 
strength shows significant anisotropy for specimens cured 
for all designed ages and heating at all questioned 
temperatures. The flexural strength exhibits different 
change trends with curing age before and after exposure to 
different temperatures. The change trends of compressive 
strength with increasing curing ages is dependent of 
heating temperatures. 
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