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INFLUENCE OF SINTERING TEMPERATURE ON THE PORE STRUCTURE OF
AN ALKALI-ACTIVATED KAOLIN BASED GEOPOLYMER

Kaolin-based geopolymers are alternatives for producing high-strength ceramics for construction materials. Creating high-
performing kaolin ceramics utilizing the regular technique requires a high handling temperature (higher than 1200°C). Thus, the
structure and properties such as pore size and distribution are affected at higher sintering temperatures. Along these lines, infor-
mation with respect to the sintering system and related pore structure is essential for advancing the properties of the previously
mentioned materials. This study investigated the microstructure and the density of a kaolin-based geopolymer at various sintering
temperatures. The unsintered sample has the highest density of 1610 kg/cm®, while the samples sintered at 1100°C haves the lowest
density of 1203 kg/cm®. The result also shows that increasing the sintering temperature to 1100°C resulted in increasing the water

absorption of the kaolin-based geopolymer ceramic.
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1. Introduction

Geopolymer is an amorphous three-dimensional (3D) alu-
minosilicate activation of suitable precursor raw material [1]. Ge-
opolymers are amorphous to semi-crystalline three-dimensional
silico-aluminate materials synthesized at low temperatures in
a short time. However, with the increasing temperature crystal-
line phase begins to appear. Kaolin is an inorganic material that
has been identified as geopolymer compatible with excellent
performance. As a result of excellent properties, geopolymers
have been investigated for potential application in refractory
and insulating areas industries. Wang et al. [2] reported that the
structure of kaolin was majorly influenced by the sintering tem-
perature. The change of aluminium species affected the structural
changes of geopolymer after heating at 900°C.

In order to use the geopolymer in commercial application,
it is important to understand the sintering process and the pore
structure of kaolin geopolymer. Sintering can be defined as the
thermally-activated adhesion processes, which increase the con-
tact between the particles and their respective coalescence [3].
Sintering closes some of the open pores, decreasing the water
absorption rate and increasing its strength. The porosity of ge-
opolymer could change because of the evaporated of water during

sintering process. The dense heated geopolymer has a glassy
phase, basically making it a ceramic. Traditionally, the ceramic
vitrification commonly initiates from 900°C which marked by the
melting of several solid phase that binds the present solid parti-
cles and lead to enhance the bonding strength [4,5]. Geopolymers
are known to have inflammability at high temperature during
sintering. Thus, their behaviour at elevated temperature exposure
is becoming an interest in the means of mechanical properties.
The mechanical properties of geopolymers are said to improve
greatly when exposed to elevated temperatures.

In this study, the SEM microstructure has been used to
investigate the effect of sintering on the amount of pore of
kaolin-based geopolymer. The porosities and water absorption
after the sintering process also has been investigated to study the
effect of sintering on the pore structure. This work successfully
characterised and investigated the pore structure of kaolin-based
geopolymer.

2. Experiment Details

The kaolin utilized in this work was provided by the pre-
cursor sources of kaolin (Associated Kaolin Industries Sdn.
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Bhd, Malaysia). The sodium silicate (Na,SiO3) solution was
supplied by South Pacific Chemical Industries Sdn. Bhd., Ma-
laysia. The kaolin consists of SiO, (30.1%), Na,O (9.4%), and
H,0 (60.5%), with SiO,/Na,O = 3.2. The NaOH clear solution
was mixed with sodium silicate solution and cooled to ambient
temperature a day before mixing. The kaolin materials were
mixed with an alkaline activator solution for 5 mins; then, the
homogenised mixture was poured into a mould. After curing for
14 days, the kaolin-based geopolymer was sintered at 900°C and
1100°C and soaked for 2 hours at a heating rate of 10°C/min in
an electrically-heated furnace.

The unsintered and sintered examples were imaged utilizing
the JSM-6460LA Scanning Electron Microscope (JEOL, Pea-
body, MA USA), outfitted with auxiliary electron identifiers. The
voltage and working distance were fixed at 10 kV and 10 mm,
separately. The surface region and pore volume were estimated
utilizing Brunauer-Emmet-Teller (BET) gear (TrisStar 3000,
Micrometrics Instrument Corporation, GA, USA). The adsorbed
amount is connected to the particles’ absolute surface regions
and pore volume in the unsintered and sintered examples. The
density was calculated and water absorption tests were conducted
per ASTM C642-13 [ASTM C642-13, Standard Test Method for
Density, Absorption, and Voids in Hardened Concrete, ASTM
International, United States (2013)]. The weight of the sample

after and before the sample was immersed in water was recorded,
and the percentages of water absorption for the samples after
sintering at 900°C and 1100°C were determined.

3. Results and Discussion
3.1. Microstructure analysis

The microstructure of kaolin geopolymer unsintered and
sintered was investigated by SEM as shown in Fig. 1(a) un-
sintered, (b) 900°C, and (c) 1100°C.The microstructure reveal
that unsintered kaolin shows the presence of well-defined clay
platelets and an incomplete reaction of kaolin, per Fig. 1(a).
After sintering at 900°C and 1100°C, the images clearly show
the presence of pores and cracks in all of the heated kaolin-based
geopolymer ceramic. The kaolin-based geopolymer surface
became increasing glassy and glossy when sintered at 900°C
(Fig. 1b). The microstructure change can be attributed to the
hydration of moisture and phase transformation, as reported by
Dudek et al. [6]. It can also be seen in Fig. 1(c) that the kaolin-
based geopolymer ceramic sintered at 1100°C have a higher
porosity, alongside cracks and voids.
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Fig. 2. The density of kaolin geopolymer for unsintered and sintered at
900 and 1100°C for 3 days

Fig. 1. SEM micrograph of (a) unsintered, (b) sintered at 900°C and (c) sintered at 1100°C

3.2. Density and Water Absorption Analysis

The density and water absorption of the kaolin-based ge-
opolymer sample have been investigated to examine the pore
structure in kaolin based geopolymer. The densities of the un-
sintered and sintered kaolin at 900°C and 1100°C for 3 days are
shown in Fig. 2. The densitiesy of the unsintered and sintered
samples at all temperatures decreased with increasing time.
The unsintered sample has the highest density of 1610 kg/cm?,
while the samples sintered at 1100°C haves the lowest density
of 1203 kg/cm’®.

Therefore, it is theorized that the formation of large pores
created kaolin at 1100°C resulted in the lowest density, while
sample sintered at 900°C resulted in the formation of small
pores in the kaolin-based geopolymer sample. Likewise, the
unsintered sample contained small and open pores, while the
sintered sample had large and closed pores, which translated
into high material density [7].



Fig. 3 shows the percentage water absorption of kaolin-
based geopolymer ceramic after sintering at 900°C and 1100°C
for 3 days. From the graph, it was found that the highest value
percentage of water absorption was found after 3 days sinter-
ing at 1100°C. Basically, the trend was continuously increased
with increasing sintering temperature and time. It is believed
that the higher sintering temperature exposed to the kaolin ge-
opolymer, resulting larger pores size due to the water removal.
Hence, increased the pore size can affect to the increasing the
capacity of the water been absorbed to the geopolymer sample.
The sintering temperature could affect the pore size and density
of geopolymer ceramic and the mechanical testing is needed to
further investigation regarding this finding.
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Fig. 3. Average percentage of water absorption kaolin geopolymer
sintered up to 1100°C after 3 days

4. Conclusions

The pore properties in kaolin geopolymer ceramic has been
investigate and were analysed in this paper. Several conclusions
has been made as below:

1. The effect of sintering temperature to the pore were investi-
gated as the microstructure analysis show the development
of surface densification and less pore within the geopolymer
matrix.

2. The density and water absorption confirmed the presence
of pores after the sintering process. The unsintered sample
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has the highest density of 1610 kg/cm®, while the samples
sintered at 1100°C haves the lowest density of 1203 kg/cm®.

3. The microstructural analyses showed that sintering at
1100°C resulted in large pore sizes relative to its unsintered
sample.

Acknowledgments

The authors gratefully acknowledged the Ministry of Higher Education
Malaysia regarding the use of the ISIS Neutron and Muon Source entitle the
neutron tomography studies of the geopolymer ceramic used for reinforce-
ment materials in a solder alloy for a robust electric/electronic solder joint
under reference no: JPT.S (BPKI)2000/016/018/019(29).

References

[1] J. Wen, Y.Y. Zhou, X. Ye, Study on Structure and Properties of
Kaolin Composites-based Geopolymers, Chemical Engineering
Transactions 66, 463-468 (2018).

[2] M. Wang, D. Jia, P. He, Y. Zhou, Influence of calcination tempera-
ture of kaolin on the structure and properties of final geopolymer,
Mater. Lett. 64 (22), 2551-2554 (2010).

[3] J. Davidovits, Geopolymer cement, A review. Geopolymer Insti-
tute, Technical papers. 21: 1-11 (2013).

[4] PN. Lemougna, J. Yliniemi, A. Ismailov, E. Levanen, P. Tans-
kanen, P. Kinnunen, J. Roning, M. Illikainen, Recycling lithium
mine tailings in the production of low temperature (700-900 C)
ceramics: Effect of ladle slag and sodium compounds on the pro-
cessing and final properties, Construction and Building Materials
221, 332-344 (2019).

[5] N.N.I. Zulkifli, M.M.A.B. Abdullah, A. Przybyt, P. Pietrusie-
wicz, M.A.A.M. Salleh, I.H. Aziz, D. Kwiatkowski, M. Gacek,
M. Gucwa, J. Chaiprapa, Influence of Sintering Temperature of
Kaolin, Slag, and Fly Ash Geopolymers on the Microstructure,
Phase Analysis, and Electrical Conductivity, Materials 14 (9),
2213 (2021).

[6] M. Dudek, M. Sitarz, Analysis of changes in the microstructure of
geopolymer mortar after exposure to high temperatures, Materials
13 (19), 4263 (2020).

[71 LH.Aziz, M.M.A.B. Abdullah, M.M. Salleh, S. Yoriya, J. Chaipra-
pa, C. Rojviriya, L.Y. Li Microstructure and porosity evolution
of alkali activated slag at various heating temperatures, J. Mater.
Res. Technol. 9 (6), 15894-15907 (2020).



	W.M.W. Ibrahim￼1,2*, M. Ibrahim￼2,3, M.Z.A. Azis￼1, M.M. Al B. Abdullah￼2,3, 
A.S. Sauffi￼2,3, A. Romisuhani￼1,2, S.H. Adnan￼4
	Investigation of Mechanical, Physical and Durability Properties 
of Metakaolin-Based Geopolymer

	M. Ibrahim￼1,2, W.M.W. Ibrahim￼2,3, M.M. Al B. Abdullah￼2,1, 
L.H. Mahamud￼1, M.N.N. Tajuddin￼1, N.F. Yahya￼4
	The Influence of Foaming Agent Towards Metakaolin Based Alkali Activated 
Materials Properties and Cu2+ Adsorption

	A. Jakhar￼1, L. Sharma￼2*, P. Rath￼1, S. Kumar Mahapatra￼1
	Similarity Solution for Phase Change of Dilute Binary Isomorphous Alloy 
with Density Variation during Phase Change 

	J. Dutkiewicz￼1*, Ł. Rogal￼1, M. Węglowski￼2, T. Czujko￼3, 
T. Durejko￼3, E. Cesari￼4
	Comparison of Microstructure, Ageing Effect and Shape Memory Properties of Additively 
Manufactured NiTi Alloy using LENS and EBAM Methods 

	T. Goryczka￼1*, B. Szaraniec￼2, E. Stodolak-Zych￼2, S. Kluska￼2
	PAN-Based Carbon Fibers Deposition on NiTi Surface

	I. Matuła￼1*, G. Dercz￼1*, K. Prusik￼1, M. Szklarska￼1, A. Kazek-Kęsik￼2, W. Simka￼2, E. Sudoł
	Synthesis of Ti-Nb-Zr Alloys Combined Powder Metallurgy and Arc Melting Methods 

	P. Czaja￼1* 
	Lorentz TEM and LM-STEM DPC Analysis of Magnetic Domains 
in Soft Ferromagnets

	T. Goryczka￼1*, G. Dercz￼1
	Effect of Milling Time on Crystallization Sequence and Microstructure 
of NiTi Alloys Produced Via High-Energy Ball Milling

	G. Dercz￼1*, I. Matuła￼1, K. Prusik￼1, J. Zając1, M. Szklarska￼1, A. Kazek-Kęsik￼2, W. Simka￼2
	Effect of Nb and Zr alloying additives on structure and properties of Ti-Ta-Nb-Zr alloys 
for medical applications

	K. Glowka￼1, M. Zubko￼1,2*, K. Piotrowski￼1, P. Świec￼1, K. Prusik￼1, R. Albrecht￼1, D. Stróż￼1
	Microstructure and Selected Mechanical Properties of Cr25Zr25Co20Mo15Si10Y5 
and Cr25Co25Zr20Mo15Si10Y5 Multicomponent Alloys

	E. Stodolak-Zych￼1*, M. Kudzin￼2, K. Kornaus￼1, M. Gubernat￼1, 
E. Kaniuk￼1, M. Bogun￼2
	Nonwoven Carbon Fibers with Nanometric Metallic Layers as a Tool 
to Monitor Regenerative Processes

	Wójcik￼1*, R. Chulist￼1, A. Szewczyk￼1, J. Dutkiewicz￼1, W. Maziarz￼1
	The Influence of γ' Precipitates on the Structural Stability of FeNiCoAlTa and FeNiCoAlTaB Single Crystals After Cyclic Superelastic Deformation

	W. Maziarz￼1*, A. Kolano-Burian￼2, M. Kowalczyk￼3, P. Błyskun￼3, R. Chulist￼1, 
P. Czaja￼1, M. Szlezynger￼1, A. Wójcik￼1
	TEM, HREM, L-TEM Studies of Fe-Based Soft Magnetic Melt-Spun Ribbons Subjected 
to Ultra-Rapid Annealing Process

	A. Szewczyk￼1*, M. Faryna￼1, A. Wójcik￼1, W. Maziarz￼1, R. Chulist￼1
	Precise Orientation Control of Single Crystalline NiMnGa-Based Alloys 
by in-situ EBSD Analysis

	W. Zajkowska￼1*, J. Turczyński￼1, B. Kurowska￼1, H. Teisseyre￼1,2, 
K. Fronc￼1, J. Dąbrowski￼1, S. Kret￼1
	ZnO Nanowires Grown on Al2O3-ZnAl2O4 Nanostructure Using Solid-Vapor Mechanism

	J. Morgiel￼1*, T. Dudzia￼2, L. Maj￼1, A. Kirchner3, M. Pomorska￼1, B. Klöden3, 
T. Weißgärber3, D. Toboła￼2
	Role of Nitrogen During Dry-Air Oxidation of TiAlNbCrSi Alloy Produced 
with Mould Casting (MC) and Electron Beam Melting (EBM) 

	A. Işıkgül￼1*, H. Ahlatcı￼3, İ. Esen￼2, Y. Türen￼3, O. Yağız￼3
	Investigation of Mechanical Properties of Accelerated Cooled 
and Self-Tempered H-Type Structural Sections

	H.-F. Chicinas￼1,2*, L.-E. Marton￼1,2, C.-O. Popa￼1
	Influence of Dissolved Oxygen Content on the Properties of Aqueous Milled WC-Co Powders

	XIAOYAN Hu￼1*, YINGBIN Liu￼1, Li Yang￼1, XIAOCHEN Huang￼1
	Microstructure and Mechanical Properties of Stainless Steel/Aluminum Multilayer Composites by One-Step Explosive Welding


