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Abstract

Geopolymers are generally three-dimensional networks formed by aluminosilicate tetrahedral
structures bonded by covalent bonds of oxygen atoms. Due to its special porous structure,
geopolymer itself has many excellent physical and chemical properties, for example it has high
porosity, heat resistance and good mechanical strength as well as chemical inertness compared to
conventional cements. Therefore, geopolymers are often used as alternatives to concrete for
insulation and radioactive waste solidification. In this study geopolymers were attempted to apply
catalyst support in PAR and for radioactive aluminum compaction in JMTR by controlling the pore

size distribution of potassium-based metakaolin geopolymers.

The geopolymers in this study were made from metakaolin powder, AFACO silica, potassium
silicate solutions (K»SiO3) and potassium hydroxide (KOH). The ratio of Al: Si: K: HyO is
1:2.1:0.8:8. This ratio was used to synthesized geopolymer, the different post curing conditions
after 4 days initial cured at 60°C was conducted. The result showed that the average pore size of

the demolded (quick dehydration) and uncapped (slow dehydration) samples was almost the same.
This means that porosity may form at a certain viscosity in the first 4 days. A single chemical
reaction (dehydration) was likely to be the origin of the pore formation and to take place at the

same viscosity and irrelevant to the curing condition.

In the next research geopolymer samples were synthesized with the same molar ratios and cured
sample at 60°C from 1 to 4 days but different post curing conditions (open lid and with lid) for
studying the air tightness on pore forming process. The results showed that the pores were with
similar average sizes and might have been formed within a day. The average pore sizes of the
samples without lid were larger than or the same as the one covered with lid. In the sample with
lid, the water was kept in the mold, it might increase the pressure inside the mold, the pressure on
the internal pores increased and the formation of larger pores was hindered. This may result in the
formation of smaller pores in the samples with lid.

In this thesis geopolymers were used to compact radioactive aluminum material. The geopolymers
synthesized here have various water content and cure at different initial temperatures. After

electron irradiation up to 992 kGy, the Vickers hardness at 110 MPa did not change significantly



with water content. The geopolymers in this study are stable enough to be used as catalyst support

materials and compaction materials for radioactive aluminum ions.
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1. Introduction

1.1 Background

As we all know, ordinary portland cement (OPC) has always been an indispensable industrial

material in our life. Many papers have suggested the significant contribution of OPC to CO
emissions [1,2]. Judging whether an industrial material is good or bad is not only an

environmental issue, but also whether its durability and raw materials are easy to obtain and cost-
effective. Due to the lower fineness of OPC, hence has higher permeability and as a result it has
lower durability [3]. Therefore, it is a new challenge to search for alternative types of cementitious
materials.

Geopolymers can be synthesized at room temperature and are therefore more cost-effective
than synthesizing aluminosilicate compounds and zeolite structures simultaneously at a high

temperature. Geopolymer binders are superior to OPC in terms of synthesis conditions, mechanical

properties, the cost of raw material and durability.

Geopolymer was named by Prof. J. Davidovits in 1978 and described as a green cementitious
material without cement. Geopolymers are inorganic polymers obtained by alkaline activation of
aluminosilicate materials such as fly ash. Their properties are like natural rocks in structure and
chemical. Geopolymers are named geopolymers because they are synthesized by condensation
mechanisms, such as thermosetting organic polymers. Geopolymers can be defined as covalently
bonded amorphous Si-O-Al networks. Among them, the SiO4 and AlOj4 tetrahedral frameworks
are connected by sharing oxygen atoms, and the dehydration to form a dense amorphous to semi-
crystalline three-dimensional network structure. These are called geopolymers because their
starting materials are derived from geological sources and the formation of geopolymers is carried
out by inorganic polymerization and condensation reactions [4].

1.2.  Purpose and objectives

Due to its special porous structure, geopolymer itself has many excellent physical and chemical
properties, such as high porosity, high temperature resistance, chemical stability. Therefore,
geopolymers are often used as structure material, alternative material for concrete, porous
insulation materials, and for solidification of radioactive waste.

In order to further adapt the geopolymer to specific applications. For example, some
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applications may require increased porosity (such as catalyst support in PAR) and some
applications may require decreased porosity (such as compact radioactive ions). If the porosity of
geopolymers can be well controlled, it will make better use of this clean and environmentally
friendly material.
» Therefore, this thesis will study to control the pore distribution of potassium-based kaolin
geopolymers.
The purpose and objectives of this thesis include but are not limited to the following:
e Effects of initial curing temperature and later curing conditions on the stability, pore size
distribution and mechanical properties of geopolymers
e Whether the pore size distribution is affected by the curing condition, here specifically
refers to the closed lid or open lid during the curing process.
e Pore size distribution of potassium and metakaolin based geopolymers with different water

contents under electron radiation.

1.2  Thesis outline

To address all our goals and questions, we need to develop a coherent research plan. This thesis
includes 7 chapters in total.

Chapter 1 gives a preliminary introduction to geopolymer concrete.

Chapter 2 a summary of the literature of studies related to geopolymers is provided.

Chapter 3 describes the materials and testing procedures used in this paper.

Chapter 4 explores the pore distribution of geopolymers under different dehydration conditions.
The degree of shrinkage and the surface of the sample were used to know the effect of the
temperature on the mechanical properties of potassium and metakaolin based geopolymer.
scanning electron microscope (SEM) was used to analyze the pore size distribution of the samples.
As well as X-ray diffraction (XRD) and thermogravimetry-differential thermal analysis (TG-DTA)
to analyze the curing conditions of the samples for high temperature tolerance of potassium and
metakaolin based geopolymers.

Chapter 5 further explores the pore size distribution based on Chapter 4. In the case of ensuring
the same curing temperature, the isolation of air is used as a variable in the curing process. The
experiment mainly focuses on the pore distribution, Vickers hardness and XRD.

Chapter 6 combines the practical application and the previous study in this thesis of pores to



conduct electron radiation experiments on geopolymers. As we all know, a series of problems may
be caused by the radiolysis of water. With this background. The influence of water on pores size
distribution and hardness is considered. The water content of the samples when they were
synthesized and conducted experiments on their hardness before and after electron irradiation,
further confirming the possibility of our samples in the practical application of nuclear waste
treatment.

Chapter 7 makes a detailed summary of this thesis.

Chapter 8 proposes a possible future research plan.



2. Literature review

2.1 An overview of geopolymers

Geopolymerization is a process in which inorganic materials, such as kaolin, zeolite, fly ash, or
clay, are chemically transformed into a solid material with properties like traditional cement-based
materials. It involves the reaction of source materials with alkaline activators to produce a
geopolymer binder.

The key ingredients involved in geopolymerization are source materials and alkaline activators.
Industrial by-products such as clay, fly ash from coal combustion, or slag from metal smelting
processes, naturally occurring materials such as kaolin can all be source materials. Alkaline
activators are usually solutions containing alkali metal hydroxides or silicates, such as sodium
hydroxide or sodium silicate.

The geopolymerization process begins by dissolving the source material in a solution of alkaline
activator, which forms a liquid phase. This liquid phase undergoes a complex series of chemical
reactions, including polymerization and condensation, to form a three-dimensional skeleton
structure of geopolymer chains. The process of geological aggregation has been mentioned in

many literatures [5.6]. Figure 1 is the process of geological aggregation [7, 8,9].

28i0:-ALOs + 30H +3H:0  ———  2[Al(OH):] + [SiOx(OHD: ] (1)
HO (0}
. , \ /.
[AL(OH)s] + [Si02(OH)2 ]+ —» HO —/Al’ -0- S\l— OH (2)
HO (0}
I | |
Polycondensation | - |Si -O-Al'-0- |Si - 0- (3)
> |
(0} 0] (0] n

Fig.1. Three steps of geopolymerization process [7].

Silicon (Si), aluminum (Al) and oxygen (O) are the main constituent elements of geopolymers.
Silicon and oxygen in the silicate feedstock play key roles in the polymer formation process. They
form silicon-oxygen bonds through polymerization and solidification reactions, forming a three-
dimensional network structure. Aluminum mainly exists in raw materials and can form aluminum-

silicon-oxygen bonds together with silicon during the polymerization process, further enhancing
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the structural stability of the polymer. The elemental ratio of a geopolymer largely determines its
microstructure [10,11,12]. Figure 2 shows the different types of structures produced by different
Si-Al ratios [13].

2.2 Raw materials

Geopolymers can be synthesized from many different raw materials, including natural materials
as well as industrial by-products. The choice of raw material depends on various factors such as
cheap and easy availability. Environmental protection, reactivity, desired properties of
geopolymers and specific application requirements. Utilizing these raw materials in
geopolymerization has the advantage of recycling industrial by-products and mitigating the
environmental impact of industrial waste. For example, fly ash is the powdery residue produced
after the combustion of pulverized coal in coal-fired power plants. Its composition contains high
silica (Si) and alumina (Al) contents, making it a widely used raw material for the production of
geopolymers [14,15,15,17,18].

Slag is a by-product of metal smelting processes such as iron and steel smelting. It is rich in

silica and alumina, so it can be used as a raw material for synthetic geopolymers [19,20].

PS: Si/AlI=1
(—Si—0—AI-0—)

PSS:SiVAI=2
(—Si—O—AI—-0O0—Si—0—)

PSDS:Si/AlI=3
(—Si—O0—Al—O0—Si—O—Si—0—)
W : b
Si/Al>3 Sialate chain -,Sl- g=3i—¢ -s.{-o—
o (o)
o\ ,°
N e ™ s'i—o—Si—o-

Fig. 2 shows the different types of structures produced by different Si-Al ratios [13].
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Metakaolin: Metakaolin is heat-treated kaolin. It is commonly used to produce geopolymer due
to its high reactivity and purity. Metakaolin is rich in alumina and silica, which help to form a
strong geopolymer matrix. [21,22,23].

Rice husk ash: Rice husk, a by-product of rice milling, is burned to produce rice husk ash.
Because it contains a large amount of amorphous silica, it can be used as a raw material for
synthetic geopolymers. [24,25,26].

Natural clays: Naturally occurring clays, such as kaolin and bentonite. Those are used as raw
materials to synthesize geopolymer. These clays contain silica and alumina, which are essential for
geopolymerization. [27,28].

Silicon powder: It is a by-product of the production process of silicon and ferrosilicon alloy. It
is rich in silica and therefore highly reactive and is often used as an auxiliary material in the

production of geopolymers. [29,30].
2.3 Alkaline activator

Alkali activators in geopolymers play an important role in initiating and promoting
geopolymerization. It acts as a catalyst by providing the necessary alkalinity and soluble alkali
ions, which are essential for the dissolution, polymerization, and condensation reactions of source
materials.

Alkali activators are usually dissolved in water as hydroxides or silicates to release hydroxide
(OH-) 1ons or alkali metal cations such as sodium or potassium. These alkaline substances have a
high pH, creating the alkaline environment required for geopolymerization. The alkaline
environment provided by the alkaline activator can promote the dissolution of the raw material,
and the dissolution process releases reactive silica and alumina species from the raw material,
followed by a series of polymerization and condensation reactions under the action of the alkaline
activator [31, 32]

The alkalinity of the activator helps to promote the formation of a three-dimensional network
structure of the geopolymer skeleton. Alkali ions from activator can replace the cations present in
the source material, forming strong and stable geopolymer bonds. The alkalinity and soluble alkali
ions provided by the activator help to form a dense and dense geopolymer matrix, which improves
mechanical properties such as compressive strength [33]

The concentration and type of base activators affect the geopolymerization kinetics and thus

the cure time, processability and final physicochemical properties of the geopolymer. By adjusting



the activator composition, the rate of geopolymerization can be controlled to meet specific
application requirements.

There are many common base activators such as sodium hydroxide (NaOH) [34,35], potassium
hydroxide (KOH) [36,37], potassium silicate (K2SiO3) [38,39], and sodium silicate (Na;SiO3)
[40,41].

2.4 Geopolymer characterization

Evaluation of the performance, durability, and suitability of geopolymers for specific
applications is required.

For example, compressive strength is an important parameter for the mechanical properties of
geopolymers. Cured geopolymer samples were measured by subjecting them to compressive
forces using standardized testing procedures. [42,43].

The ability of geopolymers to resist bending or deformation is usually measured using flexural
strength. It is determined by subjecting the sample to bending forces using the appropriate test
method [44,45].

Microstructural analysis involves examining geopolymer materials at the microscopic level.
Using techniques such as SEM and transmission electron microscopy (TEM) can yield information
about the internal structure of geopolymers and the distribution of phases and components,
including the morphology of geopolymer material and the existence or absence of any pores or
fractures. [46,47].

Analyzing the mineral composition of geopolymer samples and identifying the presence of
crystalline phases typically uses X-ray diffraction, by which the amorphous content is measured
to determine the degree of geopolymerization. [48,49].

Fourier transform infrared (FTIR) spectroscopy is applied to analyze the chemical bonds and
functional groups that exist in geopolymer matrices. It can provide information on the formation
and degree of polymerization of geopolymer bonds [50,51,52].

Thermal analysis techniques, like thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), can be applied to evaluate heat stability, decomposition behavior and phase
transition of geopolymers at different temperatures. [53,54].

The porosity and permeability of geopolymer samples determine their resistance to fluid flow
and can affect their durability and resistance to chemical attack. Techniques such as mercury

porosimetry and permeability testing can be used to quantify these properties. [55,56,57].



3. Experimental procedure

3.1 Materials

In this thesis the source material for geopolymer were provided by a Japanese company called
AVAN ENG co. Itd.
Potassium hydroxide:

Potassium hydroxide, generally known as caustic potash, is a potent base and is an inorganic
compound. Its chemical formula is KOH. There are many forms of sales in the market, including
granules, flakes, and powder. In this thesis, pellets are used for the synthesis of geopolymers.
Potassium hydroxide is also a precursor to other potassium-based compounds, which can be
applied in various chemical, industrial, and manufacturing applications. Potassium hydroxide can
be used as a stabilizer and thickener and can be used to adjust pH in food.

Apart from the uses mentioned above, KOH is applied in soap making, conducting electrolytes in
alkaline batteries, electroplating, photolithography, paint, and varnish removers, among many
other applications.

For this research the potassium hydroxide was manufactured by UNID.CO.LTD. The freezing
point / melting point was 380 degrees, and the specific gravity was 2.044. CAS. No is 1310-58-3.

Potassium silicate solution:

The properties of potassium silicate vary with the ratio of silica to potassium oxide. The
proportions were changed to meet the requirements of extensive customization. The product is
usually available in the market as an aqueous solution or as a solid in glassy flakes (Wako
concentration, 50%) and this solution was used in this paper.

Potassium silicate glass is a colorless supercooled melt of potassium carbonate and pure silica
sand. Potassium silicate, although slightly hygroscopic, will remain unrestricted flow if kept in
airtight drums. Potassium silicate solutions are produced by dissolving potassium silicate glass in
hot water. It is possible to produce clearly defined but very different products by changing the ratio
of silica to potassium oxide.

Viscosity is a function of the silica-to-potassium oxide ratio, and the solid contents: as either of
these variables decreases, the viscosity is reduced. Viscosity is also a function of the water content

of the solution and the temperature of the solution (Relatively small changes in water content have



a significant effect on viscosity). The pH of potassium silicate is a function of composition and
concentration. A good method to consider potassium silicate solution is as a polymer solution of
Si0x-Si0x oligomers, Stabilized by K20 (another expression of KOH: H>0O). By changing the pH,
for instance, eliminating or neutralizing an excess of the KOH will lead to faster develop the large
chains of SiOx. This may increase viscosity and can go so far as to lead to complete gelation of
the silica portion.

EFACO silica:

Silicon dioxide, the chemical formula is SiO;. It is an acidic oxide, and its hydrate is silicic acid
(H2S103). As is well-known silica is most found in nature, quartz, and various kinds of living
organisms. Silica is the main component of sand in many places of the world. Silica is one of the
most complicated and luxuriant materials. It is both polylineal and synthetically produced. As we
all know, fused silica, silica gel, crystal, fumed silica, and aerogels.

Si02 crystals have various crystal forms, and the basic structural unit is a tetrahedron. Each Si is
combined with 4 O, Si is at the center, and O is at four vertices; there are 6 silicon atoms and six
oxygen atoms on the smallest ring. Many such tetrahedrons are connected by O at the vertex, each
O is shared by two tetrahedrons, that is, each O is combined with 2 Si. In fact, SiO> crystal is a
crystal with a three-dimensional network structure composed of Si and O in a ratio of 1:2.
Therefore, SiO; is generally used to represent the composition of silica. SiO4 tetrahedron exists
not only in Si0O2 crystals, but also in all silicate ores, and it is the basic skeleton of the colorful
silicate world.

In this research, EFACO silica was used to synthesis geopolymer, the details information is shown

in Table. 1.



Table. 1. The details of EFACO silica in this experiment [58]

Elkem Microsilica 951 Chemical
Analysis(weight%)
Product name EFACO
Origin Egypt
Analysis items Specification
Si0, % min. 94.0
C % max. 2.0
Fe O, % max. 1.0
ALO,; % max. 1.0
CaO % max. 1.0
MgO % max. 1.0
K,O % max. 1.2
Na,O % max. 0.5
H,O % max. 1.0

Metakaolin:

The quality and reactivity of metakaolin depends to a large extent on the properties of the raw
materials applied. Metakaolin can be yielded from all kinds of natural sources including kaolinite:
High purity kaolinite deposits, low purity kaolinite deposits or tropical soils, paper sludge wastes,
oil sand tailings, and metakaolinite.

In this research, metakaolin was purchased from Imerys-specialities in Japan under the brand
name PoleStar450. Determination of chemical composition of metakaolin by X-ray fluorescence
method was AlOs * 2~3Si0O. powders (the details is shown in Table .2.) and were used. For a

foaming agent, Distilled water was added.
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Table. 2. The details of metakaolin in this experiment [59].

Chemical Analysis of metakaolin by XRF
(weight%)
Product name Metakaolin
Origin China
Analysis items Specification
SiO, 51.19
Al;Os 45.71
Feo0O3 0.54
TiO; 1.10
CaOo 0.2
MgO 0.08
K20 0.14
Na,O 0.18
LOI 0.73
P20s 0.12
3.2 Research Methodology

3.2.1 Cutting machine

Fig.3 The cutting machine

To measure the pore size distribution of internal cross-sections of geopolymers, the sample

should be cut out for subsequent detection of the pore size using a scanning electron microscope.
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Figure 3 shows the cutting machine used in this thesis. Samples were cut 5mm from the bottom.
The cutting process needs to be uniform and slow to prevent sample breakage or uneven cutting
surface caused by unstable cutting process. The cutting process of each sample takes about 40
minutes to complete.
3.2.2 SEM

TM3000 Miniscope, HITACHI, is shown in Fig. 4. This device is designed to be energy
efficient and does not require a continuous power supply. It can boot in about three minutes. Low-
vacuum type and immediate response to any large magnification, this device supports
magnifications from 15x to 30,000x. Three observation conditions can be set: surface observation,
normal observation, and high-intensity observation, and it has automatic functions such as
automatic start, automatic focus, and automatic brightness. Equipped with image shift function
and high operability of operation buttons, it enables deep-focus 3D morphology observation.

Fig.4 Scanning Electron Microscope-SEM
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In this paper this device was used to take 50 images from cross-sections, measure and count the

pore sizes, and classify them by size to know pore size distribution map of the sample.

3.2.3 XRD

XRD is one of the most crucial non-destructive research instruments used for analyzing
everything from liquids to powders and crystals. From research to production, XRD is an
indispensable method for material microscopic characterization and quality detection. The crystal
phases of various materials are identified by XRD technology, and quantitative analysis of the
phases is carried out after identification. X-ray diffraction is excellent at clarifying the three-
dimensional atomic structure of crystalline solids. The properties and functions of materials
depend largely on the microstructure of crystals. Therefore, XRD technology has been widely used

in material research, development, and production.

Rigaku has collaborated with users in academia and industry to develop a family of X-ray
diffractometers (such as the machines shown in Figure 5) that provide the most technologically
advanced, versatile, and cost-effective means of judging the crystallinity of substances today. The

machine used in this experiment.
e " B
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To analyze the composition and phases of geopolymers, XRD with Cu-Ka radiation

(0.15418nm) were applied with scan angles in the range of 10-60 degrees.

3.24 TG-DTA

TG-DTA measures the weight change of the sample based on the temperature change of the
sample and reference sample. For the program of simultaneous measurements TG and DTA, which
is to measure the temperature change between the target sample and the reference sample were
carried out. It can measure the water content and ash content of the sample, and evaluate its
chemical properties such as decomposition, oxidation, and heat resistance. It can also be used for
testing (calculation of activation energy) and accelerated degradation testing (comparison of
thermophysical properties before and after degradation) to further test the reaction rate.

TG: When the weight changes, the current flowing through the coil causes it to return to its
original current. The current corresponds to the weight change, and the current fluctuation is the
weight change. output.

DTA: The temperature measurement is performed with a thermocouple provided in the sample
holder. The detected temperature difference is output as a DTA signal.

The device is characterized by a vertical differential thermal balance with small drift (drift: TG-
DTA signal fluctuation caused by temperature rise), high sensitivity, and stable measurement at
low and high temperatures. Gas replacement by vacuum replacement (Residual oxygen has less

influence on the measurement.) As shown in Figure 6.
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In this thesis, the sample was heated to 1000°C by TG-DTA, and the dehydration state of the

sample was analyzed.

Fig.6 TG-DTA

3.25 Vickers hardness

Vickers hardness is a measure of a solid material's resistance to indentation. It is determined by
calculation by pressing a diamond indentation into the sample surface under a specific load and by
determining the size of the indentation, usually ranging from a few grams to several kilograms.
The Vickers hardness value is obtained by measuring the size of the indentation remaining on the
surface of the sample.

The instrument used in this paper is shown in Figure 7.

Vickers indenter was loaded at 1 kgf for 15 s with 12 points on the sample in this thesis.
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Fig.7 Vickers hardness equipment

3.2.6 Electron irradiation

"ETIGO-1II" is an inductively pulsed electron beam accelerator (the details of the confations is
8 MV, 5 kA and 30 ns). As shown in Figure 8, the accelerator includes 4 sensing units. Every
acceleration cell with three amorphous iron cores is powered by the output voltage of the pulse
forming line (670 kV). Each cell obtains an output voltage of 2 MV with a total output of 8 MV,

16



5 kA, and 30 ns. In this thesis, the potassium and metakaolin-based geopolymer was irradiated by

ETIGO-III at a peak voltage 2MeV, current 5kA and a pulse with of 100 ns.

Fig.8 Linear Induction Accelerator, "ETIGO-III"

To further increase the absorbed dose of the sample, we used electron beam irradiation
equipment at Takasaki Institute of Advanced Quantum Science operated at an acceleration
voltage of 2 MeV. The absorbed dose reached about 1000kGy. The equipment is shown in
Figure 9.
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Fig.9 Electron irradiation in the Cockcroft Walton accelerator
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4 Pore-forming process in dehydration of
potassium and metakaolin based
geopolymer.
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4.1 Research purpose

The passive autocatalytic recombiner (PAR) is widely used today. It is a device that removes
hydrogen from a nuclear power plant containment in the event of an accident. The purpose is to
prevent hydrogen explosions. Once the hydrogen concentration increases, the recombiner
functions spontaneously. PARs are passive devices since they do not require other energy from
the outside to operate. [60]

Hydrogen and oxygen molecules react chemically on the surface of the catalyst in an
environment of low temperature and low hydrogen concentration. The chemical reaction produced
steam. For Fukushima Daiichi Nuclear Power Station accident, many PARs are required in
radioactive slurry vessels. It is required to produce catalysts supports at low costs. For PAE
applications various excellent properties of geopolymers have been proposed as catalyst support
materials. Considering the addition of the alkali solution in the synthetic original material of
geopolymer, it is inevitable that geopolymers contain water. In previous research, the effects of
humidity poisoning were very sensitive to metals such as Pd, Pt. The water molecules formed after
the composite reaction of hydrogen and oxygen cover the surface of the catalyst, thus affecting the

activity of the catalyst, and both alumina-supported catalysts and silica-supported catalysts are

affected by deactivation to a certain extent [61]. Considering the inhibitory effect of water on
catalysts, it is important to control the water content in the catalyst support.

Based on some studies, the porosity and pore size distribution in the geopolymer framework
were tailored by simple synthetic condition changes [62]. Geopolymers inevitably contain pores,
through which the permeation of foreign substances through the pore network can occur, which
may degrade the mechanical properties.

Therefore, the aim of this chapter is to investigate the effect of dehydration of geopolymers
on the pore distribution.

4.2 Experiments

This study is based on the research of Ms. Le Thi Chau Duyen. She investigated various Al: Si:
K: H20 ratios. The geopolymer has good physical properties at the ratio of Al: Si: K: H20 is
1:2.1:0.8:8[63]. Therefore, this paper synthesized geopolymers with the same ratio (the

composition of the samples as shown in Table 3).
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Table.3 composition of the samples

Materials K20-2810: H,0 KOH S102 ALO5-2~3810: Total
Composition 28.12 25 38 5.11 10.95 3043 100
wt %
Ratio Al: Si : K :H20-=1:2.1:0.8:8

Solution mixture of |[Powder mixture of
| Potassium silicate
solution
Distilled water EFACO silica
Potassium hydroxide

J J

Mixture process

@ Solution + half of the mixed
powder— 1 minute N

(2) Half of the mixed powder + (0)
— | minute

@ @ — 2 minutes

ﬂv Current experiment:
Using a bowl mixer with
| Pour lntO Container = 0 s[irring arm
- different speed levels
2-4-6-8-10-12
60-250 rpm
Fig.10 Synthesis process of geopolymer samples.

Metakaolin -

Potassium hydroxide powder, distilled water and potassium silicate were mixed in proportions
of 28.12wt%, 5.11wt%, and 25.38 wt%, respectively. The mixture was stirred until the powder
was completely dissolved. The mixed solution was cooled down to room temperature for later use.
Then 25.38wt.% EFACO silica powder and 30.43wt.% metakaolin were weighed for use.

In the mixing process, first we pour the prepared solution was poured into the stirring container,
then add EFACO silica powder was added stirred for 1 minute at a stirring speed of 60rpm. For
well mixing, half of the metakaolin was added into the slurry and then stir at 60rpm for about 2
minutes, after that, the other half of the metakaolin was added and stirred at the same speed for

another 2 minutes. The last step, the slurry was mixed at approximately 80 rpm for about 5 min to
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synthesize geopolymer samples. The mixing process is shown in Fig.10.

r e AP
ETTs

ol |

Y

a4

e T
Fig.11 The oven used in this research.

The slurry was poured into a mold after mixing. The mold used in this experiment is cylindrical,
with a diameter of 33 mm and a height of 55 mm. In this experiment, 6 samples were synthesized
with almost the same volume and mass and sealed with lids. The 6 samples were named with
letters A-F and the geopolymer samples were segmented into three groups of 2 samples each
(Group 1: Samples A and B; Group 2: Samples C and D; Group 3: Samples E and F). The three
groups of samples were placed in the oven as shown in Fig. 11. The oven temperature was set at
60°C, the curing time was 4 days, for well explanation named this curing step as Curing 1. After
four days, the three groups of samples were transferred to room temperature, 60°C and 80°C and
stored until the 28th day. One sample in each group was completely demolded (Samples A, C, and
E), while the other sample was uncapped but kept in the mold (Samples B, D, and F), we named
this curing step as Curing 2. And the curing process in this experiment is shown in Table 4.

After the curing, the sample size was measured by a caliper to calculate the shrinkage.
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Table 4. The curing treatment processes

Curing 1 Curing 2
Group | Sample
number | number Temperature | Time Treatment Temperature | Time
A Demold
1 B RT
Open cap
C 60°C 1d Demold d28
° ays o ays
2 D Open cap 60°C
E Demold
Q
3 F Open cap 80°C
4.3 Results

4.3.1 The body of geopolymer samples observations

The morphology of the 6 samples are shown in Fig. 12 after 28 days of curing completed. All
of samples were kept in 60°C for 4 days (Curing 1). In Curing 2, Samples B, D, and F were stored
without lid at room temperature (25°C), 60°C and 80°C respectively until 28th days. Samples A,
C, and E were completely demolded and stored at room temperature (25°C), 60°C and 80°C,
respectively until 28th days.

As shown in Fig.12, in curing 2, there is almost no cracks on Samples A and B cured at room
temperature. However, Samples C, D, E, and F showed more cracks. In this experiment, cracks

are easy to occur at high temperatures, and curing in the mold is beneficial to reduce the generation

of cracks.
Sample A Sample B Sample C Sample D Sample E Sample F

Curing 2 RT RT 60°C 60°C 80°C 80°C
condition without case with case without case with case without case with case
Samples ‘ :
body after

28 days |

i

~ -~ | i
Fig. 12. Samples body observation
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4.3.2 The shrinkage of geopolymer samples

The shrinkage of the 3 samples: Samples A, Samples C and Samples E were calculated. The

results are shown in Table 5. The shrinkage increased with the temperature increase in Curing 2.

Table.5 The shrinkage situation of Samples A, C and E

After 4 days After 28 days
Sample pre-cured at 60°C The volume Shrinkage
number The volume (mms) (mme) (%)
A 4.43x10¢ 4.34x10¢ 2.13%
C 4.43x10¢ 4.18x10¢ 5.64%
E 5.08x10¢ 3.98x10¢ 21.65%

4.3.3 Water content measurements

The samples were no longer closed after Curing 1 (4 days). This causes the samples to lose
water, which then changes in weight. Body weight changes were recorded during curring 2 from
day 4 to day 28. From weight measurements to day 28, weight changes were plotted (relative
weight loss during post-curing is shown). Weight loss accelerates as temperature rises.

The weight loss was due to dehydration. In this research, water content measurement depended

on weight loss (the water content changed during post curing as shown in Fig.13)

100 ¢
q —e—Sample A---RT-demold

90 —e—Sample B---RT-open cap

80 1| Sample C---60°C-demold
T 70 A —o—Sample D---60°C-open cap
Lﬂ —o—Sample E---80°C-demold
::J' 60 1 Sample F---80°C-open cap
g 501
'
= 40 \
L
= \
= 30

20 A

10 A

0

- 5 6 7 8 9 10 11 1’ 1% 14 15 16 1" 18 19 ’0 ’1 22 23 ’4 25 ’6 27 “8
Time, [day]
Fig. 13. The water content changed during post curing.
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4.3.4 The pore size measurement

In order not to double count the pores as much as possible, we took 50 images with SEM
using the red path marked in Fig 14. In this way, the scanning field of the SEM almost covers the
surface of the sample. At least 500 pore sizes were counted for each sample.

Images were taken at 50X magnification (images shown). As shown in the pore marked by
double arrows, the diameter of a pore that was approximated by a circle was measured.

Finally, count the number of pores with a diameter range. The pore size distribution plot in
Fig. 15 was made.

The pore size distribution in Figure 15 shows the same trend despite the difference in Curing
2 temperature. The average size of the pore for the demolded and open cap samples was almost
the same as 1.52x10? pm, 1.51x10? um and 1.33x10% pm, 1.66 x10? um, 1.60x10% pm. Through

these experiments, the pore size distributions of the geopolymer samples were almost the same.

2020/01/13 20:10 N D54 x50 2 mm

Fig.14 SEM
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Fig. 15. Pore size distribution
4.3.5 TG-DTA measurements

As the heating rate increases, the small peak between 200 °C and 300 °C in TG-DTA shifts to
the right. Some researchers showed that dehydration period can be extended when fast heat rates

were applied, so peak between 200°C and 300°C should be water [64].

30
-1 ——RT-demold-10K/min |
——RT-demold-5K/min 20
3 ——RT-open cap-10K/min
- 10
S ~
o 2
-7 £
én 10 =
z -9 [ 5
= =
_11 B -20
-13 - -30
-15 40

0 200 400 600 800 1000

Temperature [°C]
Fig. 16. TG-DTA measurements of Samples A and B
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4.3.6 XRD measurements

XRD patterns of the geopolymer samples after heating to various temperatures are shown in

Fig.17.

At 200°C, the TiO> peaks were seen, it came from the metakaolin due to the impurities. Some
small peaks for illite, andradite and SiO» were visible. But the broad peak near 30 degree was seen,
which was different from the raw materials, such as metakaolin, and silica. It was for geopolymer.
It also showed an amorphous state despite heating to 1000°C, which reflects the stability

amorphous structure of the geopolymer. This result is explained by the difficulties of zeolite

formation in potassium and metakaolin based geopolymer [65].

Intensity [a.u.]

: Ti02(00-002-0387)
: [llite-2M#2  (00-043-0685)
: Andradite (01-084-2015)
: Si02  (00-002-0458)
: Iron Titanium Deuteride (01-085-1300)
L] @. R
A TG-DTA 1000°C
. ..
A TG-DTA 600 °C
A A - ®
o= A - s atehamiied
. TG-DTA 300 °C
Aonm A‘ A
A . TG-DTA 200 °C
Metakaolin.
W EFACO silica
1 L -M
10 20 30 40 50 60

Diffraction angle, 20 [degree]|

Fig. 17. XRD patterns of the geopolymer samples after heating to various temperature
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4.4 Discussion

In this research, Curing 1 was performed at the same temperature for about 4 days and then
samples were kept at different temperatures to continue Curing 2. The water content had been
declining, and the cracking of the samples is relatively severe at relatively high temperatures (60°C
and 80°C). But the average pores size was almost the same from 10pum to 20pum. As mentioned in
the previous study, the pore size slightly increased with increasing curing temperature when other
conditions were the same [66]. From this study, we could infer that the pores size was formed
steadily for at least the first four days.

It can be inferred from this research that at high temperatures, most of the reason for the
accelerated loss of water may depend on the open channels. The previous research [67] showed
that evaporation of water and loss of bound water in geopolymers lead to reorganization of
aluminosilicates at high temperatures, which may lead to shrinkage around the pores, which leads
to microcracks, which in turn produce open channels. Open channels speed up the passage and
release of water.

The pressure inside a pore is inversely proportional to the pore radius, and directly proportional

to the surface tension (possibly related to viscosity) in a liquid as shown in the formular [68].

At equilibrium, the pressure difference between the
inside and outside of the pore is obtained from the
Helmholtz equation:

_ 20
I _PI_T :
In the formula: P, is the internal pressure of the pore; P is

the liquid pressure; o is the surface tension coefficient of
the gas-liquid interface; r is the radius of pore in liquid.

In this experiment, dehydration was expected to increase the viscosity [69]. The average pore
size of the demolded (quick dehydration) and uncapped (slow dehydration) samples was almost
the same. This means that the pores are formed at a certain viscosity and a single chemical reaction
(dehydration) took place which was the origin of the pore formation.

The XRD pattern showed that when the sample was heated up to 1000 °C, some new crystal
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phases such as garnet and iron-titanium-deuterium were produced in the sample, which indicated
that the thermal stability of the sample might be improved. It showed that the samples were still
containing water, which was inferred that the high temperature heating process caused the samples

to form a more stable bond water.

4.5 Conclusions

Synthesis and the dehydration of potassium and metakaolin based geopolymer were conducted.
Pore size distribution showed almost the same for the samples that cured at the same initial
temperature for 4 days, then moved to different post curing condition. The pore size distribution
was not affected by the following curing temperature. It was expected that the pore forming took
place at the same viscosity.

Evaporation of water continued until approximately 300°C, at which point most of the free
water was released. 90% of weight loss happened below 400°C. After 400°C, the bound water
began to be released gradually, however, some part of the bound water still existed in the form of
strong chemical bonds, and did not even release until 1000°C. The geopolymer samples did not

crystallize.
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5. Effect of dehydration time and air
tightness on pore size distribution
of potassium based geopolymer
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5.1 Research purpose

It was shown in Chapter 4 that the pore size distribution was almost the same after being kept
at 60°C for about 4 days, independent of the post-cure temperature. This means that pores may
form within the first 4 days. because of the pore size distribution and porosity in geopolymers can
affect their heat transfer, air circulation, etc. [70]. Air circulation may also affect the pore size
distribution during curing. Therefore, in this study, the effects of dehydration time (from 1 to 4
days) and air tightness (with lid and without lid) on the pores size distribution of potassium and
metakaolin based geopolymers will be investigated.
5.2 Experiments

In this experiment, 8 samples were synthesized in the same way as in the previous chapter. 8
samples were divided into 4 groups (Groupl1-4). One group contains 2 samples (Group 1: Samples
A and B; Group 2: Samples C and D; Group 3: Samples E and F; Group 4: Samples G and H). The
curing conditions as shown in Table 1. The curing process is also divided into 2 steps, Curing 1
and Curing 2. In Curing 1, 8 samples were airtightly dried at 60°C for different times from Group
1 to Group 4 and cured at 60°C for 1 to 4 days, respectively. In Curing 2, the 8 groups of samples
were all transferred to room temperature, one of the samples in each group continued to cure with
the lid on, and the other one opened the lid. In a previous study we learned that the geopolymer
was almost completely dehydrated on the 14th day. So, in this chapter, Curing 2 will be until the
14th day.

Table. 6. The curing treatment processes

Group Sample Curing 1 Curing 2
number number Temperature Time Treatment | Temperature Time Treatment
A With lid
1 1 day 13 days
B Open lid
C With lid
2 2 days 12 days
D Open lid
60°C With lid RT
E With lid
3 3 days 11 days
F Open lid
G With lid
4 4 days 10 days
H Open lid
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The ambient temperature was about 20° C. The relative humidity was 45%+5%.

5.3 Result

5.3.1 Water content measurement

The relative weight changes for the samples are shown in Fig 18. The figure shows the relative
weight change of the sample that cured without lid in Curing 2. After Curing 1, the weight
decreased suddenly within 2 days. The relative weight changes of all samples were around 10%
until the 14th day and were not significant variations.

The shrinkage was obtained by measuring the volume on day 14 and the initial volume when
the geopolymer samples were synthesized. The results showed that the samples cured with lid in
Curing 2, the shrinkage of the samples at day 14 was almost consistent at about 0.5%. For the
sample in Curing 2 without lid, the shrinkage of the samples cured at 60°C in Curing 1 for 1-4
days were 2.2% (Samples B), 2.2% (Samples D), 2.1% (Samples F) and 2.1% (Samples H),

respectively, it was not so much different.
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igle.
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Time, [day]

Fig. 18. The relative weight decreases during the various the different post curing conditions.
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5.3.2 SEM measurement

SEM images of the geopolymer samples with different curing times in Curing 1 are shown in
Fig. 19. When the sample was kept at 60 °C for about 1 day, the SEM images showed a slightly
larger porosity than the other samples. Increased curing time may have the potential to form larger

pores.

2020/11/06 12:01 NL D5.1 x50 2 mm 2020/11/06 16:01 NL D5.3 x50

2020/11/07 12:44 NL D6.3 x50 2 mm 2020/11/07 14:33 NL D55 x50 2 mm

Fig.19. SEM images.

5.3.3 Pore size distribution measurement

The pore size distribution is shown in Figs. 20 - 23. In Fig 20 and 21 when the samples were
kept at 60°C for the same period, there was a slight difference in average pore size for the lidded
and unlidded samples. However, for the unlidded samples, the average pore size ranged from 1.4
x 10%um to 2.3 x 10?um, and for the lidded samples, the average pore size mainly distributed

between 0.9 x 10?um to 2.0 x 10*um. The average pore size of covered samples is smaller than
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that of lidded samples. In Figs 22 and 23 the pore sizes at the upper and bottom are mainly
distributed between 1.1x10%um and 2.5x10?um. However, in the range from 1.6 x 10*um to 2.0 x
10°um, the frequency of the upper pore size distribution is significantly larger than that of the
bottom about 21%. The longer the time in Curing 1, pore size tends to be larger. This is like the

result that was observed in SEM images in Fig. 19.

16 Average pore size
14 Bottom — 60°C 1 daymno lid 2.2x10?um
12 60 °C 2 day no lid 2.1x10%um
0 60 °C 3 day no lid 2.5x10%um
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2
0
0507091.11314161.82.02.123252.7293.03.2343.63.83.94.1
Pore size[x10*um]
(a)
Fig. 20. Pore size distribution for the sample cured no lid.
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Fig. 21. Pore size distribution for the sample cured with lid.
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Average pore size
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Fig. 22. The pore size distribution for the bottom
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Fig. 23. The pore size distribution for the top

35



Intensity [a.u.]

5.3.4 XRD measurement

The XRD pattern as shown in Fig. 24 and there are more peaks for the samples cured with the
lid compared to the samples cured without the lid. Although there are some crystalline peaks, the

broad peaks are still at the same position, so the same geopolymer was synthesized.
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Fig.24 X-Ray Diffraction (XRD)

5.3.5 Vickers hardness measurement
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Fig. 25 The Vickers hardness
The Vickers hardness as shown in Figure 25, and the error bars for each sample to indicate the

variations of hardness values are also instated. By the increase of curing time, the average Vickers
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hardness did not change much. Even though the sample was kept at 60°C for just 1 day, the Vickers
hardness had reached a higher value on the 14th day.

5.4 Discussion

In this experiment, the relative weight loss at day 14 was similar at around 10% for all
metakaolin and potassium-based geopolymers and was not affected by the curing time in Curing
1. It was concluded that the samples might have formed similar microstructures in Curing 1 and
were not affected by the curing time.

XRD pattern also shows that similar amorphous structures of geopolymers are formed around
27°C, confirming similar microstructures and similar dehydration amounts mentioned earlier.

SEM images show that long time curing may reduce the porosity slightly, while short time
curing has a larger number of small pores.

The pore size distribution plots in Fig. 20 and Fig. 21 showed that there was a high frequency
of small pores in the samples with the shorter curing time in Cure 1, regardless of whether the
samples were sealed. However, the average pore diameter did not change much.

The pore size distributions in Fig. 22 and Fig. 23 showed that the pore size tends to be smaller
at the bottom relative to the top. Fig. 22 showed that the pores at the bottom tend to become larger
as the curing time increased in Curing 1. However, the average pore size properties were almost
the same and the Vickers hardness of the geopolymer samples was not so much different. This
study shows that geopolymers can reach a high value of about 90 MPa in Vickers hardness within
1 day.

5.5 Conclusions

In this chapter, the synthesis and dehydration of potassium and metakaolin based geopolymers
were conducted. The pore size distribution and Vickers hardness of geopolymers under different
curing time and air tightness conditions were studied.

This study showed that when samples were cured at 60 °C for from 1 to 4 days and subsequently
changed to airtightness, the shrinkage remained almost consistent at around 2.1%. It was
concluded that potassium and metakaolin based geopolymers formed stably at an early cure of 1
day. The Vickers hardness of the sample kept at 60°C for 1 day and the Vickers hardness value on
the 14th day after curing at 60°C for four days were not significantly enhanced. This property is

beneficial to reduce the hardness in practical industrial applications and the prediction costs.
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The results of pore size distribution tend to be larger at the top compared to the bottom. As the
pre-curing time increased, the pore size distribution at the bottom tended to large pores, while the
pore distribution at the top showed greater consistency. However, the average pore size was almost
the same for all samples, about 2.1 x 10?um. According to this result, the pore size distribution can

be controlled by controlling the early curing time for practical industrial applications.
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6. The Influence of electron
Irradiation on the mechanical
properties of potassium and
metakaolin based geopolymer
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6.1 Research purpose

In the previous study, the effect of curing temperature and curing time on the pores size
distribution was investigated. It was concluded that the pores of geopolymers could be formed
stably in one day. The Vickers hardness has reached a relatively high level.

Therefore, in this chapter, the research on pore size distribution by changing the water content
of the geopolymer is conducted to use the geopolymer for the application of compacting
radioactive aluminum ions.

6.2 Experiments

Geopolymer samples were synthesized by mixing potassium silicate, potassium hydroxide
powder and distilled water. (4 types of geopolymer samples were synthesized with the ratio of Al:
Si: K: H,0=1:2.1:0.8:7,8,9 10 respectively).

Step 1 the solution was mixed until the powder was completely dissolved. Then, the solution
was cooled down to room temperature.

Step 2, EFACO silica powder was added with solution, and stirred at a speed of 60rpm for 1
minute, then add metakaolin 2 times, mixed at a speed of 60rpm for 2 minutes each time. Finally,
the slurry was mixed at approximately 80 rpm for 5 min to synthesize geopolymer samples.

Table.7 composition of the samples

ALQOs *
Raw — 1K,0-2Si0;] H20 | KOH| SiO2 | 2~3Si0.
Materials
Al: Si: K :H20=1:2.1:0.8:7
1:2.1:0.8:8
1:2.1:0.8:9
1:2.1:0.8:10
Table.8. The curing treatment processes.
Curing 1 Curing 2
Temperature | Time | Treatment | Temperature | Time | Treatment
RT
40°C
60°C 1 day With lid RT 6 days | Without lid
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Samples were kept at RT, 40°C and 60°C with lid for 1 days (Curing 1) respectively. Then,
samples were further kept at RT without lid until 7 days. The curing treatment conditions are
shown in Table 7.

6.3 Results
6.3.1 Water content

The weight change for each sample was recorded every day so that the water content could be
calculated during the whole process. The results are shown in Figs 26-28. When the temperature
was the same, the relative weight decreased more with the water content increase. The range of

relative weight decrease was from 10% to 14%).
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Fig. 28 relative weight change during curing at 60°C
6.3.2 SEM
Using SEM to observe the cross-section at 5 mm from the bottom pictures of nearly 50 pictures
for each sample. Some of them are shown in Figs 29-30. From the pictures, statistics on the pores
and plot the pore size distribution were obtained. For the samples were cured at room temperature

(Fig. 29), 40°C (Fig. 30), and 60°C (Fig. 31), as the water content increases, the surface damage
phenomenon gradually intensifies.

2022/08/26 22:14 HL D5.1 x50 2 mm 2022/08/27 17:14 HL D4.7 x50 2mm

Fig. 29 SEM of the sample curing at RT



2022/08/27 15:49 HL D4.8 x50 2 mm

2022/08/27 18:18 HL D5.5 x50 2 mm

Fig. 30 SEM of the sample curing at 40°C

.
2002/08/27 1640 HL D51 x50 2 mm 2022/08/27 18:18 HL D55 x50  2mm

Fig. 31 SEM of the sample curing at 60°C
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6.3.3 Pore size distribution
Pore size distributions are shown in Figs 32- 38. When the curing temperature is the same (Figs
32- 38). With the water content increasing, the average pore size showed a slight increase. With

the same water content (1:2.1:0.8:8,9,10) (Figs 35- 38), the average pore size showed a decrease
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Fig. 32 Pore size distribution of the sample curing at RT
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Fig. 34 Pore size distribution of the sample curing at 60°C
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Fig. 35 Pore size distribution of the sample with the water ratio of 7
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Fig. 37 Pore size distribution of the sample with the water ratio of 9
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Fig. 38 Pore size distribution of the sample with the water ratio of 10

6.3.4 Vickers hardness measurement
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Fig 39. Vickers hardness
Before the hardness test, we grind the test surface until the surface of the sample is as smooth
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as a mirror (to clearly observe the indentation), and then we set the force of the indentation to 1kgf

to test the hardness of the sample. With the water content increase, the Vickers hardness decrease.

6.3.5 Electron irradiation measurement

The potassium and metakaolin-based geopolymer samples were irradiated by ETIGO-III at a
peak voltage 2MeV, current 5kA and a pulse with of 100 ns. Continuous electron beam irradiation
up to 1000kGy was also carried out in this experiment by a Cockcroft-Walton accelerator at
National Institute Quarter Science and Technology. Fig. 40 shows the target installation diagram.
Irradiation test on the surface of geopolymer to observe the surface change before and after
different shots. This time, four shots were applied, and the number of shots times will be varied
for each sample.

Each sample was cut into 4 pieces, and then the sample was fixed on an acrylic plate as shown
in Fig. 40. Each group of samples consisted of four samples with different water contents. Each
sample was covered with a filter dosimeter. After the first shot, a group of samples and the
dosemeter in the upper left corner was tale out. Then after the second shots, another group was
taken out after each shot. After the fourth shots, the last group of samples were irradiated by four

shots.
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Geopolymer samples

Film dosimeter
Acrylic

Acrylic Film dosimeter PIREB

Geopolymer samples

Irradiation cell

Fig.40 Target installation diagram in ETIGO-III

Before and after the electron radiation, the Vickers hardness was measured. The results as

shown in Fig 40.
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Fig 41. Vickers hardness of the sample cured at room temperature for 1 day after
irradiation.
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When the curing temperature is the same, with the water content increasing, the Vickers
hardness decreased. With the same water content (1:2.1:0.8:8,9,10), the Vickers hardness showed
almost unchanged.

Due to the unchanged in Vickers unchanged up to 16 kGy. We did another electron irradiation

to increase the absorbed dose. The irradiation on the table is shown in Fig. 41.
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Fig 41. Electron irradiation in the Cockcroft Walton accelerator.

After the electron irradiation up to 992 kGy, the Vickers hardness was shown in Figure 43 was

not so much different.

Table.8. Absorption dose information

Dose (kGy) 1 10 100 1000

Times S5s 45s 450s 4500s
Absorption 2 5 60 992
dose(kGy)
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6.4 Discussion

As the water content increased, the surface damage phenomenon gradually intensified. The
water release can lead to intensive cracking on geopolymers. When the curing temperature was the
same, with the water content increasing, the average pore size showed a slight increase and the
Vickers hardness decreased. With the same water content (1:2.1:0.8:8,9,10), The average pore size
and the Vickers hardness showed a decrease with the temperature increase.

In the research of Okada [71] et al. showed that a higher content of H.O to Al>Os could lead to
larger pores and larger pore volume with good water absorption properties but lower mechanical
strength, while a lower content of H20 to Al.Oz resulted in denser products with smaller pore and
pore volume and better water retention and mechanical strength.

After electron irradiation up to 992 kGy, the Vickers hardness was not so much different among
the samples. Previous studies of silica glass materials under gamma rays have shown [72,73] the
release of energy stored in the structure during the relaxation process, accompanied by a decrease
in the average bridging bond Si-O-Si angle, lead to densification of the structure. There are some
studies showing an increase in compressive strength of about 10% at doses up to 1 MGy [74]. The
Vickers hardness did not appear to decrease with increasing electron irradiation in this experiment,
which can indicate that the microstructure of the sample is still sufficiently stable under electron
irradiation up to 992 kGy. This further shows that the application of potassium-based metakaolin

geopolymers in the compaction of radioactive aluminum ions is possible.

52



6.5 Conclusions

Synthesis and dehydration of potassium metakaolin based geopolymer were carried out. With
the same curing temperature, the average pore size showed a slight increase with the water content
increase. A high-water content means that more water is released from the sample during
dehydration. For the same curing time, the release of more water may cause relatively greater
pressure on the pores inside the sample, thereby increasing the average pore size.

The Vickers hardness decreased with the water content increase. The high average pore size
results in a relatively loose structure, which may contribute to the decrease in Vickers hardness.
After electron irradiation up to 992 kGy, the Vickers hardness was not so much different for all the

samples, which can indicate that the microstructure of the sample is still stable. This stability is

important for the use of geopolymers for the compaction of radioactive aluminum ions.
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7. Conclusions of this research

This thesis is aimed at research on the control of pore size distribution of potassium-based
geopolymers.

The geopolymer already had a stable viscosity after one day of curing, so prolonging the initial

curing time to change the subsequent container sealing conditions did not affect the porosity. And
the sample was not affected by the initial curing time of geopolymer. It shows that the pores of
potassium-based metakaolin geopolymer can be formed rapidly and stably.
By measuring the Vickers hardness of potassium-based metakaolin geopolymers, the geopolymers
had almost no change in Vickers hardness after one day of curing compared to their fourteenth day
after curing. This property provides very favorable industrial production. information, the curing
time can be shortened for cost savings while still achieving high hardness levels.

Since the samples in this experiment will be used for the treatment of nuclear waste, it is
particularly important to maintain the performance of the samples under radiation. In this thesis,
when the sample was irradiated by electrons up to 992kGy, the Vickers hardness remained stable
compared with before irradiation. These results indicate that the potassium-based geopolymer
sample is possible to use in radioactive waste such as the purpose of this research to compact

radioactive aluminum ions.

54



8. Suggestions

1. Exploration of the microstructure of the sample after irradiation.

1) TG-DTA experiment after electron radiation, because the radiation usually
decomposes the water in the sample, and TG-DTA can detect the period,
temperature and weight loss of free water and bound water. If the water loss
Is confirmed before and after the experiment, we will be able to know whether
free water and bound water have been lost during the radiation process.

2) FE-SEM. To further study the influence of radiation on geopolymers, we
carried out elemental analysis on the surface of the sample before and after
radiation, and compared the TG-DTA result, we can further clarify the
microstructure of the sample.

3) XRD, elemental analysis will be conducted on the surface of the sample after

irradiation, to know better about the microstructure.

2. Change the ratio of samples to find the ratio of samples that are more resistant to
radiation.
3. Try more new raw material synthesis samples

4. Make a larger sample to better fit the actual application.
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