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Abstract

Geopolymers with the chemical formula (Na,0.Al,05.nSi0,.XH,0) are
three-dimensional aluminosilicate binder materials made by dissolving,
polycondensing, and precipitating an aluminosilicate source at ambient
temperatures. Blowing agents, such as hydrogen peroxide (H,0,), are
commonly used in the synthesis of porous geopolymers. The inclusion of
foaming agents in the production of geopolymers is expected to affect the
geopolymerisation Kinetics as well as the rheology of the pastes, resulting
in a porous matrix with undesirable coarse voids and low mechanical
strength.

The current study is an attempt to optimize the porosity and
compressive strength of the geopolymer. Taguchi method is used for the
design and analysis of experiments and to determine the optimum mix
proportion of starting materials to synthesize strong and porous
geopolymer. However, traditional Taguchi method cannot solve multi-
objective optimization so that in this study Taguchi method is coupled
with seven approaches which can assist this problem.

The porous geopolymer was prepared at ambient temperature from
metakaolin powder (Al,Si,0;) as a source of aluminium and silicon, silica
gel as free silica, and sodium silicate and sodium hydroxide as precursors
of alkaline solution. Hydrogen peroxide with the instant yeast were used
as blowing agents and the vegetable oil used as stabilizing agent
(surfactants). Optimal combination of process parameters has been
proposed in order to achieve higher compressive strength and porosity.
The starting materials and porous geopolymer were characterized by X-
ray Diffraction (XRD), DTA analysis, particle size analysis, optical
Microscope and some physical properties such as bulk density, total
porosity, water absorption, compressive strength were also tested. The
resulting samples found to have higher compressive strength varied



between (2.4-88.3 MPa) with apparent densities varying from (0.47) to
(1.21 g/cm®) and high porosity of (22-77 %). The optimal samples
(4,8,10,11) were suggested by the utility concept and Desirability based
methods, while the remaining lower quality samples were suggested by
the other optimization methods (Grey rational analysis, Principal
component analysis, Data envelopment analysis, level weight,

engineering judgment).
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CHAPTER ONE: INTRODUCTION

CHAPTER ONE
INTRODUCTION

1.10verview

Portland cement is used exclusively in the construction industry. In
the process of producing cement clinker, which is calcined, cement is a
significant pollutant to the atmosphere [1-3]. The amount of carbon
dioxide created during the manufacturing of Ordinary Portland Cement
OPC is on the order of one ton for every ton of OPC produced due to the
calcination of limestone and the burning of fossil fuels. Furthermore, as
compared to steel and aluminum, OPC takes the least amount of energy
to manufacture [4-6].

The geopolymer is an alternative material that can be utilized to
replace cement in a more environmentally friendly manner without the
need for combustion [7]. Davidovits describes geopolymer as an
amorphous, three-dimensional short range order inorganic polymer when
a highly concentrated aqueous alkali hydroxide-silicate solution is applied
to aluminosilicate raw materials such as metakaolin, fly ash, or slag [8].
For silicon (Si) and aluminum (Al), thermally activated natural resources,
such as metakaolinite, or industrial byproducts, such as fly ash or slag,
are used to make the geopolymers. The binder is made by dissolving
silicon and aluminum in an alkaline activating solution, which
subsequently polymerizes into molecular chains [9]. Metakaolin's
application in geopolymers may be justified by the fact that it is a
common industrial mineral that can be manufactured in large quantities
with uniform properties [10-12].

Porous geopolymers (PGs) are one of the fastest-growing research
areas in the field of porous inorganic nonmetallic materials because of the

good global availability and low cost of the starting materials, the ability
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to produce components without requiring a sintering step, and promising
properties such as low thermal conductivity and good chemical stability
[13-15].

A variety of ways have been investigated to construct reproducible
porous geopolymer sponges, foams, graded and/or hollow structures.
Some of the processing procedures are direct foaming, sacrificial
template, emulsion templating, additive manufacturing, replica
templating, and combinations of these [16-18]. The simplest and most
promising technology for large-scale manufacture is direct foaming [13].
Foam stabilizer include calcium stearate, olive oil, vegetable oil, protein,
Tween-80,Triton X-100, oleic acid [19-25], sodium dodecyl benzene
sulfonate (SDBS) [13], and pore foaming agents like hydrogen peroxide
or Aluminum powder [26], In the manufacture of porous geopolymer,
Silicon powder, as well as other Si-containing materials including FeSi,
SiC, and silica fume are essential.

The performance of geopolymer foam materials can be influenced
by a variety of factors. These factors include raw material quality, mix
proportion design, and the amount and type of foam agents/stabilizer
[19]. In cement and geopolymer foams, hydrogen peroxide has long been
utilized as a chemical foaming agent. In the extremely alkaline
environment of geopolymers, hydrogen peroxide decomposition can be
an unconstrained process, resulting in a porous matrix with undesired
coarse gaps [27]. The trapped gas bubbles in the paste expand and create
voids. The amount of oxygen created by the following reaction
determines the volume expansion of this substance [28]:

H,O0, — H,0+ % O,
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High alkalinity is known to catalyze hydrogen peroxide breakdown
[29], and sodium silicate solution is known to stabilize it by reducing

hydrogen peroxide decomposition and slowing down the reaction [30].

1.2 The Problem of the Study

It is well known that the presence of the pores reduces the
mechanical strength of the geopolymer [31], [32]. However, in many
applications, it is desired to have a material that combines high porosity
and high mechanical strength. Such material can be used, for example, as
load bearing thermal insulator, load bearing light weight material and
highly porous catalyst or adsorbent that can be used under high pressure
conditions. A study that combines the optimization of both porosity and

mechanical strength is not well reported in the literatures.

1.3 The Scope of the Current Study

The current research work is an attempt to imply the Taguchi
method in the design of the experiment for optimizing the porosity and
compressive strength of the metakaolin-based geopolymer. Three
common factors were selected to design the experiments including the
concentration of hydrogen peroxide, the quantity of hydrogen peroxide
and the quantity of vegetable oil as stabilizer. Furthermore, for the first
time, two additional factors were tackled in the current study; these are (i)
the time of polymerization elapse before adding the hydrogen peroxide to
the produced geopolymer paste prior to casting and (ii) the amount of
yeast added to the mix which has been used to catalyze the decomposition
of the hydrogen peroxide to produce pores. The first factor, i.e. the time
of polymerization, is expected to affect the pore size, pore shape and the
distribution of the pores along the geopolymer body; this is due to its
effect on the viscosity of the geopolymer paste. The later factor, i.e. the

3



CHAPTER ONE: INTRODUCTION

amount of yeast, is chosen to have a controllable factor that affect the
decomposition of hydrogen peroxide rather than the uncontrollable
factors of the alkalinity and the amount of sodium silicates, which have
fixed values based on the preselected composition of the geopolymer, that
have been optimized in a previous work in our department [33]. Five
levels, having strongest impact on the performance of the specimens, for
each of the five factors were selected in the design of the experiments
based on primary rough experiments. The effect of these parameters on
the density, porosity and compressive strengths at age of 28 days were
examined and used with the help of Taguchi method to find the optimal

sample in terms of porosity and compressive strength.

The Taguchi approach, However, can only be utilized for a single
response situation. It can't be utilized to solve problems with many
responses. Therefore, in this study more effective approaches were used

to solve such complicated problem these approaches includes:

1.4 The Objectives of the Current Study
The current research project aims to produce geopolymers with

high compressive strength and high porosity by Taguchi method.

1.5 Structure of the thesis

The thesis was divided into five chapters. The first chapter contains
an introduction that briefly discusses the topic, its importance, and the
current work technique. The second chapter is devoted to reviewing
various theoretical concepts related to the study's issues and the literature
review. Chapter three involves experimental methods utilized to fabricate
the samples and the instrumentations used for testing. The results of the

study are presented in Chapter 4 along with a discussion of the findings.

4
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In Chapter 5, the current work's conclusions were presented, as well as

new scopes for future investigation.
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CHAPTER TWO: THEORETICAL ASPECTS & LITERATURE REVIEW

CHAPTER TWO
THEORETICAL ASPECTS & LITERATURE REVIEW

2.1 Introduction

This chapter is divided into two parts; the first part deals with the
theoretical aspects related to the current work and the second part is

literature review of previous research.

2.2 Theoretical Part

2.2.1 Overview

Ordinary Portland Cement, the most common cementitious
building material, is responsible for a significant amount of global CO,
emissions due to the decomposition of limestone and the combustion of
fossil fuels during production[1]. Geopolymer and other similar binders
such as alkali activated materials (AAMs) have attracted a lot of attention
as suitable alternatives due to their significantly lower emissions during
production. An additional benefit of the use of geopolymer compared
with OPC concrete is based on the possibility of using high-volume
industrial waste in high- performance concretes, with a significant

reduction in CO, emission[2].

The concept of geopolymer concrete was first introduced by a
French scientist Joseph Davidovits in 1978 who proposed alkaline liquid
as an activator to be used to react with some source material rich in
silicon and aluminium, such as industry and agro waste products like fly
ash, ground granulated blast furnace slag or rice husk ash to produce
geopolymer mortar which act as binder [35-37]. Commercially available

geopolymers could be utilized in fire- and heat-resistant coatings and
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adhesives, medicinal applications, high-temperature ceramics, novel
binders for fire-resistant fiber composites, encapsulation of toxic and
radioactive waste, and new concrete cements [38-40]. Many scientific
and industrial fields are investigating the properties and applications of
geopolymers, including current inorganic chemistry, physical chemistry,
colloid chemistry, mineralogy, geology, and other forms of engineering
process technologies. Geopolymers is a branch of polymer science,
chemistry, and technology that is one of the most important branches of
materials science. Geopolymers fall into a variety of categories,

including:

* Geopolymer cement based on slag.

» Geopolymer cement based on rock.

» Geopolymer cement based on ferro-sialate.

* Geopolymer cement based on metakaolin.

» Fly ash-based geopolymer cement entails the following:
Type 1; Alkali-activated fly ash geopolymer

Type 2; slag/fly ash-based geopolymer cement

Geopolymers possess many favourable properties such as rapid
setting and hardening, good long-term properties and durability, as well
as a good ability to immobilize toxic metals, and improved resistance to

acids and the action of fire.[5]

Pure inorganic geopolymers and organic-containing geopolymers
are the two main types of geopolymers. Inorganic geopolymer is a
mineral chemical molecule or mixture of compounds made up of

repeating units, such as silico-oxide (-Si-O-Si-O-), silico-aluminate (-Si-
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O-Al-O-), ferro-silico-aluminate (-Fe-O-Si-O-Al-O), or alumino-
phosphate (-Al-O-P-O-) [42].

Organic  polymers are macromolecules composed of many
repeating monomer units. Both synthetic and natural polymers play a
crucial role in everyday life. Polysaccharides, polypeptides, and
polynucleotides are the main types of biopolymers in living cells. The
geopolymer reaction mechanism is depicted in Fig. 2.1, with the actual

starting units of sodium-based alumino-silicate [6].

| Stage I
—Si— |
EIJ 0 ?H ?H ?H
| I | ' | - :
—Si—0—-Si—0—Si—+1 —O—I.IIII—O—+ 4nH,0+ NaOH—FNa*+11H0—E;7|—0—I?|—0—-8||—~OH
' | I
| i 0 OH OH  OH
=Si= . ; ;
| Alummnosilicate Alkaline activator Geopolymer monomer
Stage II

OH OH  OH | I
n HO—Sli—O—AI'—D—Sli—DH + NaOH —I» -—Si—O—a?I—O—Sli—o—— + Na+ 4nH,0

I | |

OH OH  OH 0 c|> ?

Geopolymer monomer Geopolymer

Figure (2.1) Geopolymer-reaction mechanism between the sodium

hydroxide activator and the Si—Al source materials[6].

Geopolymer microstructure is largely temperature sensitive; at
room temperature, it is X-ray amorphous, but at temperatures above 500
°C, it transforms into a crystalline matrix. There are two synthesize routes

used in the production of geopolymer [7]:

8



CHAPTER TWO: THEORETICAL ASPECTS & LITERATURE REVIEW

1- Alkaline route: in this route the geopolymer synthesize by using an
alkaline medium (Na+, Ca++, K+, Cs+) hydroxide or a mixture of two or
more of them.

2- Acidic route: This will produce poly (alumino-phospho) types by using
phosphoric acid HsPOas [7].

2.2.2 Properties of Geopolymer
The following are some of the general features of geopolymers[44]:

1) Geopolymers have a high degree of polycondensation, which gives
them outstanding mechanical strength.

2) Long-term durability: geopolymer concrete or mortars can withstand
thousands of years of exposure to the elements without losing much
function.

3) Unique high-temperature features

4) Quick setting: Geopolymer achieves 70% of its final compressive
strength during the first four hours of setting.

5) It is referred to be a "green substance” because of its minimal energy
usage and waste gas emissions during production. Thermal processing
of natural alumino-silicates at low temperatures yields a viable
geopolymeric raw material that uses 3/5 the energy of Portland
cement.

6) Recyclable with a variable coefficient of thermal expansion.

7) Hazardous waste disposal binder for heavy metal fixation,
particularly for the solidification of nuclear waste.

8) Fire resistance: geopolymer can tolerate temperatures ranging from

1000 to 1200 degrees Fahrenheit without losing performance.
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2.2.3 The Limitations of Geopolymers

The main limitations for the use of geopolymer are:

1-The high cost for the alkaline solution.

2-The risk associated with the high alkalinity of the activating solution.

3-difficulties in applying steam curing/high temperature curing process

[8].

2.2.4 The Applications of Geopolymers

There exist a wide variety of potential and existing applications such as:
1-Construction and repair of highway, road and airport runway
2-Cement and binder materials

3-Storage of toxic and radioactive wastes

4-Fire proof and heat resistant composites

5-Potential utilizations in art and decoration

6-Sustainable Repair Material

2.2.5 Geopolymerization

Natural silico-aluminates are used in geopolymerization, which is a
geosynthesis (chemically integrating mineral process). Any pozzolanic
chemical or source of silica and alumina that dissolves rapidly in alkaline
solution serves as a source of geopolymer precursor species and hence
lends itself to geopolymerization[44].

Because the alkali component is a compound from the first group
of elements in the periodic table, the substance is also known as alkali
activated aluminosilicate binders or alkali activated cementitious
material[45].

10
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Chemically and architecturally, silicon and aluminum atoms react to
generate compounds that are similar to those found in natural rocks. The
inorganic polymeric substance can be thought of as an amorphous version
of geological feldspars, but it's made in the same way as thermosetting
organic polymers are. As a result, these materials are referred to as
"geopolymers.”. It is an appealing alternative for basic industrial
applications requiring the stabilization of huge volumes of waste
materials. It gets its name from its resemblance to organic condensation.
In terms of their hydrothermal synthesis conditions, polymers are unique.
The alkaline value depends on the chemical makeup of the starting
components. Cements are divided into two categories [46]:

(1) Binders made from calcium-rich materials, such as blast furnace slag,
that when activated with an alkaline solution form a calcium silicate
hydrate (CSH) gel.

(2) Ingredients made from low-calcium, high-SiO, and Al,O; raw
materials, such as metakaolin. When activated with alkaline solution,
these materials create an amorphous material (alkaline
aluminosilicate) with good mechanical strength at a young age after a
mild thermal curing [44].

In general, geopolymerization can be divided into three stages, see Fig
(2.2). First of them is dissolution, when the solid alumino-silicates
material is dissolved because of the water and alkali activator presence.
After eliminating a small amount of water, the reorientation starts, now
the group atoms take their place in the structure. The water is nearly
completely removed during solidification and the substance takes on its
final shape [44].

11
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Figure (2.2) Stages of geopolymerisation process[9]

2.2.6 Important Issues in Geopolymer Synthesis

Aside from alkali activators, which play an important role in
altering the characteristics of geopolymers [48], the most critical factor in
achieving desired outcomes is raw material selection. Metakaolin and fly
ash are two common raw materials used in geopolymer synthesis because
they both have a lot of reactive amorphous Al and Si in them. Early
geopolymer synthesis used metakaolin as a common raw material, but as
the applications focus has shifted to construction, fly ash is becoming
more prominent. At 500-900 °C, the dehydration product of kaolinite
clay is metakaolin (Al4[Si;O10](OH)g)[49]. Plate-like particles make up
metakaolin powder, which comprises 4-coordinated Si and a variety of Al
coordination environments [50]. It has a specific surface area of 9-20
m?/g as assessed by N, sorption. Fly ash, on the other hand, is composed
of small, spherical, generally glassy particles with a surface area of only
0.6-4.2 m?/g, depending on the source [54].

12
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As a result of this morphological distinction, the liquid demand of
metakaolin-based geopolymer paste is significantly higher than that of fly
ash-based geopolymer paste. In comparison, a liquid/ash ratio of 0.30 to
0.65 is required for fly ash geopolymer paste and 0.40-0.96 is required
for concrete, depending on the fly ash properties and activator type. A
greater amount of liquid is necessary to moisten the area of the surface
and interlayers of metakaolin particles, which can be determined by the
binder's yield stress, in order to provide good workability [54].

The second difference is that metakaolin-based geopolymers have
a faster reaction time and stronger development of strength than
Geopolymers made from fly ash, especially at low temperatures. Particle
surface area and reaction temperature have a significant impact on
metakaolin, the secondary minerals contained in original kaolinite clay,
reaction rate, and strength development. The amount of fly ash available,
the surface area of the reaction, and the reaction temperature are all
essential considerations [52].

For geopolymer synthesis, ambient temperature (20-25°C) and a
considerably elevated temperature (30-150°C) are used as curing
conditions. Despite the development of high-pressure and high-vacuum
settings, they are not frequently employed. Heat treatment promotes
strength growth, although heat-treated binders had lower 28-day strengths
than mixes treated at ambient or slightly lowered temperature, which is
likely owing to the restricted reaction extent of metakaolin at high
temperature [53].

According to a recent study of the reaction Kkinetics and
thermochemistry of geopolymerisation, increasing the reaction
temperature from 20 to 40 degrees Celsius speeds up the reaction rate, but
the final reaction extent is greater at 20 degrees Celsius, especially for
low alkali systems. Due to the reduced reactivity of most fly ashes when

13
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compared to metakaolin, elevated temperature curing is preferable for
Geopolymers made from fly ash. It's worth noting that curing under
sealed and covered circumstances appears to be crucial for achieving high
strength [54].

2.2.7 Porous Geopolymers

In recent years, porous geopolymers have gained a lot of attention

because of unique properties associated with thermal and chemical
resistance. Moreover, porous materials can be described through pore
type, morphology and orientation. Besides the classification to open
(interconnected) and closed (isolated) porosity the shape of the pores can
be design as honey-comb, lotus-type, reticulated or bubble-like foamed
materials and/or combination of these.[10]
A foaming agent is used to produce the pores. The foaming agent used
must be able to produce air bubbles with a high level of stability, resistant
to the physical and chemical processes of mixing, placing and hardening.
In cement and geopolymer foams, hydrogen peroxide has long been
utilized as a chemical foaming agent [27].

Although the foaming agent additives are useful for producing the
bubbles in the geopolymer, the reaction of the foaming agent in the GP is
unstable so it can produce large pores and a large variety of pore
diameters. To ameliorate this problem, Surfactants, fibers, and other
stabilizing agents and particles have been chosen to be incorporated to the
GP slurry in order to lower the gas/slurry system's surface energy and
protect the coalescence of the bubbles (Ostwald ripening). Furthermore,
the agents can control the pore size, pore distribution, and the amount of
open and closed pores. Surfactants act as wetting agents, emulsifiers, and

dispersants which help to reduce the surface tension on the surface. The
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surfactants, such as Tween, protein, and vegetable oil are classified in the
hydrophilic group and have been used for this propose. One of the
interesting surfactants is vegetable oils due to its low cost and easy
availability [20].

The larger pore size is created by the release of O, gas during H,0,
decomposition. If the released bubble size can be efficiently controlled,
the mechanical strength of the foamed geopolymer will be improved [26].
Porous geopolymer materials have an excellent thermal insulating
property due to their high volume of pores and voids, in addition to other
desirable properties such as reduced shrinkage, enhanced heat resistance,
and fire prevention [55]. The performance of geopolymer foam materials
can be influenced by a variety of factors. These factors include raw
material quality, mix proportion design, foam agent/stabilizer content and
kind, and so on. The foam stabilizer, as a surfactant, is particularly
important because it can lower the surface free energy of the bubble and
Increase its toughness, preventing bubble break and coalescence. It has a
significant impact on geopolymer foam material stability, optimization,

and development [19].

2.2.8 Porosity-Strength Relationship

Geopolymer porosity refers to a structure's ability to allow water,
air, acid, and base to pass through. The volume of all the pores in a
material divided by the volume of the bulk substance is known as
porosity. The presence of pores in the concrete is due to insufficient
compaction during the placing of the mixtures into the mold. These pores
can alter the strength of concrete, which is the most significant quality.
The effect of porosity on the strength of cement paste has been explored

in several studies [56].
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Lian et al., for example, claimed that the porosity of an interior
structure could impair concrete strength. They claimed that the
mathematical model obtained from Griffith's theory could accurately
reflect the link between concrete compressive strength and porosity [2].
Lian et al, in a different study discovered that the investigation of the
compressive strength of porous concrete might be used to characterize the
mechanical capacity of porous concrete. This is because, in comparison to
the other factors, porosity has a greater impact on concrete strength. As a
result, porosity has been recognized as a key factor in determining the
strength of concrete. Furthermore, overall porosity and pore size
distribution are the most important elements that can affect the
compressive strength of the samples, according to Sidney Mindess.
Another reason is due to the phase makeup of the sample. He concluded
that when the number of big pores rose, the sample's compressive
strength dropped [3,4].

2.2.9 Processing Routes of Porous Geopolymer

During the last several decades, considerable effort has been
devoted to new processing of porous geopolymers, as well as research of
their characteristics and prospective applications in different sectors,
spurred by the enormous need for low-cost, environmentally friendly
engineering components. Different processing routes for porous
geopolymer materials have been developed[13]:

a) Direct foaming
b) Sacrificial template

c) Emulsion templating

d) Additive manufacturing
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e) Replica templating and combination of these.

Direct foaming consists in the generation of bubbles inside liquid
containing a ceramic precursor solution to create foam which then needs

to be set without collapsing obtained porous network before setting[14].

The direct foaming process has been used for so many applications
as shown in fig (2.3). This process has a lot of advantages, for example:
high porosity and control of pore sizes and permeability. Different
shapes can be easily goaled, because of that, many are the applications for
materials produced by this method, for example: Filters, membranes,

catalytic supports, etc.[15]

Hydrogen peroxide is a well-known blowing agent that produces
more uniform foam by generating gas at the molecular level. In basic
media, it is thermodynamically unstable and easily decomposes into
water and oxygen gas. The trapped gas bubbles in the paste expand and
create voids (macropores). The amount of oxygen created by the
following reaction[28] determines the volume expansion of this
substance:

H,O, — H,0+ %2 O,

High pH and high temperatures are known to catalyze this reaction.
The addition of H,O, has no effect on the geopolymerization rate, which
iIs solely determined by the alkali solution concentration and the
liquid/solid ratio. However, the amount of swelling, apparent density,
pore size, homogeneity, and, as a result, the material's ultimate qualities
vary significantly depending on the H,0, level. Other factors influencing
its mechanical and physical qualities include the synthesis temperature,

the type of alkali activators utilized, and the surfactant content [28].
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Figure ( 2.3) (direct foaming process) [14]

When gas-releasing agents and pre-foaming chemicals are
introduced into geopolymerisation systems, their effects on the phase
evolution of the binder remain unclear from a chemical standpoint. Al
powder, for example, has been used in geopolymer foam concrete
experiments and is a common gas-releasing component in OPC foam
concrete. The quantity and responsiveness (microstructure, surface
treatment) of aluminum powder will impact the creation of geopolymers
at the atomic and nanostructure level, and regulate the time of aluminate
release, since it releases soluble aluminate while releasing H2 gas.
However, more research is needed on the effect of aluminum powder and
its hydrolysate on the kinetics of geopolymerization, and the effect of a
large aluminum concentration on geopolymer performance at high
temperatures. It's also worth mentioning that when utilizing pre-foamed
organic foaming agents in geopolymer binders, a lot of foam is needed
because bubbles tend to be formed during the mixing process due to the

paste's high viscosity. It will crack, leading in inefficient foaming [26].

18



CHAPTER TWO: THEORETICAL ASPECTS & LITERATURE REVIEW

From a microstructure point of view, It's also important noting the
distinction between solid geopolymers and foamed geopolymers.
Although numerous research have looked at the pore structure of OPC
foam concrete and how it affects the material's mechanical and thermal
insulation properties, the impact of pore structure on porous geopolymers

has yet to be fully explored. As seen in fig (2.4) [54].

Figure (2.4) Porous metakaolin based Geopolymer [16]

2.2.10 H,0O,-Yeast Reaction

Hydrogen peroxide is a molecule made up of hydrogen atoms and
oxygen atoms. It can be expressed using the chemical formula, H,0,.
Under the right conditions, hydrogen peroxide will undergo a chemical
reaction to break down into two parts, oxygen (O,) and water (H,0).
When a chemical that is made up of only one molecule breaks down into
two different, smaller molecules, it is called a decomposition reaction.
This particular decomposition reaction is also an ’exothermic’ reaction,
meaning it gives off heat. Yeast contains an enzyme called catalase. The
enzyme works as a ’catalyst’ in this reaction. A catalyst is a substance
that speeds up the rate of a chemical reaction without changing its
products. The yeast is added to the hydrogen peroxide to speed up the

reaction. The catalase in the yeast speeds up the process of breaking
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down the hydrogen peroxide and thus produces oxygen and water more
quickly[17].

2.3 Experimentation Design (DOE)

Experimentation design is a systematic method to determine the
relationship between factors affecting a process and the output of that
process. In other words, it is used to find cause-and-effect relationships.
This information is needed to manage process inputs in order to optimize
the output [60].

2.3.1 Taguchi Method

Dr. Genichi Taguchi was advancing this design [60]. He proposed
breaking down the design process into three stages: systems design,
parameter design, and acceptability design. This method was erected
depending on tradition experiment design. DOE is used to investigate the
various variables impact simultaneously. The method of Taguchi
simplified the procedure of DOE [60]. Taguchi Methodis a
process/product optimization method that is based on 8-steps of planning,
conducting and evaluating results of matrix experiments to determine the
best levels of control factors. The primary goal is to keep the variance in
the output very low even in the presence of noise inputs. Taguchi
method is robust design techniques widely used in industries as it can
improve the processing quality, reduce the number of experiments,
minimize the processing variation and maintenance and promote the
quality stability.

In Taguchi approaches, the experiments number were decreased by
array of orthogonal (OA) and decrease the uncontrollable factors

impacts[19]. Fig.(2.5) demonstrates flow chart of Taguchi technique [62].
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The Taguchi design quality is confirmed in the design stage itself. The
technique of Taguchi is utilized to decrease trails* number, reduce the
time of experiment, reduce the manufacture price, increasing profit, and
to identify the important factors in a least time. The design of Taguchi
allow us to view the variability resulting from noise factors that are

normally unnoticed in the traditional DOE method.

Define the problem and
objective

v

Identification of control factor

and levels Phase 1

v

Design matrix experiments

v

Conduct the experiments Phase 2

v

Data analysis
# Phase 3
Optimum level determination for

factors

v

Validation experiment ——— Phase 4

Figure (2.5) flow chart representing the Taguchi method for
optimization. Phase 1 (Planning), Phase 2 (Conducting), Phase 3
(Analysis), Phase 4 (Validation). [62]

The method of Taguchi could be utilized to improve any product
design or operation by three steps: design of tolerance, parameter and
concept and system. In first step, the technical experiences and
knowledge arecalm to help designers to improve the concept design
drawing. The optimal process parameters setting levels are stated in the
step number two. Step number two is the most important step, whereas
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the factors impacting quality characteristics in the manufacturing process
that is stated. The major objective of this step is to detect the best
conditions, which vyield the best magnitude. Step number three is
achieved after implementation the design®s parameter, it determining the
design“s parameter outcomes by tightening the significant factors
tolerance [63].

The technique of Taguchi utilized to determine loss function. The
function of loss is the variance between the desired and experimental
magnitudes. At that time, the function of loss is transformed in the
proportion of signal/noise (S/N) form. The optimum levels of controlling
factor are those with maximize proportions of signal/noise (S/N) that are
desired output log functions, work as optimization objective functions,
and contribution with analysis data and optimal prediction outcomes.
Usually, three kinds of quality S/N proportion properties written in
equations (2.1-2.3.), when the feature is nonstop [62].

a. The best method is nominal one

S/N= 10108 F2S% oo 2.1)
b. Better method is lesser one
SIN=-1010g 1/N(X Y2 .o, (2.2)

c. Better method is greater one

SIN=-10 log 1/n(} y—lz) .......................................... (2.3)

Whereas: ¥ is the average of the detected data, Sy, the y variance, n is the
number of observation, and y the detected data of every characteristic.

The response could be the output of the product or some other suitable
characteristic. A block diagram representation of the product is shown in
fig (2.6) the response of the product is denoted by y. Recall that the
response that consider for the purpose of optimization in a robust design

experiments is called a quality characteristic.
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Figure (2.6) Block diagram of a product/process[75]

The array of orthogonal, proportion of Signal/Noise, and the
Variance Analysis (ANOVA) help gears in method of Taguchi. By
collecting all the tools of helping and analysis, the design of Taguchi
could be effectively utilized to obtain the optimum performance for
machine in any machining process [60]. The Variance Analysis
(ANOVA) is a numerical method applied to identify the individual
interactions for all factors of control in the design test. ANOVA could be
useful in determining the input parameters impact and interpret data of
experiment. ANOVA contributions in appropriately testing the
significance of all major parameters and the interactions of these factors
by comparison the average square against the errors of experiment
estimation at exact sureness levels. Lastly, a validation experiment should

be carried out to confirm the optimum parameters.
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2.3.2 Multi Response Optimization

When utilizing the Taguchi technique to improve multi-response
systems, the following points should be kept in mind:
* In many cases, the properties and loss function of each response are
always different. As a result, each response's loss cannot be easily
compared and averaged.
* In many circumstances, the unit of measurement for each response is
always different. As a result, the loss suffered by each unit for each
reaction may vary.
* In many circumstances, the importance of each response could be
varied.
* When there is a nominal optimal quality characteristic in the case of
multiple responses, an adjustment factor should be selected. This is
particularly true if one of these criteria is utilized to alter the goal average
while other quality metrics' values fluctuate considerably. Optimization
strategies are utilized to overcome the four problems outlined above [64].
The Taguchi method [65] is a practical method to improve individual
quality responses. However, manufactured items have more than one
major quality reaction in today's current procedures [63]. However,
traditional Taguchi method cannot solve multi-objective optimization. In
practice, many industrial processes are multi-stage in nature. Engineers,
often, try to optimize individual processes and then expect an optimized
system, which is neither systematic nor provides a realistic result.
A production process constitutes a set of inputs and outputs as shown in
Fig. (2.7). The inputs Xy, X,, ..., X, are controllable factors whereas the
inputs Z,, Z,, ..., Z, are uncontrollable or difficult to control factors. The
production process transforms these inputs into outputs that will have
several quality characteristics. The output variable ‘Y’ is measure of

process quality. The Taguchi method is an approach for robust
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experimental design that seeks to obtain a best combination set of
factors/levels with lowest variation while the mean is close to the desired
target[66].

Controllable inputs

X1, X2y ooy Xa Control
Inputs )
p—"' Process Outputs (Y') .
T T

Uncontrollable inputs

Figure (2.7) a process as a system
The optimization of multi-response problems has recently gotten a
lot of attention. In the Taguchi Method, several ways were employed to

solve the multi-response problem, including:

2.3.2.1. Grey Rational Analysis Method

Grey Relational Analysis (GRA) is a normalization evaluation
technique to solve a more complicated multi-performance characteristics
optimization effectively. To address multi-response issues, it can be used
with the Taguchi technique. Based on the orthogonality, orthogonal
experimental design selects some representative points from the
comprehensive experiments, these points have uniform dispersion and
uniformity. In the orthogonal tests, the factors are the parameters that
affect the properties of product, and the level in the orthogonal tests refers
to the specific conditions for each factor to be compared. The Taguchi
design method converts the experimental results to a signal-to-noise

(S/N) ratio. The value of S/N ratio indicates the dispersion around the
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desired results and includes three types of performance characteristics:
lower-the- better, nominal-the-better and higher-the-better. S/N ratios of
the higher-the-better can be calculated using Equations (2.1-2.3). The
(S/N) ratio were normalized, to distribute the data evenly and scale it into
an acceptable range for further analysis [67], using Equation (2.3), to
obtain Z;; which represents the normalized value of S/N ratio for the
larger is better.

N Yij—min(y;j)
Y max(y;j)-min(y;;)’

=12,..,m;j=12,..,n (2.4)

According to GRA, equation (2.5) is used to calculate the deviation
sequences, equation (2.6) is used to calculate the grey relational
coefficient (GRC) and equation (2.7) is used to calculate the grey
relational grade (GRG) [100].

A= Zmax —Zij);i=12,....m;j=12,..,n (2.5)
min(A) + Amax(A)
GRC;; = i=12,..m;j=12,.., 2.6
H AU + AmaX(A) ' miJ n ( )
n
j=1
where:

Aj; is the difference between the optimum value of the normalized
S/N ratio and the i" normalized S/N ratio value for the j™ response, A is
the identification coefficient that ranges from 0 to 1, and ¢; is the
normalized non-negative coefficient assigned to the j" response with the
sum of all ¢; is equal to 1. All the responses (characteristics) considered
in this research are equally weighted [100].
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2.3.2.2. Utility concept

Though the Taguchi approach is used for a single response
problem, most of the researchers proposed various methods for multi-
response problem by modifying it[68]. Quality is a key attribute that
customers require into the product or service. So the modern quality
control and improvement program focus that their product should be
made as par the customer requirements. On the other hand, customer
evaluates a product performance based on number of diverse quality
characteristics of the product. To able make rational choice, these
performances evaluation on different characteristics should be combined
to give a composite index. Such a composite index shows the utility of
the product. The utility of a product on a particular characteristic
measures the usefulness of that particular characteristic of
product/service[69].

It is assumed that the overall utility of the product is the total sum
of utilities of each particular quality characteristics of the product. Thus if
Xi is the measure of effectiveness of an attribute (characteristic) i and
there
are n attributes evaluating the outcome space, then the combined utility
function can be expressed as [69]:

U (X1,X2,X3,....,Xn) = T [U1(X1), Ua(Xy), ...... Un(X)]  oenen.n. (2.8)

Where U;x; is the utility of the i attribute.

The overall utility function is the sum of individual utilities. If the
attributes are independent, then

U (X1,X2,X3,. - ..0Xp) = D Ui(xi)  oooenais (2.9)

Depending upon the customers requirements, the characteristics
might be given priorities. The priorities could be adjusted by providing a
weight to the individual utility index. The overall utility function by

assigning weights to attributes could be written as:
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U (X1,X2,X3,....,Xn) = 2oiey WiUi(xi)  ........... (2.10)

Where, Wi; is the weight assigned to attribute i and the total sum of
the weight for all the attributes is equal to one. The utility function is of
"higher- the- better" type characteristic. If the composite measure, the
overall utility, is to be maximized. The quality characteristics considered
for the evaluation of utility index will be optimized (minimized or
maximized). The S/N ratio of the orthogonal test results was calculated
using the corresponding equation, given by Equations (2.3). A preference
scale for each quality attributes is constructed to determine the overall
utility value, these scales given weight to calculate the overall utility. The
preference scale may be linear, logarithmic or exponential. The minimum
acceptable quality level for each quality attributes is set at a preference
scale of 0 and the best available quality is assigned a preference number
of 9. In this study, logarithmic scale was used. The preference number is
given by [69]:

PL=AXIOQ(Xi/ Xi") e (2.11)

Where x; is the value of quality characteristics or attribute 1, x;” is
the minimum acceptable value of quality characteristics or attributes i,
and A is a constant. Arbitrarily, A has been chosen such that pi = 9 at x;=
X', where X" is the optimum value of x; with the assumption that such a
number exist. The assessment of weights depending on the end of the
product, the weight should be assigned such that it can hold following

condition:

PAWI=1 (2.12)
The overall utility value can be calculated by using following equation:
UsYTo i W PE e, (2.13)
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2.3.2.3. Method of Data Envelopment Analysis (DEA)

It is an effective procedure on the basis of the data envelopment
analysis (DEA) to optimize the multi-response problems. In the Taguchi
method, to solve the multi response problem, engineering judgment is the
primary method. But, without doubt an engineer’s judgment will increase
uncertainty during the decision-making process. In order to solve the
multi response problem, an approach of assigning weight to each
response is submitted[70].

DEA is a linear programming based technique for measuring the
relative efficiency of a set of competing decision-making units (DMU)
where the presence of multiple inputs and outputs makes the comparisons
difficult. The relative efficiency of the DMU's "many inputs and outputs"
Is usually expressed as a ratio (weighted sum of DMU outputs divided by
weighted sum of DMU inputs). As a result, in order to obtain a greater
absolute efficiency performance, the ratio inputs must be lower and the
ratio output result must be higher. Alternatively, when the inputs is
confined to a set value and the output result is larger, the absolute
efficiency improves [71].

A DMU is a combination of factors/levels with 1 as the input data.
and the value of the answers' SN ratios as the output data. The higher the
output value, the higher the DMU's relative efficiency rating will be. It
will aid in the solution of the multi-response problems [71] the higher the
relative efficiency number, the easier it is for the item's qualitative
attributes to stand out in relief. The following Eq. summarizes the general
efficiency metric employed by DEA (2.14)
_ 2y Osy Viy

E.. =
fes Zx stuks

e (2.14)

where
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Ew; the weights of the DMU k that has been examined are used to
calculate the efficiency of DMU s.
O,y; the DMU s output y values
lsx; the input x values for DMU s
Viy; trial DMU k's weights for output y
Uky; the input x weights allocated to trial DMU k

The objective is to maximize the relative efficiency value of a trial
DMU k from among a reference set of DMU s; by selecting the optimal
weights associated with the input and output measures. The maximum
relative efficiencies are constrained to 1. The formulation is represented
in expression (2.14) [71]:

>y 0y v
max Ep, = y “ky Tky

Zx Ikxuks
St.  Epg <1 Vdesigns s .uwewee cenvie eenveen (2.15)
Ukx » Viky > 0

This nonlinear programming formulation (2.15) is equivalent to the
following linear programming (LP) formulation (2.16) by setting its

denominator equal to 1 and by maximizing its numerator.

max E :Zy 0ky Uky e ee e wes ees mee eee ees ees mee see ees ees nee e (216)

st Yoy Ly Ups=1
Exs = 1V designs s
Ui ; Viy >0

The optimal efficiency value (E*kx=1) obtained from formulation
(2.16) is only one. If Ex = 1, no other DMUs with the same weights as
DMU k are more efficient. That is, in (Exx = 1), DMU Kk is on the
optimum boundary and is not controlled by other DMU. If DMU K is not
on the optimal frontier, and at least another DMU is more efficient under
Ew 1, DMU k is not on the optimal boundary (2.16).The formula (2.16)
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[71] is used to compute the relative efficiency of the DMU in comparison
to its own optimum set of weights. Because the experimental result
comprises censored data, which is constrained and difficult to analyze,
the BP model was utilized to predict the SN ratios of all combinations of
factors/levels. On the other hand, the BP model may generate estimations
based on incomplete data. The knowledge representation in this case is to
utilize the BP model to define the relationship between the controllable
factors/levels and the multi-SN response ratios. The input values are the
levels of the control factors, and the number of input nodes is equal to the
number of control factors. The output values are the multi-SN response
ratio numbers, and the number of multiple responses is equal to the
number of output units. The following is how the SN ratios are calculated
[71]:

For the ji, response during the iy, trial, let the SN ratio be Xj;. For i

=1;...,m; j=1;...;n:

1
xij = —10logy, [; Zﬁmyzijk] O S Yijk SO o (2.17)
(for the smaller — the — better response)
1 1
Xij = —10 10g10[72k:1 yz--k] ,O<yi<l .o (2.18)
ij

(for the larger — the — better response), and

-2

2 U] 0 S Yijk 00 oo e e e o (2.19)

2.,
S ij

x;j = —10logyo[

(for the nominal — the — best response)

where yijk =observed data in full data for the ith trial's jth

response, the ky, repetition, y :%chzlyijk(the average observed data for

the jth answer during the ith trial in full data),SZij=l_%Z§(:1(yijk —
yi;)?(the variation of observed data in complete data for the jth response

attheithtrial) fori=1,...m;j=1,....n;andk=1,..., .
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The learning rate and momentum network parameters will be tuned
to help the trained network attempt convergence and stabilization in
prediction behavior. To halt the trained network, the stopping criterion
should be chosen to simultaneously reduce the root mean square error
(RMSE) of training and testing. Selecting the RMSE of training and
testing among the examined estimation models yields the best estimation
model. For the normalization Xj. X; is the SN ratio for the in(i =1;
2,...,m) response in the ju(j = 1, 2,..., n) experiment. Xj; is normalized as
Z;;(0 < Zij < 1)by the following formula to avoid the effect of adopting
different units [71].

Y max{X;;j=1,2,....n }

Z

Jfori=1,2,...,m; j=1,2,..,n......... (2.20)

(To be used for responses using a larger-is-better and nominal-is-best

approach.)

_ max{X;j,j=1,2,...
ij = Xy

Z

....,n},fori — 1, 2, v, My ] = 1’ 2’ R 0 DO (221)

(To be used for responses in which the lower the number, the better).

The relative efficiency of each experiment can be calculated using

the formula (2.16). To compute the relative efficiency of each trial
(DMU), the inputs is set to 1 and the output results is set to Zij.
To find the best factors/levels combination, the DMU must be graded
according to its relative efficiency. The higher the relative efficiency
value, the higher the quality of the product. It will be possible to combine
a collection of factors/levels with 100 percent relative efficiency. Based
on the price, acceptability, and other factors, the professional will pick the
preferable and best mix of variables/levels. By analyzing and testing the
estimated SN ratios with ANOVA, professional may decide if control
factors are important or not at the jy, response, as well as get the
significant and non-significant controllable factors for these numerous
responses (analysis of variance).
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2.3.2.4. Desirability Based Method

The desirability function is one of the most commonly used
approaches for dealing with multi-response surfaces difficulties. Because
all responses may be optimized at the same time by integrating them into
a single objective function that shows the relationship between all the
responses that need to be improved [72].

D(Y) is a desire function that is generally a geometric mean of n
desirability functions (weighted), d; (y;), one for each element, y; of Y.
Each di (yi) value is scaled between 0 and 1 and converted from the
corresponding response yi. The related response's quality is optimum,
with a score of 0 indicating low quality and 1 representing great quality.
The mathematical link between responses and the desirability function

may be expressed in the following way:

max D(Y) = (d{(y)** X dy(y,)*? X .....x dn(yn)k”)ﬁ eer. (2.22)

yi stands for the calculated response value. The i'th response's translated
desirability value is i di(yi), with ki representing the relative significance
of response i compared to the others. If all responses possess the same
significance, without weights, D(Y) becomes the geometric mean of all n
modified responses. D(Y) is the geometric mean of the di(yi)’s, As a
result, if all of the responses are near to their ideal values, the total
desirability value can only be close to 1. Similarly, if any of the di(yi)'s
are sufficiently close to zero, D(Y) will be small. As a result, to optimize
several responses at the same time, one looks for x values that enhance
D(Y) [73].

Desirability functions can be generated for any of the three types of
experiments, despite the fact that optimisation might take three kinds.
Weighted linear transformations, according to Aksezer, are beneficial for

determining the risk of variations from expected response levels. Due to
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the L type of responses in this problem, Aksezer's research uses a larger-
is-better desirability function and transformation [72]. If the interest
response is a maximizing problem, the recommended particular larger-

the-better desirability function is appropriate.

0 yi < LSL
o i — LSL
di(yi) = (UySLTSL)S LSL< i< USL oo oe oo oo o (2.23)
1 yi > USL

The bottom and top description ranges of the related response vyi
are LSL and USL, respectively, as shown in fig (2.8). The weight
exponents inside the region of interest influence the form of the response.
With this desirability function, USL becomes the required largest value
instantly. It's the practical upper limit, and anything higher won't make

the reaction stronger.

desirability

0

LSL USL

Figure (2.8) the higher the desirability function, the better.

The shape of the particular desirability function for different
values of its major factors demonstrates this. Clearly distinguishing, for
the user-specified value s = 1, the desirability function rises linearly, is
positive for s = 1, and is negative for s > 1. Weights, on the other hand,

provide you greater leeway when it comes to distributing individual
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desirability within the scope of your interest. The significant coefficient,
ki 's, for each response relates the priority sequence of all responses,
allowing them to be compared [72]. The important coefficient of each
response, ki 's, links the priority sequence of all responses so that they
may be compared. Desirability-based criteria, such as Derringer and
Suich's popular geometric mean (DGM), have solved multi-response

optimization issues and are defined as[101]:

D=[(d{)*1 (d,)*2 ....(dp)“’r’] ﬁ ...... (2.24)

Where di is the i-th response's individual desirability function
(i=1,...,p) and w; are user-specified parameters for assigning priority to di.
The goal is to maximize D, which is one (D =1) when all responses are
correct (d1=1) and zero (D = 0) when at least one response is outside of
the specified boundaries (d i= 0, for any i).

Derringer and Suich devised one-sided desirability transformations for
the larger-The-Best (LTB) response type (the anticipated response value

IS expected to be greater than a lower bound L; y* > L):

y'—L
d=[—

"L<y<U...... (2.25)

Where r is a user-specified parameter (r > 0), y" is the predicted
response model, and U is the upper bound, and d=1 for y* >U and d =0
fory” <L.

The expected response value for the smaller-The-Best (STB) response
type is supposed to be smaller than the upper bound U; y* <U) as follows:
y' =U
y' —=U
Such that d=1for y<L,andd=0fory">U.

d=| I"L<y' <U...... (2.26)
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Individual desirability functions for two-sided transformations, which
occur when the estimated answer's value is predicted to reach a specified

target value (T), are as follows:

( (yA—L)S | < T
M ~ <
T—-1) =" 7
d = < y"—Ut ......... (2.27)
, T <y"'<U
(T—U) Y
.\ 0 , otherwise

A

Where s and t are user-specified parameters (s, t >0), d =1 for y
=T,andd=0fory <L ory" >U . For product or process quality control,

specification limitations designated by U and L are commonly available.

2.3.2.5. Engineering Judgment Method

The objective of engineering design, a major part of research and
development (R&D), is to produce drawings, specifications, and other
relevant information need to manufacture products that meet customer
requirements. Many Taguchi users have coupled excellent engineering
skills with knowledge for multi-response scenarios. In a much more
integration (VLSI) circuit-manufacturing system, for example, Phadke
[75] enhanced three responses by combining pure technical knowledge
with his applicable expertise (surface flaws, wafer thickness, and
deposition rate).When engineering judgment is combined with prior
experience, the decision-making process is frequently fraught with
uncertainty. Furthermore, engineering assessment is subjective. Taguchi's
quality loss function (TQLF) and principal component analysis (PCA), a
strong multivariate statistical approach [76], may easily address this
problem. The design parameters and noise variables are organized in
orthogonal arrays using experimental design. For each experimental

combination, the signal-to-noise (SN) ratio is calculated. The optimal
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options (i.e. control variables and associated levels) for the design factors
are then determined using SN ratios. The Taguchi approach, on the other
hand, can only be used to optimize a single-response problem; it cannot

be used to improve a multi-response problem see fig(2.9)[64].

Customer's Product

Requirements Design
d R&D for Design 9
- Desired function and + Low cost
« Usage environment Manufacturing - High quality

« Failure cost (low failure cost)

Scientific

Engineering
Knowledge

Knowledge

Understanding
of natural
phenomena

Experience with
previous designs
and manufacturing
processes

Figure (2.9) block diagram of (R&D) activity [75]

There are three phases to this optimization process:
Phase 1: Calculate the loss in quality.
For each response, the quality loss is calculated in this step. The

following three formulas are provided by Taguchi [77]:

= K1 Zk V- ik The smaller the response, the better ....... (2.28)
Zk L V? ik for the larger-the-better response........... (2.29)
s 2
Li; = K3 (y”) in the case of the nominal-best-response.....(2.30)
U
Where:

L;; = quality loss for i, response at j, trial
y;; =observed data for iy, respsonse at ji, trial, ki, repetition

n; = replications for ith response
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_ 1
Yij = n_z YVijk
=1
1 w
N2
Sij = n, — 1;()&71{ - Yij)

ky ko ks = quality loss coefficients.

Taguchi [77] does not define SN for the nominal-the-best quality feature

as:
-10 log;o(MSD)=-10 loglo[%Z(y -9+ G-T)?].......... (2.31)
Where T is the target value
But
-2
SN——1010g10 et (2 32)

The main issue is that determining the best factor amounts based

on maximizing SN = —10log1l0(MSD) does not necessarily minimize
both ~%:(y — §)2and (§ — ).

Equation (2.32) demonstrates that maximizing SN must imply lowering
SN 52/)72, which is a desirable quality for any process [78]. As a result,
for this investigation, in the case of the nominal - best - response, the
quality loss is calculated using the formula L=k(s%/y?).

Phase 2. The MRSN (multi-response signal to noise) ratio should be
calculated.

To reduce variability, we should first normalize the magnitude of
each response's quality loss. The quality loss at every test for each
response is divided by the greatest quality loss in the j tests. As a result,
the maximum normalized value is 1. The quality loss is proportional to
the size of the normalized value. As a result, the normalized quality loss
spans from 0 to 1. As a consequence, each response's quality loss may be

promptly appended. Second, each response is given an appropriate weight
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for determining each experiment's total normalized quality loss (TNQL).
Consequently, TNQL may be used to calculate the MRSN ratio. The
following is a summary of these three steps[64]:

Step 1: For each response, normalize the quality loss on each trial.

(2.33)

Step 2. Calculate each trial's total normalized quality loss (TNQL):
TNOL =X Wi € e (2.34)

Where wi represents the weight of the iy, normalized response (i =1, 2,...,
m).

Step 3. For each trial, calculate the MRSN ratio:

MRSN; =—1010g (TNQL)) .o.ovniniiiiiiiiiieeeea (2.35)

Phase 3. Determine the best mix of factors and levels.

Taguchi [77] recommended immediate minimization of the
expected quality loss in both the smaller-the-bestand larger-the-
best instances. Taguchi devised a two-stage optimization approach for the
nominal-the-best condition, first improving the signal-to-noise ratio and
then adjusting the mean on target. The following approach for
determining the optimal factor/level combination in a multi-response
situation is based on these ideas:

Step 1: Calculate the effects of the factors.

(1) On the MRSN, plot factor effects and tabulate major effects.

(2) For nominal-the-best condition, graph variable impacts and
summarize key factors on the mean response.

Step 2: Find the most efficient control variables and their concentrations.
(1) Determine the control factor, which is a variable that has a significant
influence on the MRSN.
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(2) For each control factor, determine the optimum level as the one with
the highest MRSN value.

Step 3: Figure out the best adjusting variables:

The necessary adjusting variables should be discovered if the nominal-
the-best feature arises in multi-response problems. There are four
possibilities:

(1) When there are qualities to be improved that are smaller-is-better and
nominal-is-best.

(2) When it comes to optimizing larger-is-better and nominal-is-best
characteristics.

(3) When smaller-is-better, larger-is-better, and nominal-is-best qualities
must be optimized.

(4) When all of the theoretically excellent features need to be improved.
For situations 1, 2, and 3, an adjustment factor that meets the following
two requirements can be chosen. To begin, any component with a
significant impact on the mean response for nominal-the-best attributes
but no impact on MRSN might be considered a modification factor
candidate. Second, when applying the modification factor to get the mean
back on track, the manner in which quality attributes are enhanced should
simultaneously fulfill the goals of both the smaller-is-better and larger-is-
better scenarios. As an adjustment factor for scenario 4, any component
with no substantial impact on MRSN, a high influence on the mean
response for its quality attribute, and no significant impact on the mean

response for the other quality attributes can be used [64].
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2.3.2.6. Level Weight Method

In the Taguchi approach, it is a basic yet effective way for dealing
with the multi-response problems. The basic idea is that for each factor
level, the average S/N ratio of each response is valued in proportion to the
factor with the greatest average S/N ratio. To determine optimal factor
values, the average weight of all responses is utilized as a quality
indicator. That is, among all factor levels, the factor level with the highest
average weight is determined to be the best for that factor. The main
benefit of this method is that it is characterized by simple and
uncomplicated computations that do not necessitate statistical knowledge
or prior knowledge of response weights or importance. To summarize,
this methodology's simplicity and efficiency substantially assist
practitioners in handling multi-response issues in a variety of Taguchi
method applications [76]. The optimum factor level is the one that
maximizes the S/N ratio independent of the response type. That is to say,
the objective function that must be improved is:

For the STB type response

1

n = —101log;, [; Z?zlyzi] .......................................... (2.36)
For the NTB type response

IJZ
n = —10 loglo ; .............................................. (2 37)
For the LTB type response

- _ Iyn (L

n = —10log,, [n Die1 (3’1’2)] .................................... (2.38)

Where n is the number of times y has been replicated, p is the
response mean, and o is the standard deviation. As a result of the

foregoing, this methodology can be used to solve the multi-response

problem in the Taguchi method.
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The number of replies in an OA is denoted by r. Let n, g=1...,r)

be the response j's S/N ratio. Then, using a suitable formula from Eqs

(2.36 — 2.38), compute n, for all j values. Assume that at K levels, a
process factor | is allocated. Letnijk be the average of 7, for the trails at

level k (k = 1, ..., K) of factor I, and let 7j;;; be the average of 1; .

Determine 7;,0f every factor level for all response. Let wl.jkbe the

weight of level k for factor | from response j, which is calculated as [76]:

ma;: .k.ﬁijk for STB type response
e —ﬁ:"k NTB, LTB (2:39)
,LTB t
————— for ype response

For each response j, calculate Wijkvalues of factor I. The value of

Wik almost certainly between zero and one. Let wy,be the wy, average
of W, ;) OVer all responses. Calculate the wy;, values for all levels of factor

I. Typically, larger wj.indicates higher performance. As a results,
determine the factor level equal to the maximum of w,(k=1, 2, ... , k) as
the ideal level of factor |. Calculate each response's predicted
Improvement as a result of optimizing process parameters, and compare
the overall expected improvements to those found in previous research.
The predicted improvement is calculated using the S/N ratios at optimal

factor level versus the S/N ratio at beginning factor level [76].

2.3.2.7. Principal Component Analysis (PCA)

When numerous responses must be tuned, it is a powerful
multivariate statistical method for identifying the ultimate optimal state. It
Is a realistic and systematic methodology based on Taguchi's
methodology for dealing with multi-response problems in industrial
experiments. The approach employs Taguchi's quality loss function
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(TQLF) and principal component analysis (PCA). Data analysis, data
extraction, and data categorization are the three main goals of PCA.
Pearson [79] was the first to introduce the methodology, and Hotelling
[80] was the first to describe actual computing methods in PCA. It's a
data extraction approach for identifying a limited number of factors that
account for a substantial degree of variability in the response variable
[81].The steps in the methodology are as follows:

1. Figure out what influences control, signal, and noise.

A thorough brainstorming session is required to discover the controlling,
signal, and noise variables that influence the condition(s) of importance.
2. Determine which response types or quality factors need to be
improved.

Typical forms of continuous quantifiable responses or quality attributes
include:

(a) Smaller-the-better (STB) responses.

The goal of a smaller-is-best response is to achieve a measurement
of zero. Tool wear, engine noise, speed of response to customers
complaining, wastage permeability, deformation, and surface integrity are
all examples of this type of feature.

(b) Larger-the-better (LTB) responses.

When the goal of the study is to optimize the response while staying
within acceptable design constraints, this sort of response is usually
explored. Strength, efficiency, an automobile’s miles per gallon,
resistance to corrosion, product or parts dependability, product durability,
and so on are examples of this type of feature.

(c) Target-is-the-best (TTB) responses.

When the goal of the studyis to attain a certain response
performance target, this attribute is considered. Measurements (diameter,

depth, length, etc.), strength, stress, fluidity, resistivity, energy,
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electricity, susceptibility, and so on are examples of this type of
characteristic. The variation around the objective should be maintained to
a minimal because this feature has a goal value.
3. Determine the quality loss (QL) per unit product for each response.
This phase should determine the quality loss per unit product for
every response or quality attribute. Taguchi's quality loss functions make
this simple to achieve (TQLFs). Let L;; denote the quality loss for the iy,
response (or quality attribute) at the jy, trial condition or test period, with
Li, denoting the highest quality loss and Li, denoting the least quality
loss.
4. Compute the loss in terms of quality in normalized units (NQL)
The following equation may be used to calculate the normalized
quality loss [81]:

_ Li,—Lij
yl_] - Li*_Li. ............

The NQL is represented by yij. The goal of the NQL computation
IS to reduce any response to a single non dimensional number. This is
owing to the fact that each answer is measured in a different way. The
NQL scale runs from 0 to 1, with 0 being the lowest and 1 representing
the greatest (i.e. 0 < NQL<1).

5. Use PCA to analyze the NQL data.

Given that k < p, PCA may be considered an effective method for
identifying a smaller amount of components (say k) that explain the
majority of the variability in the original p responses in multi-response
cases. Let X1, X2,..., Xp be a set of responses; using PCA, we may obtain
the statically independent linear function of principal components as
follows [81]:

Z1=ap Xot+ apXy +_ _ _tagX
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Subject to the condition that a;° 4+ a,% + -+ a;,° = 1. The
first major component is referred to as Z1. The essential parts are
constructed in decreasing order of variability, in the first principle factor
accounting for the most variability, the second for less, and so on. The
major components are completely self-contained. The eigenvalues are the
variations of the principle components, and it's worth noting that the sum
of the variations of the primary components equals the variances of the
original responses. The eigenvectors are the values of the major
components (i.e. all, al2, etc.). It is a matter of personal taste as to how
many components must be considered. As a general guideline, choose
components with eigenvalues higher than or equal to one. We may use
PCA on the NQL data obtained in step 4 to solve multi-response
problems in commercial experiments. The greater the Z number, the
better the product's effectiveness (also known as the multi-response
performance statistic).

6. Determine the optimal condition

The ideal circumstance is one that produces the highest Z number.
At every factor level, the Z number (multi-response performance data)
must be obtained, and then the factor/interaction impacts that have a
major effect on the multi-response performance data must be identified.
In this case, the multi-response performance data can be regarded as a

single response for statistical analysis.

2.4 Literature Review

This review deals with the previous studies related to the synthesis
of porous geopolymer and the impact of various parameters on the
geopolymer characteristics. Also, it reviews the use of Taguchi method to

optimize the properties of geopolymer.
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In 2009, Kiyoshi Okada et al. prepared geopolymers by reaction of
sodium silicate and metakaolinite in alkaline solution at temperatures
close to ambient, using a range of Na,O/Al,O; and H,O/Al,O; ratios. The
porous properties, water absorption and water release, and the mechanical
properties of the resulting geopolymers were determined , they found that
The H,O/Al,O3 ratio exerts a major effect on the physical properties,
higher ratios result in increased pore volumes and pore sizes, and
therefore thus higher water absorption ability, whereas lower H,O/Al,O;
ratios increase the bulk density and mechanical strength, and at the lowest
H,O/Al,O; ratio used (14.2), the highest mechanical strength (about
14MPa), The water retention properties of the samples depend on their
pore size, larger sizes giving both higher water absorption and water
release rates. Thus, the slow water release properties required in materials
for remediation of heat island effects will be better satisfied by

geopolymers with lower H,O/Al,O; ratios[83].

In 2010, V. Vaou, D. Panias. prepared foamy geopolymers from
non-expanded perlite that have excellent thermophysical properties,
including that they are non-flammable and safe for humans and
environment. The alkaline activator used for the synthesis of geopolymers
was a sodium hydroxide solution that was prepared by dissolving
anhydrous sodium hydroxide pellets in deionised water, hydrogen
peroxide (H,0O,) solution 30% w/w was used as a chemical blowing
agent. The results showed that the foamy geopolymers from perlite have
almost similar thermal conductivity (0.03 W/m K), superior compressive
strength (780 kPa at 2% deformation) and a fracture behaviour
resembling the one of rocks, superior fire resistant properties (100%
noncombustible), superior maximum application temperature (700 °C)
[84].
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In 2011, K. Pimraksa et al. studied the synthesis of lightweight
geopolymer and the reaction of highly porous silica obtained from two
sources materials diatomaceous earth (DE) and rice husk ash (RHA).
Various starting Na,O/Al,O; and SiO,/Al,O; ratios, reduction of unit
weight, strength development and microstructure evolution resulting from
chemical polymerization reactions were studied. The results showed that
the optimum calcination temperature of DE was 800 -C and the finer DE
was more reactive due to the increase in the surface area. Pastes activated
with 10 M NaOH possessed higher compressive strength than that with
10 M KOH. The optimum curing temperature and time were 75 -C and 5
days. At starting SiO,/Al,O; ratio of 13.0-33.5, the increase in starting
Na,O/Al,O; ratios from 1.0 to 3.0 increased the compressive strength
from 11 to 60 kg/cm2 but the samples with Na,O/Al,O; ratios of 2.0 and
3.0 were not stable as indicated in water immersion test, the bulk density
values also increased from 0.93 to 1.5 g/cm3. High SiO,/Al,O; ratios used

resulted in the lightweight geopolymer materials[85].

In 2012, E. Kamseu et al. investigated the relations between the
bulk composition, the pore size-distribution, pore volume fraction and the
effective thermal conductivity of the porous geopolymer. The final
material results with improved insulating behavior, insulating material
with thermal conductivity of 0.15 W m™* K" was achieved. The results
demonstrated that gel compositions with better mechanical properties and
chemical stability are those where homogeneously dispersed fine pores

can be easily introduced[86].

Also in 2012, Monita Olivia et al. presented an optimization of fly
ash geopolymer mixtures by Taguchi method, and a study on the
mechanical properties and durability of concrete produced from the
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optimal mixes. A total of nine mixtures were evaluated by considering the
effects of aggregate content, alkaline solution to fly ash ratio, sodium
silicate to sodium hydroxide ratio, and curing method. Ordinary Portland
Cement (OPC) concrete of 55 MPa strength was used as a control mix.
Results showed that the geopolymer concrete can be produced with of 55
MPa at 28 days and Moduli of elasticity were 14.9-28.8% lower than
those of the OPC control mix [87].

In 2013, Prune Steins et al. analyzed the effect of age and an
alkali activator on a geopolymer's porosity structure. For this purpose,
Nitrogen sorption was used to characterize the porous structure of the
geopolymer and to measure the specific surface area and the distribution
of pore size as a function of time and alkali nature. According to the
results, the pores that are not accessible to this technique represent a
small part of the total porosity but tend to increase over time as a result of
a refinement of the porosity. The use of two alkali ions (Na+ and K+)
differing by their size and by their kosmotropic or chaotropic properties
allowed them to demonstrate that pore size, shape and distribution depend
on the alkali activator. The potassium geopolymer has a greater specific
surface area than the sodium geopolymer because the pores are smaller
and more numerous. According to the scattering results, the kinetics are
much slower for the sodium geopolymer than for the potassium

geopolymer in the six months of observation[88].

In 2014, Marcelo Strozi Cilla et al. devised a new method for
making porous open cell geopolymer foams with a high specific surface
area. They used saponification /peroxide/ gelcasting combined route. The
findings revealed that geopolymer foams with a void ratio of 85% and an
expansive porosity of 70% could be made. and possessing a specific
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surface area of 50 m?/g. The in situ formation of surfactants by the
saponification reaction of oil in the geopolymer alkaline environment led
to increased total and open porosity in comparison to alternative methods

for the fabrication of geopolymer foams[89].

At the same year, Giulia Masi et al. presented a study on different
foaming techniques to synthesis low density geopolymers. Varying
concentrations of three foaming agents (surfactant, aluminium powder
and hydrogen peroxide) were added to a fly ash based geopolymer
matrix. They were investigated in order to assess their influence on the
final properties of low density geopolymers. They found that
homogeneous microstructures with small pores can be obtained by adding
surfactant and hydrogen peroxide. The combination of hydrogen peroxide
(0.1wt%) and surfactant (1.0wt%) produced geopolymer foams with
density and compressive strength values of 0.94g/cm® and 4.6MPa |
respectively. Water absorption values for the samples foamed with 2.0
wt% of surfactant are in the range of 36-40% for increasing
concentration of the foaming agent, porosity ranges between 50 and 80%,
independent of the foaming agent and its concentration used in mixes,

whereas for the un-foamed geopolymer is 46% [34].

Also, in 2014 , Ze Liu et al. used circulating fluidized bed
combustion fly ash (CFA) as a raw material for geopolymer foam
synthesis. Hydrogen peroxide was employed as a foaming agent to
prepare CFA-based foam geopolymer. The CFA-based foam geopolymer
was successfully fabricated with different contents of hydrogen peroxide
and exhibited uncompleted alkali reaction and reasonable strength with
relative low atomic ratios of Si/Al and Si/Na. The results showed that the

particle sizes of CFA mainly distribute from 5 to 40 um, and the average
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particle size of CFA is about 13.33 pum. Also, with the increase in
foaming agent (H,O,) content from 0 to 5wt%, the density of the foaming
agent decreases from 1593.7 to 276.6 kg/m® and the macro-porosity
increases from 11.2% to 63.0% [90].

In 2015, Palmero et al. produced and investigated dense and
lightened geopolymer materials based on calcined kaolin and different
alkali activators. They added four different concentrations of hydrogen
peroxide to four distinct geopolymer mixes that had been optimized
before foaming. The results showed improved compressive strength up to
46 MPa and the thermal conductivity ranged from 0.12 to 0.78 W/m K, in
function of the density of the samples: the lowest values, presented by the
macroporous materials, were comparable with those of most commonly

used building insulation materials [91].

In 2016, Rui M. Novais et al . produced lightweight biomass fly
ash-containing geopolymers using H,O, as blowing agent. They looked
examined how hydrogen peroxide concentration, NaOH molarity, and
water content affected the characteristics of FA-containing geopolymers
in both the fresh and hardened state properties. Results demonstrated that
the blowing agent decreases the slurries yield stress. They also found that
the geopolymerisation rate is only slightly affected by the blowing agent,
while a strong impact is exerted by the activator molarity. The proper
association between NaOH molarity and blowing agent content leads to
the production of lightweight geopolymers exhibiting very low thermal
conductivity (up to 0.08 W/m K) and apparent density (440 kg/m®) [93].

In 2017, Ankur Mehta et al. presented the influence of various
parameters on strength and absorption properties of fly ash based
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geopolymer concrete. The optimization of mixtures was achieved by
using Taguchi method considering the parameters such as different
contents of OPC as fly ash replacement, different concentrations of
sodium hydroxide (NaOH) and different curing temperatures. Results
show that maximum 7 days compressive strength of 64.39 MPa and
minimum water absorption of 3.04% was obtained for fly ash based

geopolymer concrete with the considered parameters[94].

Also in 2017, Ailar Hajimohammadi et al. Prepared several
foamed geopolymer mix designs using the same amount of hydrogen
peroxide foaming agent and under the same reaction conditions. To
manage the porosity of the geopolymer foam matrix, they looked at the
effect of mix design on both the geopolymerisation reaction and the H,0,
foaming reaction. They discovered that when the mix design creates a
chemically stable environment for the foaming reaction while also
allowing the binders to set quickly, the outcome is fine pores that are
evenly distributed throughout the matrix. The presence of more sodium
silicate in the solution results in more stable H,O, decomposition and
foaming during the foaming process, whereas a large amount of sodium
hydroxide in the mix design leads in an unlimited decomposition of the
H,0,. They modeled the behavior of geopolymer foams and discovered
that the size and location of pores affect the strength of foamed

geopolymer by distributing stress throughout the sample [27].

In 2018, Yong Cui et al. studied the effect of calcium stearate
based foam stabilizer on pore characteristics and thermal conductivity of
geopolymer foam material. The purpose of this study was to look into the
properties of geopolymer foamed materials (GFMs) as they were affected
by a calcium stearate based foam stabilizer (CSFS) by looking at the
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regular pattern of foam characterization, compressive strength, bulk
density, geopolymerization products, pore distribution, and thermal
conductivity. The foam time and first setting time were found to be ideal
with 1.0 percent CSFS content. At this moment, the foam duration and
volume of GFMs had both grown by 42.8 percent and 28.6 percent,
respectively. GFMs with a bulk density of 0.31 g/cm® have a compressive
strength of 1.45 MPa, which is better than the standard of 1.0 MPa for
0.325 g/cm®. When no CSFS was present, the total porosity was minimum
at ~70%. The total porosity was the largest at ~82% at a CSFS content of
1.0%, which was the matched point in this study. However, the total

porosity was decreased to ~74% when the CSFS dosage was 2.0% [19].

In the same year 2018, Chengying Bai et al. focuses on the
production and characteristics of very porous geopolymers (porosity 50
vol% or bulk density 0.7 g/cm?®), in which macro-porosity is purposefully
incorporated into the micro- and meso-porous geopolymer matrix. Direct
foaming (DF), replica method (RM), sacrificial filler technique (SFM),
additive manufacturing (AM), and other methods are the five processing
methods utilized to fabricate porous geopolymer (OM). They discovered
that direct foaming is the simplest and most commonly utilized method
for producing porous geopolymers, in their many forms. Porous
geopolymers were also shown to be potential low-cost options for
technologically significant applications such as catalyst supports or films,

liquid or gas filtration, absorption, and insulating. [14]

Also in 2018, Michal Lach et al. developed foamed geopolymers
based on fly ash as cheap and fire resistant material for buildings and
applications in civil engineering structures. They used sodium hydroxide
flakes and an aqueous sodium silicate solution. The results showed the
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foamed geopolymers has low coefficient thermal conductivity between
0.068 and 0.126 W/(m-K). They have excellent fire and heat resistant
facilities, including resistance of this type of materials to the erosive
action of fire. Moreover, they have reasonable mechanical properties —
they were characterized by compressive strength between 0.5 and 3.5
MPa depending on the density, which ranged from 250 to 700 kg/m*. The
conducted research confirmed that geopolymers have the highest fire
resistance classes and can be used as a material for protection against
various types of fire and as fire-resistant insulation materials in

construction. [95]

In 2019, Kozo Onoue et al. studied the optimization of the design
parameters of fly ash-based geopolymer using the dynamic approach of
the Taguchi method. The purpose of the optimization in this study is to
set design parameters’ level properly so that SN ratios become high. This
would result in a robust input—output system. The results showed that the
compressive strength of the optimized FAGP mortar ranged from 28.8

N/mm? to 47.1 N/mm? at 2 days, corresponding to the input values[96].

Also in 2019, Svetlana Petlitckaia et al. designed lightweight
metakaolin based geopolymer foamed with hydrogen peroxide and
surfactants to stabilize the resulting gas bubbles. The direct foaming
procedure was used to create geopolymer foams. They used a sodium
silicate  solution, sodium hydroxide, an aluminosilicate source
(metakaolin) with deionized water. Hydrogen peroxide, at a 50 percent
w/w concentration, was utilized as a foaming agent. The results
demonstrated that regardless of the surfactant employed, the initial
concentration of H202 (R=0.25-2.5 percent) controls the level of volume
expansion (40-475 percent), the volume fraction of produced gas (28-83
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percent), and the pore size (150-3000 um). For equal apparent densities
(ranging from 0.23 to 1.1 g/cm®), the samples were found to have a

substantially higher compressive strength (0.57-5.9MPa) [28].

At the same year, Asmaa Kaddami et al. proposed a new approach
to counteracting aging processes of fresh geopolymer foams and to
maintaining the microstructure that has been set initially by mixing
metakaolin suspension with precursor aqueous foam. It was then shown
that the use of the latter surfactant is not sufficient for controlling the
morphology of the hardened geopolymer foam. This is mainly due to the
drainage process, which is induced by the density difference between the
gas bubbles and the metakaolin suspension, and to the ripening process,
which results from gas exchange between bubbles. The major result is
that arrest of foam drainage can be achieved if the metakaolin
concentration in the suspension is larger than a critical value which

depends on both bubble size and gas volume fraction.[98]

In 2020, Z. Zayer Hassan et al. studied the optimization the
properties of Metakaolin-based (Na, K)-Geopolymer using Taguchi
design method. This study aimed to find out the mixes, and their
processing parameters, which are suitable to produce geopolymer paste
with one of the following features: Highest compressive strength,
highest/lowest porosity, highest/ lowest initial and final setting time. The
results of study found that the Geopolymer paste with high compressive
strength of (107.2MPa) can be obtained with the formula
(0.2K;,0.0.8Na;0.  Al;05.3.6Si0,.xH,0) using proper processing
condition. The results revealed that the use of alkali solution of K-ions
and Na-ions improves the compressive strength of the geopolymer
remarkably as compared with the use of Na-ions solution alone. In
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addition, it has been noticed that the setting time is reduced, for
geopolymers with silica content of less than 3.8, when K-ions is used.
Similarly, the bulk density of geopolymers is found to be reduced by
adding K-ions[32].

In 2021, Vvingjie Qiao et al. studied the effects of
surfactants/stabilizing agents on the microstructure and properties of
porous geopolymers by direct foaming. In this study, porous metakaolin-
based geopolymers (PMGs) were fabricated using different surfactants.
Effects of different surfactants on total porosity, bulk density, cell size
and cell size distribution, pore microstructure as well as mechanical and
thermal properties of PMG samples were reported. The results show that
porous geopolymers (PGs) with high porosity (~50 < ¢ < ~86 vol%), low
bulk density (0.35< pb < 1.2 g/cm3), various average cell size (~101 pm<
d <~374 um), acceptable compression strength (0.35 < ¢ < 56.5 MPa),
and low thermal conductivity (0.13 <A < 0.32 W/mK) were successfully
prepared by direct foaming adding only different types of stabilizing
agents/surfactants, or by adding a combination of blowing agents(H,O,)

and stabilizing agents[13].

2.5 Remarkable Notes
Depending on the pervious review, the subsequent notes could be

mentioned:

1- Most of the previous research did not use the approved optimization
methods to get the best results.

2- Research that used optimization approaches, including Taguchi, did
not take multiple responses into account.

3- There is no clear mechanism in the research to control the reaction of
H,0,.
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4- Some factors affecting the results have not been studied before, such
as polymerization time.

5- The use of yeast as catalyst for the decomposition of H,O, was not
mentioned before in previous studies.

6- Specimen formed of alkaline sodium silicate and hydrogen peroxide
as foaming agent had a microstructure of heterogeneous with a
significant pores number.

7- A study that combines the optimization of both porosity and
mechanical strength is not well reported in the literatures. Based on

that, the current study was suggested to fill these gaps.
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CHAPTER THREE
EXPERIMENTAL WORK

3.1 Introduction

This chapter explains the procedure for creating geopolymers, the
materials used in that process, the design of experiments, the optimization
method followed in the current work and a brief description of the

characterization techniques used in this study.

3.2 The Starting Materials and Chemicals

Metakaolin was made by calcining kaolin clay at 750°C for three
hours in an air environment at a 5°C/min heating rate. The Kaolin was
supplied from Dwaikhla, a local area in the western desert of lIrag.
Sodium silicate (Na,SiO3.5H,0) sodium hydroxide (NaOH), silica gel
(S10,.nH,0), hydrogen peroxide (50%-H,0,, Thomas Barker) were used
as received without further treatment or purification. Instant yeast and sun
flower vegetable oil were supplied from local market and used as catalyst
and stabilizing agent, respectively, to synthesis the porous geopolymer.
Table (3.1) shows the materials used in this investigation, as well as their

source, purity, and chemical formula.

Table (3.1) the materials source, pureness, and chemical formula of

starting materials

Material Name Chemical Purity (%0) Supplier
Formulas
Caustic soda NaOH 97.99% THOMAS BARKER
Sodium silicate | Na,SiO3.5H,0 97.98% THOMAS BARKER
Silica gel SiO, 98.99% THOMAS BARKER
Water H,O Distilled water Lab distillator
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3.3 Synthesis of Geopolymer

Na,O. Al,O3. 3.8Si0,. xH,0 formula describes the composition of
the geopolymer synthesized in the current study. This formula and the
processing parameters, including the amount of water of 11ml per 10.73g
of metakaolin, mixing time of 5 min and the sodium silicates to sodium
hydroxide ratio of 3.02 were obtained from a previous study on the
optimization of the composition and the processing parameters of
geopolymer in the ceramics and building materials department university

of Babylon college of material engineering.[32]

In order to optimize the porosity and compressive strength of the
geopolymer, five factors were selected. These are H,O, concenteration,
the quantity of H,O,, the time of polymerization, the amount of yeast
added to the mix and the amount of oil. Based on primary preliminary
trials, five levels have the most impact on the performance of the
specimens for each of the five variables. These five factors were chosen
based on previous research, and include those that have a major influence
on porous geopolymer production. The maximum and lower limits for
each element were determined using previous research findings as well as
many primary experiments. These factors and their corresponding levels

are shown in Table (3.2).

Table (3.2) Five factors and five levels of orthogonal test design

N A:Concenteratio | B:Quantity of | C:Quantity | D:Polymeriz | E:Quantity of

n of H,0,% the yeast(Q) of H,0,(ml) | ation vegetable
time(min) oil(ml)

1 10 0.1 0.2 0 0.1

2 20 0.2 0.4 30 0.2

3 30 0.3 0.6 60 0.3

4 40 0.4 0.8 90 0.4

5 50 0.5 1 120 0.5
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This study used a mixture of sodium hydroxide and sodium silicate
as an alkaline liquid. Water is first added to the beaker then hydroxide
salt is weighed and added to get the necessary molarity. The silicate salt
was then added while the solution was agitated at 80 degrees Celsius and
600 revolutions per minute. After dissolving the silicate salts, silica gel
was added to the solution and agitated for an hour. The solution was then
cooled naturally to room temperature after a desired volume of water was
supplied to compensate for the water lost owing to evaporation. The
metakaolin was added to the alkaline solution after it had cooled to room
temperature and was mixed for 5 minutes with a mechanical mixer at a
set speed of 3550rpm. Finally hydrogen peroxide, yeast and vegetable oil
were added to the solution under stirring for 2 min, after the desired
polymerization time to form the geopolymer paste. The polymerization
time was considered to start when the the geopolymer paste has been
completely poured into the molds. Molds constructed of PVC plastic with
a diameter of 2 or 5 cm and a height of 4.2 cm were used to shape the
geopolymer pastes. The molds were stored in a particular environment at
the lab for one day at a temperature of 23 °C£2 and then demolded.
Before testing, these samples were cured for 28 days at room temperature
(Air curing). Fig (3.1) shows the fractured surface of the samples

obtained according to the prementioned preparation method.
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Figure (3.1) Porous geopolymer samples with different porosity

Figure (3.2) shows a flowchart that summarizes the experimental

work achieved in the current study.

Silica gel(2.6g),sodium
silicate(4.6g),sodium
hydroxide(1.53g)
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Figure 3.2 flowchart of the experimental work performed in the

current work.
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3.4 Experiments’ Design

Designing studies for the stated set of process variables using the

full factorial technique necessitates a high number of samples, up to 625

samples in addition to the work, time, and high cost. To solve these flaws,

the Taguchi method was applied. For the geopolymer mix, the Taguchi

method proposed 25 tests. Table (3.3) lists the circumstances of each

experiment.

Table (3.3) The Conditions of The experiments produced by Taguchi

method
Experiment | A:Concenteration | B:Quantity of | C:Quantity | D:Polymerizatio | E:Quantity of
No. of H,0,% the yeast(g) | of H,O,(ml) n time(min) vegetable oil(ml)
1 10 0.1 0.2 0 0.1
2 10 0.2 0.4 30 0.2
3 10 0.3 0.6 60 0.3
4 10 0.4 0.8 90 0.4
5 10 0.5 1.0 120 0.5
6 20 0.1 0.4 60 0.4
7 20 0.2 0.6 90 0.5
8 20 0.3 0.8 120 0.1
9 20 0.4 1.0 0 0.2
10 20 0.5 0.2 30 0.3
11 30 0.1 0.6 120 0.2
12 30 0.2 0.8 0 0.3
13 30 0.3 1.0 30 0.4
14 30 0.4 0.2 60 0.5
15 30 0.5 0.4 90 0.1
16 40 0.1 0.8 30 0.5
17 40 0.2 1.0 60 0.1
18 40 0.3 0.2 90 0.2
19 40 0.4 0.4 120 0.3
20 40 0.5 0.6 0 0.4
21 50 0.1 1.0 90 0.3
22 50 0.2 0.2 120 0.4
23 50 0.3 0.4 0 0.5
24 50 0.4 0.6 30 0.1
25 50 0.5 0.8 60 0.2
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The Taguchi method is an efficient approach for optimizing a
single quality response[65]. In today's complicated industrial processes,

we frequently have to optimize multiple responses at once rather than one
at a time. In this work, the Taguchi approach was used with a number of
different assistance methods [99]:

1-Grey rational analysis

2-Utility concept

3-Data envelopment analysis

4-Desirability based method

5-Engineering judgment method

6-Level weight method

7-Principal component method

3.4.1 The Procedure of the Taguchi-Grey Relational Analysis
Method:

Step 1: Using Equations (2.3), calculate the S/N ratio of the orthogonal
test results and evaluate the variation in the S/N ratio.

Step 2: Using Equation (2.4), normalize the S/N ratios of each response to
produce Zij, which reflects the normalized value of the S/N ratio for the
greater is better.

Step 3: The deviation sequences was calculated using equation (2.5).

Step 4: The grey rational coefficient (GRC) was calculated using equation
(2.6).

Step 5: The grey rational grade (GRG) was calculated using equation
(2.7).
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3.4.2 The Procedure of the Utility Concept Method:

Step 1. Calculate the S/N ratio of the orthogonal test results using the
associated equation (2.3).

Step 2: A'is an arbitrarily constant has been chosen such that pi = 9 at x;=
X , where X" is the optimum value of x; with the assumption that such a
number exist.

Step 3: A preference scale for each quality attributes is constructed to
determine the overall utility value using equation (2.11).

Step 4: The overall utility value can be calculated by using equation
(2.13).

3.4.3The Procedure of the Desirability based Method (DGM):

Step 1: Using the relevant equation, Equations, calculate the S/N ratio of
the orthogonal test results (2.3).

Step 2: For Larger-The-Best (LTB) response type (the estimated response
value is expected to be larger than a lower bound L; y* > L) according to
equation (2.25).

Step 3: Determine the importance of response w; by the users and limited
between 0.1-0.9.

Step 4: the desirability function of the responses can be calculated using
equation (2.24).

3.4.4 The Procedure of the Engineering Judgment Method:

Step 1: Calculate the S/N ratio of the orthogonal test results using
Equations (2.3) and evaluate the variation in the S/N ratio.

Step 2: Using Equation (2.4), normalize the S/N ratios of each answer to
produce Zij, which reflects the normalized value of the S/N ratio for the
greater is better.

Step3: The importance of response is determined between 0.1-0.9.
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Step4: The combined responses were calculated according to equation
(2.34).

3.4.5 The Procedure of the Level Weight Method:

Stepl: Calculate the S/N ratio of the orthogonal test results using
Equations (2.3), and evaluate the variation in the S/N ratio.

Step2: Calculate the S/N ratio averages with the help of Taguchi
(ANOVA) analysis.

Step3: The values of the level weights represent the value corresponding
to it in the previous step relative to the highest value within the same
variable according to equation (2.39).

Step4: In the final level weight each value represents the average of the
two corresponding values in the previous step that share the same

variable and level.

3.4.6 The procedure of the Principal Component Analysis Method:
Stepl: Calculate the S/N ratio of the orthogonal test results using
Equations (2.3) and evaluate the variation in the S/N ratio.

Step2: Using Equation (2.4), normalize the S/N ratios of each answer to
get Zij, which indicates the normalized value of S/N ratio for the bigger is
better.

Step3: The values of eigenvector calculated by the principle component
analysis located in Minitab for the each normalized value.

Step4: The value of the principle component calculated according to the
following equation:

Z1=ap Xot+ apXy +_ _ _tagX
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3.5 Confirmatory Experiments

Confirmatory experiments are carried out to ensure that the final
optimal factor settings are correct and that the optimal condition
generated from the experiment genuinely improves product
quality[81].Confirmation experiments were conducted by synthesis
porous geopolymer samples according to the optimal conditions which
are expected to improve the compressive strength and porosity of the
geopolymer. The proposed experiments from all methods were
standardized by taking one experiment from the similarities and

excluding the experiments within the initial (25) experiments.

3.6 Testing methods

3.6.1 Chemical Analysis

The wet chemical method was used to determine the chemical
composition of kaolin. The Iraq geology and mining survey in Baghdad
conducted this investigation. The wet chemical analysis uses the
procedure to decompose a sample with a reagent such as acids to dissolve
in a solvent and identifies and quantifies the targeted elements using
various measurement methods. Separation and isolation of the sample is
performed if needed. The wet chemical analysis can be divided in two
types of analysis, the qualitative analysis to identify the elements and the

quantitative analysis to determine the quantity.

3.6.2 X-Ray Diffraction (XRD)

XRD analysis was used to determine the phases that make up the
samples, as well as to confirm the creation of the amorphous metakaolin

phase and the geopolymer's phase composition.
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The x-ray was produced via utilizing high voltage power
(40kv/30mA) which fast-tracks the electrons from heated tungsten
filament to strike the target which is made from copper. The x-ray is
generated and goes through a nickel filter before hitting the specimen,
which is rotating in a circular motion at a speed of 5°/min. When the
incident beam diffracts according to Bragg's law (equation 3.1),

diffraction occurs [60].
nA=2dsin0............... (3.1)

Where (L) is the incident wavelength ray (A=1.5406 angstrom), (d) is the
inter-planar distance (A°), the angle (0) is located between the incident
beam and the surface of specimen, and (n) is a positive integer. The x-ray
diffracted is received from the sample by the rotating detector that rotated
at (20) as a speed. As a final point, the data of diffraction (the intensity of
the diffracted ray and the values of diffraction angels) was acquired
utilizing a computerized system. The d-spacing values of the tested
samples that have comparing with the d-spacing standard data of ceramic
materials which are given by International Center of Diffraction Data
(ICDD). This test was performed using diffractometer of x-ray (type:
XRD 6000, made in Shimadzu, Japan) that exists in the department of
ceramics and building materials engineering at Babylon University's

Materials Engineering College.

3.6.3 Particle size Analysis

Using a laser particle size analyzer accessible at the Department of
Ceramic and Building Materials Engineering / Materials Engineering /
University of Babylon, this test was performed to determine the particle

size distribution of kaolin and metakaolin powder. The basic diffraction
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standard for lasers was straightforward: Diffraction, or light scattering on
the particles, produces an angle behind of the particle, dependent on the
distribution intensity, which involves a ring system with dark and bright
patches. The shifting intervals areas between dark and light are dependent
on particle size, where the relationship between particle size and ring
intervals is negative. Small particles create massive rings, whereas big
particles cause intensity distributions with finely edged rings. The rings
distances may be calculated exactly using the Mie (theory), and with
sufficiently big diameters particles, the Fraunhofer-estimate theory could
be applied. The procedure of this test involved taking a small amount of
powder and added it to 500 ml of distilled water and place the mix inside
the device and take the result from the computer device connected to the

device.
3.6.4 Differential Thermal Analysis (DTA)

Using tiny quantities of solid powder, DTA is used to examine
phase transitions, crystallizations, and decomposition temperatures. This
experiment was carried out at the Ceramics and building Materials
engineering/Materials Engineering College / Babylon University. This
device measures the temperature differences between the sample to be
examined and the reference material (a thermally inert material that is not
subject to phase transition) by heating it to above 950 degrees Celsius.
With a 10 °C/min air heating frequency, the temperature is improved. The
temperature is then shown alongside the variable thermal measurement
(V). If the relative thermal analysis was zero or stable, there was no
thermal case, but a positive (T) indicates that the sample temperature was
higher than the study material, causing the exothermic maximum to form

on the top side, and a negative (D) indicates that the sample temperature
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was lower than the control temperature, causing the endothermic peak to

form on the lower side.

3.6.5 Compression Test

This test was performed for geopolymer paste and concrete at age
of 28 days. At first, to ensure that the samples are flat, the specimen
should be polished with a polishing machine. This test was performed at
Ceramics and building Materials engineering/Material Engineering
College / Babylon University. The compressive strength can be

determined depending on the next formula [60].

Where:
oc =compressive strength (MPa)
P = load that used (KN)

A= sample’s area (mm?)

3.6.6 Density Measurements

The Archimedes method was used to determine the density,
porosity, and water absorption of the synthesized samples. Firstly all of
the samples were dried at 150°C for 6 hours before being cooled in
desiccators to room temperature. The dry weight (D) was calculated to
within 0.001 g. Secondly the samples were put in purified water for 24 h
where the samples submerged in the water during the specific period.
Then, the samples suspended weight (S) were measured to the nearest
0.001 g. Next, After identifying (S), the samples were lightly rolled on a
moisted cotton cloth to get rid of the extra water from the surface.
Directly, the samples were weight to identify the mass after saturating
(M) to the closest 0.001g. During this step, it is worth mentioning that the

samples immersed in water were subjected to a vacuum process to allow
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the water to penetrate into the pores. The density was calculated
according to the equation (3.3):[60]

Where p is the bulk density. The percent proportion of the open pores
volume to the sample bulk volume can be used to determine apparent
porosity. The apparent porosity was calculated by utilizing the next

formula.

P, = (%) X 100 oo (3.4)

Where Pa is apparent porosity (%). Water adsorption was calculated by
using the following equation:
AW(%)= (M-D/ D) X100 .....cooviiririiiiieee e, (3.5)

3.6.7 Optical Microscope Imaging

Imaging was applied in order to evaluate the porosity of the
samples. Imaging was carried out using optical microscope with a
magnification around x200. The cross section of the samples was mildly

polished by the use of appropriate emery papers.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Introduction

This chapter displays the results which were gained from the
experimental works and their discussion. It includes the description of the
impact of different process parameters on the paste geopolymer
characteristics as well as the process condition required to obtain the

highest compressive strength and porosity.

4.2 Result and Discussion
4.2.1 The Chemical Analysis

The results of the chemical analysis of the kaolin utilized in this
investigation are shown in Table (4.1). This analysis was carried out
using the wet chemical technique. The amount of SiO2 in the clay is more
than the stoichiometric amount in the kaolinite, as can be shown (48.77
percent). This supports the XRD result that free quartz is present and aids
in the estimation of the amount of free quartz that should be omitted
when calculating the composition of geopolymer. This is due to the
inertness of quartz, which renders it an inert component in the

geopolymer synthesis.

Table (4.1) the chemical composition of kaolin

S|02 Fe,O, A|203 T|02 CaO MgO SO; | P,Os K>,O | Na,O ClI LOI
(%) (%) (%) (%) (%) (%) | (%) (%) (%) (%) (%) (%)
48.77| 1.76 |34.27 | 147|043 | 0.08 |0.11| 0.02 | 043 | 0.17 | 0.03 |12.46
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4.2.2 XRD Analysis

Fig (4.1) demonstrates the XRD pattern of the kaolin powder. The
pattern indicates the powder's crystalline structure. According to
(ICCD=00-001-0527) and (ICCD=00-033-1161), the common
characteristic peaks of kaolin were observed for kaolinite and SiO,
minerals, respectively. The production of metakaolin is well-known as a
result of heat treatment of kaolin at moderate temperatures. As shown in
Fig. (4.2), this was validated for the kaolin heat treated at 750°C for 3
hours (MK-750) [60]. The pattern emphasizes metakaolin powder's
amorphous form. A strong peak in the XRD analysis of metakaolin

corresponds to the free quartz in the kaolin powder.

W
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Figure (4.1) X-ray diffraction profile for the kaolin
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Figure (4.2) X-ray diffraction profile for the metakaolin

4.2.3 Analysis of the Particle Size

The particle size distribution of kaolin powder is shown in Figure
4.3. The findings revealed that kaolin is mostly made up of micro-sized
particles smaller than 20 micrometers. With a D50 of 3.8um, the particle
size distribution is multimodal. Figure (4.4) depicts the particle size
distribution of MK-750. Metakaolin, as compared to kaolin, is noted for
having finer particle sizes due to the shattering of the kaolinite structure.
Agglomeration and aggregation, on the other hand, result in the creation

of massive secondary particles, as shown in Fig (4.4).
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Figure (4.4) the particle size distribution of metakaolin powder
4.2.4 DTA Analysis

The differential thermal analysis (DTA) curve for kaolin is shown
in Figure (4.5). The endothermic peak for kaolin calcination to generate
metakaolin was measured at 530 °C. This event ended at 575°C, and no

74



CHAPTER FOUR: RESULTS AND DISCUSSION

other thermal events were recorded, indicating that 750°C is a good

temperature for metakaolin production.[83,85,88]

DTA
uVv
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Figure (4.5) Variation of peak temperature with heating rate in

differential thermal analysis measurements for the kaolin

4.2.5 Optical Microscope Images

Optical microscope imaging was performed on the porous
geopolymer samples produced using different H,O,, yeast, vegetable oil
contents and different polymerization time according to L25 experiments
in order to evaluate the porosity of the samples as shown in fig (4.6).
From the optical micrographs the significant differences for each sample
can be observed. It is also evident that the pore diameter increased with
increasing the amount of H,0,, leading to larger amount of open porosity.
This can be seen when comparing images (a) and (b) in one side, that
have concenteration of foaming agent of (20%), while those in (c) and
(d), in the other side, with similar samples except the concenteration of
H,0, (30%). The steady addition of H,O, and yeast to the pastes causes a
chemical reaction between them, resulting in an increase in the number of

pores and thus the overall pore volume Fig. 4.6 (g,h). This accounts for
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the fact that H,O,-rich samples have the lowest apparent density and
compressive strength values. The pores appear to be spherical across the
whole H,0, foam range.

However, as the amount of H,O, in the pores increases, the shape
of the pores changes from spherical to irregular, as shown in (e) and (f),
possibly due to the increased intensity of the gaseous oxygen release. The
amount of foaming agent has an important influence on pore size. There
are two types of pores that can be seen in the samples, which are closed
and open to contain holes fig 4.6(c-f). The pore size distributions of
samples with variable H,O, and yeast levels reveal that as H,O,
incorporation increases, the distributions narrow and move to smaller
pore diameters. It appears that adding additional H,O, to geopolymer
pastes results in foams with higher porosity and smaller, more

homogeneous pores [90,91].
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Figure (4.6) some optical microscope images of the produced porous
geopolymer synthesized according to L25 experiments

4.3 Results of Optimization Methods

4.3.1 Taguchi method

The average value of the experimentally obtained results for
compressive strength and porosity, density, water absorption are given in
table (4.2).

Table (4.2) experimental results for the compressive strength and the

porosity, density, water absorption

Experiment Compressive | Porosity(%) | Density Water
No. strength(Mpa) glcm® | absorption(%)
1 66.95 30.67 1.25 25.0
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2 50.34 31.91 1.09 26.3
3 33.60 30.83 0.97 32.7
4 25.56 21.57 0.94 25.3
3) 21.39 9.52 1.009 10.0
6 30.20 26.29 0.96 29.7
7 19.94 16.84 0.86 20.1
8 6.12 24.35 0.79 38.0
9 9.99 34.51 0.79 48.8
10 6.32 19.58 0.87 22.5
11 7.37 28.26 0.79 36.6
12 3.09 59.43 0.53 117.9
13 3.51 65.76 0.48 148.0
14 2441 35.00 0.92 37.6
15 12.40 21.64 0.89 241
16 2.76 74.66 0.45 164.7
17 6.28 65.25 0.61 128.6
18 2.65 84.10 0.37 213.3
19 5.95 31.06 0.85 36.5
20 4.39 41.09 0.81 50.7
21 8.85 80.12 0.46 184.9
22 10.66 60.98 0.82 74.7
23 4.57 42.02 0.81 50.9
24 7.69 65.00 0.64 110.2
25 2.76 76.18 0.46 166.2

These raw data can be transformed into S/N ratio by using equation
(2.3). The corresponding S/N ratio values for experimental parametric

setting according to L,s orthogonal array are shown in table (4.3).
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Table (4.3) signal —to- noise (S/N) ratio values

Experiment No. (S/N_) ratio (S/N) r_atio
(compressive strength) (Porosity)
1 36.52 29.73
2 34.04 30.08
3 30.53 29.78
4 28.15 26.68
5 26.60 19.58
6 29.60 28.39
7 25.99 24.53
8 15.74 27.73
9 19.99 30.76
10 16.01 25.84
11 17.35 29.02
12 9.79 35.48
13 10.91 36.36
14 27.75 30.88
15 21.87 26.71
16 8.82 37.46
17 15.96 36.29
18 8.46 38.49
19 15.49 29.84
20 12.85 32.27
21 18.94 38.07
22 20.56 35.70
23 13.19 32.47
24 17.72 36.26
25 8.82 37.64

The normalized values of the S/N ratio, calculated according to

equation (2.4), are given in table (4.4).
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Table (4.4) normalized S/N ratio values

Exp. no Compressive strength porosity
1 1.00 0.54
2 0.91 0.56
3 0.79 0.54
4 0.70 0.38
5 0.65 0.00
6 0.75 0.47
7 0.62 0.26
8 0.26 0.43
9 0.41 0.59

10 0.27 0.33
11 0.32 0.49
12 0.05 0.84
13 0.09 0.89
14 0.69 0.59
15 0.48 0.38
16 0.01 0.94
17 0.27 0.88
18 0.00 1.00
19 0.25 0.54
20 0.16 0.67
21 0.37 0.98
22 0.43 0.85
23 0.17 0.68
24 0.33 0.88
25 0.01 0.95
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4.3.2 Grey-based Taguchi analysis

The grey relational coefficient for the normalized S/N ratio values,
which were calculated according to equation (2.6) are given in table (4.5).
These values are corresponding to the value of A as (0.5) for compressive
strength and porosity. Next, the grey relational grade can be computed by
Equation (2.7). Finally, the grades are considered for optimizing the multi
response parameter design problem. The S/N ratio plot of compressive
strength and porosity with respect to concenteration of H,O,, quantity of
the yeast, quantity of H,O,, polymerization time, quantity of oil are
shown in Fig (4.7). In this figure (a) it can be easily seen that, for A value
of 0.5, the optimal parameter conditions are (As,B;,C1,D3,E,),in the same
fig (b) for Avalue of 0.9, the optimal conditions are (As,B1,C1,D4,E»),
while in (c) for A value of 0.4, the optimal conditions are (A1,B1,C1,D3,E»)
and in (d) for A value of 0.1 the optimal conditions are (A;,B;,C1,Dy,E)).
The subscribt number indicates the level of the factor at which the
optimal response could be obtained. Similarly, the optimal multi response

parameter where obtained for different values of A as given in table (4.6).

Table (4.5) grey relational coefficient and grey grade values for 1

values of 0.5
Exp. no GRC;; GRC;, GRG;
1 1 0.52 0.76
2 0.85 0.53 0.69
3 0.70 0.52 0.61
4 0.63 0.44 0.53
5 0.59 0.33 0.46
6 0.67 0.48 0.58
7 0.57 0.40 0.49
8 0.40 0.47 0.44
9 0.46 0.55 0.50
10 0.41 0.43 0.42
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11 0.42 0.49 0.46
12 0.34 0.76 0.55
13 0.35 0.82 0.58
14 0.62 0.55 0.58
15 0.49 0.45 0.47
16 0.34 0.90 0.62
17 0.41 0.81 0.60
18 0.33 1.00 0.67
19 0.40 0.52 0.46
20 0.37 0.60 0.47
21 0.44 0.96 0.70
22 0.47 0.77 0.62
23 0.38 0.61 0.49
24 0.43 0.81 0.62
25 0.34 0.92 0.63

Table (4.6) optimal parameter levels for different values of A for

compressive strength

Exp. no A A B C D E
Exp-1 0.1 10 0.1 0.2 0 0.1
Exp-2 0.2 10 0.1 0.2 60 0.1
Exp-3 0.3 10 0.1 0.2 60 0.1
Exp-4 0.4 10 0.1 0.2 60 0.2
Exp-5 0.5 50 0.1 0.2 60 0.2
Exp-6 0.6 50 0.1 0.2 60 0.2
Exp-7 0.7 50 0.1 0.2 60 0.2
Exp-8 0.8 50 0.1 0.2 90 0.2
Exp-9 0.9 50 0.1 0.2 90 0.2
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(b) 1=0.9 Main Effects Plot for SN ratios
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(d) 2=0.1

Main Effects Plot for SN ratios
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Figure (4.7) the main effect plot for SN ratio according to grey

rational analysis method

4.3.3 Utility Concept Method

The S/N ratio of the orthogonal test results from using the
corresponding equation, given by Equations (2.3) are the same as that
obtained in grey rational analysis method see table( 4.3). First step the
arbitrarily constant value (A) has been determined for all the experiments
and it was14.94 for compressive strength and 27.49 for porosity. The
second step is to determine the preference number (pi) according to
equation (2.11), the results shown in table (4.7).Next, the utility value can
be computed by Equation (2.13) the results are given in table (4.8).
Finally, the utilities are considered for optimizing the multi response
parameter design problem. The S/N ratio plot of compressive strength
and porosity with respect to concenteration of H,0,, quantity of the yeast,
quantity of H,O,, polymerization time, quantity of vegetable oil are
shown in Fig (4.8).
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Table (4.7) the preference number and utility value results

No. Exp Compressive porosity U
strength
1 12.34 -3.17 18.66
2 10.49 -2.69 17.04
3 7.86 -3.10 14.64
4 6.09 -7.37 12.61
5 4.93 -17.13 10.60
6 7.17 -5.00 13.82
7 4.48 -10.32 10.87
8 -3.18 -5.92 441
9 -0.00 -1.76 7.69
10 -2.97 -8.52 4.33
11 -1.98 -4.15 5.67
12 -7.62 4.72 1.48
13 -6.79 5.93 2.34
14 5.79 -1.59 12.92
15 1.39 -7.33 8.39
16 -8.35 7.45 1.09
17 -3.02 5.84 5.73
18 -8.62 8.87 1.00
19 -3.37 -3.02 4.53
20 -5.34 0.32 3.09
21 -0.79 8.29 7.98
22 0.41 5.03 8.74
23 -5.08 0.58 3.35
24 -1.70 5.79 6.91
25 -8.35 7.69 1.11
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Figure (4.8) the main effect plot for SN ratio according to utility

concept method

It can be easily seen that, for w value of 0.5, the optimal parameter

conditions are (As,B1,C1,Ds3,E;). Similarly, the optimal multi response

parameter where obtained for different values of w as given in table (4.8).

Table (4.8) optimal parameter levels for different values of w for

compressive strength

Exp. no w A B C D E
Exp-10 0.1 50 0.3 0.8 30 0.2
Exp-11 0.2 50 0.1 0.2 60 0.2
Exp-12 0.3 50 0.1 0.2 60 0.2
Exp-13 0.4 50 0.1 0.2 60 0.2
Exp-14 0.5 50 0.1 0.2 60 0.1
Exp-15 0.6 10 0.1 0.2 60 0.1
Exp-16 0.7 10 0.1 0.2 60 0.1
Exp-17 0.8 10 0.1 0.2 60 0.1
Exp-18 0.9 10 0.1 0.4 60 0.1
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4.3.4 (DEA) method

DEA is linear programming based technique which is used to
empirically measure the productive efficiency of decision making units
(DMUs) when the production process presents a structure of multiple
inputs and outputs. The efficiency of ‘multiple inputs and output factors’
can be defined as the following: Ek = weighted sum of outputs/ weighted
sum of inputs. Experimental data presented in table (4.2) have been
analyzed by aforementioned procedure. For each experiment the relative
efficiency has been computed by using equation (2.16), the results show
that there are efficient DMUSs as given in table (4.9)

Table (4.9) the suggested optimal conditions for combined optimal

compressive strength and porosity according to (DEA) method

Experiments A B C D E
Exp-19 10% 0.1 0.2 0 0.1
Exp-20 40% 0.1 0.6 90 0.2
Exp-21 50% 0.1 1.0 90 0.3

4.3.5 (DGM) method

The desirability analysis converts the complex multiple quality
characteristics optimization into the optimization of a single composite
desirability index, thus, simplifies the optimization procedure. At first,
the individual desirability (di) for all the compressive strength and
porosity results is calculated. The composite desirability index (D) is
calculated using Equation (2.24). One-sided desirability transformations
for Larger-The-Best (LTB) response type (the estimated response value is
expected to be larger than a lower bound L; y* > L) according to equation

(2.25). For this, the relative importance of responses is assigned based on
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final requirements as 0.1:0.9 for compressive strength and porosity,
respectively. The results are given in tables (4.10),(4.11),(4.12).

Table (4.10) the bounded values

No. Exp Strength Porosity
1 32.04 29.73
2 32.04 30.07
3 30.52 29.78
4 28.15 29.54
5 26.60 29.54
6 29.60 29.54
7 25.99 29.54
8 15.73 29.54
9 19.99 30.75

10 16.01 29.54
11 17.34 29.54
12 13.97 35.48
13 13.97 36.35
14 27.75 30.88
15 21.86 29.54
16 13.97 37.46
17 15.95 36.29
18 13.97 38.06
19 15.49 29.84
20 13.97 32.27
21 18.93 38.06
22 20.55 35.70
23 13.97 32.46
24 17.71 36.25
25 13.97 37.63

The normalization is done by using equation (2.4) the results are given in
table (4.11)
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Table (4.11) the normalized values

No. Exp com/strength porosity
1 1.00 0.02
2 1.00 0.06
3 0.91 0.02
4 0.78 0.00
5 0.69 0.00
6 0.86 0.00
/ 0.66 0.00
8 0.09 0.00
9 0.33 0.14
10 0.11 0.00
11 0.18 0.00
12 0.00 0.69
13 0.00 0.80
14 0.76 0.15
15 0.43 0.00
16 0.00 0.92
17 0.10 0.79
18 0.00 1.00
19 0.08 0.03
20 0.00 0.32
21 0.27 1.00
22 0.36 0.72
23 0.00 0.34
24 0.20 0.78
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25 0.00 0.95

Table (4.12) desirability functions (weighted geometric mean),
(DGM)

No. Exp Desirability functions DGM
(weighted geometric mean)
1 0.68 0.68
2 0.75 0.75
3 0.64 0.64
4 0.00 0.00
5 0.00 0.00
6 0.00 0.00
7 0.00 0.00
) 0.00 000
9 0.30 0.30
10 0.00 0.00
11 0.00 0.00
12 0.00 0.00
13 0.00 0.00
14 0.65 0.65
15 0.00 0.00
16 0.00 0.00
17 0.13 0.13
18 0.00 0.00
19 0.07 0.07
20 0.00 0.00
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21 0.31 0.312
22 0.38 0.38
23 0.00 0.00
24 0.23 0.23
25 0.00 0.00

This method can reduce the number of the suggested optimal
conditions to five experiments only as given in table (4.13). The mean
plot of compressive strength and porosity with respect to concenteration
of H,O,, quantity of the yeast, quantity of H,O,, polymerization time,
quantity of vegetable oil according to (DGM) method are shown in Fig
(4.9).

Table (4.13) the suggested optimal conditions for combined optimal

compressive strength and porosity according to (DGM) method

Experiments A B C D E
Exp-22 50% 0.5 0.4 90 0.1
Exp-23 50% 0.5 0.4 60 0.1
Exp-24 50% 0.1 0.8 60 0.1
Exp-25 10% 0.1 0.8 60 0.1
Exp-26 10% 0.1 0.4 60 0.2

Main Effects Plot for Means

Data Means

con H202 Q H202 Qyeast Time Qoil

L e

10 20 30 40 50 02 04 06 08 10 01 02 03 04 05 O 30 60 90 120 01 02 03 04 05

Figure (4.9) the main effect plot for means according to (DGM)
method
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4.3.6 Engineering Jugdment Method
The results of S/N ratio and normalization are similar to that
obtained in tables (4.3) and (4.4). Next the combined response

determined using equation (2.34), the results given in table (4.14):

Table (4.14) the combined responses of the engineering judgment

method
No. S/N ratio Normalized values | Combined
Exp response
strength porosity | strength | porosity
1 36.51 29.73 1.00 0.53 0.95
2 34.03 30.07 0.91 0.55 0.87
3 30.52 29.78 0.78 0.53 0.76
4 28.15 26.67 0.70 0.37 0.66
5 26.60 19.57 0.64 0.00 0.58
6 29.60 28.39 0.75 0.46 0.72
7 25.99 24.52 0.62 0.26 0.58
8 15.73 27.72 0.25 0.43 0.27
9 19.99 30.75 0.41 0.59 0.42
10 16.01 25.83 0.26 0.33 0.27
11 17.34 29.02 0.31 0.49 0.33
12 9.79 35.48 0.04 0.84 0.12
13 10.90 36.35 0.08 0.88 0.16
14 27.75 30.88 0.68 0.59 0.67
15 21.86 26.70 0.47 0.37 0.46
16 8.81 37.46 0.01 0.94 0.10
17 15.95 36.29 0.26 0.88 0.32
18 8.46 38.49 0.00 1.00 0.10
19 15.49 29.84 0.25 0.54 0.27
20 12.84 32.27 0.15 0.67 0.20
21 18.93 38.07 0.37 0.97 0.43
22 20.55 35.70 0.43 0.85 0.47
23 13.19 32.46 0.16 0.68 0.22
24 17.71 36.25 0.32 0.88 0.38
25 8.81 37.63 0.01 0.95 0.10
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The combined responses are considered for optimizing the multi
response parameter design problem by using Taguchi analysis. This
method suggested four experiments given in table (4.15). The mean plot
of compressive strength and porosity with respect to concenteration of
H,0O,, quantity of the yeast, quantity of H,O,, polymerization time,
quantity of vegetable oil according to the engineering judgment method
are shown in Fig (4.10).

Table (4.15) the suggested optimal conditions for combined optimal
compressive strength and porosity according to engineering

judgment method.

Experiments A B C D E
Exp-27 50% 0.1 0.8 30 0.2
Exp-28 50% 0.1 0.2 60 0.2
Exp-29 10% 0.1 0.2 60 0.1
Exp-30 10% 0.2 0.2 60 0.1

Main Effects Plot for Means

Data Means
concenteration of H202% Quantity of the yeast(g) Quantity of H202(ml) time of polymerization(min) Quantity of oil(ml)

0.8

0.7

|

0.4

Mean of Means
[9)]

10 20 30 40 50 0.1 0.2 0.3 04 05 0.2 0.4 06 0.8 1.0 0 30 60 90 120 0.1 0.2 0.3 0.4 0.5

Figure (4.10) the main effects plot for means according to

engineering judgment method
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4.3.7 Level Weight Method

The S/N ratio, nj, of response j for each experiment is calculated
using Equation (2.3) for all j values and shown in table (4.16) for all of
the 25 experiments in L25 array.
Table (4.16) S/N ratio of responses

No. Exp S/N strength S/N porosity
1 36.51 29.73
2 34.03 30.07
3 30.52 29.78
4 28.15 26.67
5 26.60 19.57
6 29.60 28.39
7 25.99 24.52
8 15.73 27.72
9 19.99 30.75
10 16.01 25.83
11 17.34 29.02
12 9.79 35.48
13 10.90 36.35
14 27.75 30.88
15 21.86 26.70
16 8.81 37.46
17 15.95 36.29
18 8.46 38.49
19 15.49 29.84
20 12.84 32.27
21 18.93 38.07
22 20.55 35.70
23 13.19 32.46
24 17.71 36.25
25 8.81 37.63

First, the process factors are chosen, these factors assigned at five
levels. The average S/N ratios for the levels are estimated from each
response j and shown in table (4.17). Similarly, the S/N ratio averages for
the levels of factors are calculated from each response j and also
displayed in table (4.17) for all j values.
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Table (4.17) the S/N ratio averages

Response | Level/factor | Concentration | Quantity | Quantity | Polymerization | Oil
of H,0, (%) of of Time (ml)
H,0,(ml) | Yeast(g) (min)

1 31.17 22.24 21.86 18.47 21.56

2 21.47 21.27 22.84 17.50 17.73

_ 3 17.53 15.77 20.89 22.53 18.15
Compressive

strength 4 12.32 21.82 14.26 20.68 20.41

5 15.85 17.23 18.48 19.15 20.47

1 27.17 32.54 32.13 32.14 31.34

Porosity 2 27.45 32.42 29.5 33.20 33.2

3 31.69 32.97 30.37 32.60 31.8

4 34.87 30.88 33 30.90 31.88

5 36.03 28.41 32.21 28.38 28.98

The level weights for factors A to E are calculated from each response j

using Equation (2.39) and displayed in table (4.18) for all j values.
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Table (4.18) the level weight

Response | Level/factor | Concentration | Quantity | Quantity | Polymerization | Qil
of H,O, (%) of of Time (ml)
H,O,(ml) | Yeast(g) (min)
1 1.00 1.00 0.95 0.81 1.00
2 0.68 0.95 1.00 0.77 0.82
_ 3 0.56 0.70 0.91 1.00 0.84
Compressive
strength 4 0.39 0.98 0.62 0.91 0.94
5 0.50 0.77 0.80 0.84 0.94
1 0.75 0.98 0.97 0.96 0.94
Porosity 2 0.76 0.98 0.89 1.00 1.00
3 0.87 1.00 0.92 0.98 0.95
4 0.96 0.93 1.00 0.93 0.96
5 1.00 0.86 0.97 0.85 0.87
The anticipated improvements in the five factors calculated and listed in
table (4.19).
Table (4.19) anticipated improvement of the proposed approach
Level/factor | Concentration | Quantity | Quantity | Polymerization | Oil
of H,0, (%) of of Time (ml)
H,0,(ml) | Yeast(g) (min)
1 0.87 0.99 0.96 0.89 0.97
2 0.72 0.96 0.94 0.88 0.91
'-e."eh't 3 0.72 0.85 0.91 0.99 0.89
Welg 4 0.68 0.95 0.81 0.92 0.95
5 0.75 0.81 0.89 0.85 0.91

This method suggested one experiment with the optimal conditions
(A1,B1,C1,D3,E;) as shown in fig (4.11), given in table (4.20).
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Table (4.20) the suggested optimal conditions for combined optimal

compressive strength and porosity according to level weight method

Experiments

A

B

C

D

E

Exp-31

10%

0.1

0.2

60

0.1

concenteration of H202%

0.65

0.60

Mean of Means

0.40

10 20 30

40 50 0.1 0.2 0.3 0.4 0.5 0.2 0.4

Main Effects Plot for Means

Data Means

Quantity of the yeast(g)

Quantity of H202(ml) time of polymerization(mimn)

0.6 0.8 1.0 0 30 60 90

120 0.1

Quantity of cil (ml)

EMMN&M

0.2 0.3 0.4 0.5

Figure (4.11) the main effects plot for means according to level

4.3.8 The Principal Component Analysis (PCA) Method:

weight method

An L25 orthogonal array experiment was used to investigate five

variables (A: H,O, concenteration, B: yeast amount, C: H,0, quantity, D:

polymerization duration, E: vegetable oil quantity). The responses of

interest were compressive strength and porosity. In this example, the two

responses belong to the larger-is-better response group. When it comes to

consumer importance, the two responses utilize different engineering

units and have various relative importance. The NQL values for the two

replies are shown in Table (4.21).
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Table (4.21) response quality loss values normalized

Exp. no Compressive strength porosity
1 1.00 0.54
2 0.91 0.56
3 0.79 0.54
4 0.70 0.38
5 0.65 0.00
6 0.75 0.47
7 0.62 0.26
8 0.26 0.43
9 0.41 0.59

10 0.27 0.33
11 0.32 0.49
12 0.05 0.84
13 0.09 0.89
14 0.69 0.59
15 0.48 0.38
16 0.01 0.94
17 0.27 0.88
18 0.00 1.00
19 0.25 0.54
20 0.16 0.67
21 0.37 0.98
22 0.43 0.85
23 0.17 0.68
24 0.33 0.88
25 0.01 0.95

The NQL values are subsequently subjected to PCA. PCA may be
done with a variety of statistical software. Minitab, one of the most
widely used statistical software, is employed here. The eigenvector for

the principal components is listed in Table (4.22).

Table (4.22) eigenvectors for principal components

component eigenvector
all 0.707
al2 0.707
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The study' objective is to discover a limited number of straight and
statistically independent mixes of the two responses that explain for the
bulk of the variance in the data. Only one factor was retrieved in this case
since it has an eigenvalue greater than or equal to one. The multi-
response performance parameter (Z) for each trial condition is shown in
Table (4.23).

Table (4.23) multi-response performance statistic values

Exp. no Principal component(z)
1 1.08
2 1.03
3 0.93
4 0.76
5 0.45
6 0.86
7 0.62
8 0.48
9 0.70

10 0.42
11 0.57
12 0.62
13 0.68
14 0.90
15 0.60
16 0.67
17 0.81
18 0.70
19 0.56
20 0.58
21 0.95
22 0.90
23 0.60
24 0.85
25 0.68

In order to identify which of the factor effects had a substantial

Impact on the multi-response performance parameter, an analysis of
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variance (ANOVA) was performed on Z. Table (4.24) and (4.25)
summarizes the results of the ANOVA.

Table (4.24) major impacts on the performance statistics for multi-

response

Analysis of variance for SN ratios

Source DF SeqSS | AdjSS| Adj MS F P
A 4 24.84 24.84 6.21 2.30 0.21
B 4 40.26 40.26 | 10.06 3.73 0.11
C 4 6.31 6.31 1.57 0.59 0.69
D 4 25.60 25.60 6.40 2.37 0.21
E 4 7.65 7.65 1.91 0.71 0.62
Residual erorr 4 10.78 10.78 2.69
Total 24 115.46

Table (4.25) shows Response table for signal to noise ratios larger is

better

level A B C D E
1 -1.73 -1.82 -2.28 -3.07 -2.60
2 -4.40 -2.08 -2.95 -3.02 -2.75
3 -3.45 -3.49 -3.08 -1.55 -3.49
4 -3.57 -2.51 -3.86 -2.84 -2.47
5 -2.06 -5.31 -3.04 -4.73 -3.89

Delta 2.66 3.49 1.58 3.18 1.42

Rank 3 1 4 2 5

The next stage was to determine the best setting for each of the

experiment's elements or processing parameters. For each factor, the

optimum setting is the one that yields the greatest multi-response

performance parameter (or Z) value. According to the (PCA) method, the

following factor choices yielded the highest Z number (A;,B1,C1,D3,Ey),
as shown in fig (4.12) and indicated in table (4.26).
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Table (4.26) the suggested optimal conditions for combined optimal

compressive strength and porosity according to (PCA) method

Experiments A B C D E

Exp-32 10% 0.1 0.2 60 0.4

Main Effects Plot for Means

Data Means

0.85

A B C D E
0.80
0.7
0.7
0.65
0.60

0.55

(4]

Mean of Means
o

1.2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Figure (4.12) the main effects plot for means according to PCA
method

4.4 Macrostructure of Optimal Samples

Fig (4.13) shows the porous geopolymer samples produced
according to multi response optimization. Those samples foamed with
different concenteration of H,0O,, polymerization time and different
amounts of foaming agent, yeast, vegetable oil. The merging of the pores
with each other can be seen in fig 4.13 (c-e) which is affected by the

viscosity of the paste.
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Figure (4.13) optical microscope images of the produced porous

geopolymer synthesized according to multi response optimization
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4.5 Confirmatory Experiments

The previous tables (4.6, 4.8, 4.9, 4.13, 4.15, 4.20, 4.26) included
the results of the different methods in order to obtain the optimum
conditions. It can be seen that the suggested optimal conditions are
similar for some values of A, this indicates that Taguchi method is not
sensitive for the minor changes in the values of A. Moreover, according to
the analysis of variance, it has been found that the factor E has the lowest
rank among the studied factors. Keeping these in mind, one can reduce
the number of the suggested optimal conditions to eleven experiments
only as given in table (4.27). The experimental results of compressive
strength and porosity, density, water absorption according to the
optimization methods are given in table (4.28). They are superior to that
reported for the metakaolin-based geopolymer in the literatures [13] ,[19],
[20],[21],[28] as given in table (4.29).
Table (4.27) the suggested optimal conditions for combined optimal

compressive strength and porosity

Experiments A B C D E
OPT-1 50% 0.1 0.2 90 0.2
OPT-2 50% 0.1 0.2 60 0.2
OPT-3 10% 0.1 0.2 60 0.1
OPT-4 10% 0.1 0.4 60 0.1
OPT-5 50% 0.1 0.8 30 0.1
OPT-6 50% 0.1 0.8 30 0.2
OPT-7 50% 0.5 0.4 90 0.1
OPT-8 50% 0.5 0.4 60 0.1
OPT-9 50% 0.1 0.8 60 0.1

OPT-10 10% 0.1 0.8 60 0.1
OPT-11 10% 0.1 0.4 60 0.2
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Table (4.28) the experimental results of the porosity, density, water

absorption and compressive strength.

Experiments | Compressive | Porosity(%) | Density Water
strength(Mpa) glcm® | absorption(%)

OPT-1 15.66 26.3 0.83 31.6
OPT-2 11.42 38.9 0.77 36.0
OPT-3 88.30 22.0 1.26 16.8
OPT-4 45.59 37.6 1.21 11.4
OPT-5 2.36 56.5 0.48 117.0
OPT-6 5.71 58.0 0.71 81.4
OPT-7 6.28 77.0 0.64 68.1
OPT-8 6.38 49.0 0.62 79.3
OPT-9 4.73 59.0 0.47 125.6
OPT-10 34.67 45.2 1.05 15.3
OPT-11 73.43 49.7 1.16 16.8

Table (4.29) the compressive strength and porosity compared with

other studied

Reference Compressive Porosity(%)
strength(Mpa)
[28] 0.57-5.9 28 - 83
0.26 - 4.3

[21] 0.3-11.6 66 - 83
[20] 3.64 - 7.60 62.5
[19] 1.45 82

[13] 0.35-56.5 50 - 86

From table (4.28) the optimal samples are (OPT4, OPT8, OPT10,

OPT11), the remaining samples are the lower quality. From the seven

optimization methods there are two methods suggested the optimal

samples these two methods are (utility concept, DGM), while the other

methods (GRA, DEA, PCA, level weight, enginnering judgment)

suggested the remaining lower quality samples. From the microscopic

images for the optimal samples see fig 4.13 image (h) represents sample

(OPT4) it can be noted that the confined pores inside the structure
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became more homogeneous, uniformly distributed and rounder pores
with lower average pore size results in a compact material with high
compressive strength (45.5 Mpa) and high porosity(37.6%). In Fig 4.13
image (g) represents sample (OPT8) in which bubbles tend to coalesce
and form larger void, increased porosity resulted in decreased
compressive strength. Also, fig 4.13 images (a) and (b) represents
(opt10,0pt11) in which the pores are evenly distributed, forming a durable

structure with high resistance and porosity.

4.6 Single response VIS Multi response

The results can be compared between Taguchi and the multi
response optimization method as shown in table (4.30).

Table (4.30) the comparison results

Method Response Optimal condition
Single response Compressive strength A1,B1,C1,D3,E;
optimization
Porosity As,B3,C4,DyEr

Multi response | Compressive strength, porosity A.,B1,C,,D3E;
optimization As,B5,C,,D3,E;
A11BllC41D31E1
A11BLCZ1D3’E2
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

From the results obtained by the current study, the following
conclusions can be driven:
1-The experimental results showed that high porosity and adequate
compressive strength can be obtained at the same geopolymer body by

choosing the suitable values of the processing parameters.

2- The use of yeast as catalyst and the polymerization time are important

processing parameters.

3- It has been noticed that the amount of the vegetable oil, which is used
as stabilizer, should be kept in low values to obtain the optimal

compressive strength and porosity.

4-Optimize both the compressive strength and the porosity of the
geopolymer using Taguchi method with the help of several optimization
methods are suitable to fulfill the aim; however, the analysis showed that
Taguchi method is not sensitive toward the minor changes in the

identification coefficient A of the grey relation analysis.

5- Taguchi method is a suitable tool to design the experiments of
metakaolin-based geopolymer with the help of other optimization
methods such as the utility concept and DGM method.

6- The multi response optimization approach revealed that in the final
step, optimization should begin with establishing the ideal levels of the
control parameters.

7- The factors selected for this study: concenteration of H,O,, quantity of
the yeast, quantity of H,O,,polymerization time, quantity of vegetable oil

have statistically significant effect on the responses.
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8. The compressive strength of the produced porous geopolymer samples
equivalent to 88.3 MPa at 28 days with apparent densities (0.47-1.26
g/cm®), the porosity can be varied between (22- 77%) depending on the

mix composition and processing conditions.

5.2 Recommendations

Based on the results obtained in the current study, the following are
recommended studies:
1. Conducting a study on improving the porosity of metakaolin based
geopolymer using potassium as an alkaline catalyst.
2. Conducting a study on the effect of different types of dispersions on
the properties of geopolymers.
3. Conducting a study to learn more about the importance of yeast and its
chemical effect as a foaming agent.
4. Conducting a study on the effect of water absorption, pore size, shape
and pore distribution on the same composition of geopolymer (Na-

geopolymer).
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