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ABSTRACT

The main objective of this research is to study the effect of fly ash incorporation in
fireclay bricks. Raw materials used were ranong kaolin and surath ballclay, including fly
ash that was collected from Mae Moh thermal power plant. Both flyash and clay materials
were characterized in terms of chemical composition, phase identification, morphology and
particle size distribution. Fireclay mixtures with fly ash ranging from 0-80 wt%db were
prepared, and a large number of fireclay brick specimens were tested to determine the
properties of firing shrinkage, bulk density, modulus of rupture and water absorption. The
best compositions were selected according to the following criteria: maximum of bulk
density, and modulus of rupture including minimum of water absorption. They were used
further to investigate the effect of clay types and fly ash contents on the properties of
fireclay brick namely firing shrinkage, reheat change, modulus of rupture, apparent
porosity, apparent specific gravity, bulk density, water absorption, refractoriness and
crystalline phase.

Based on the results of experiments, it is concluded that fly ash can be utilized as
an alternative raw material for fireclay brick production. Substitution of fireclay by 10-20
wt%db of fly ash increases the firing shrinkage, bulk density and modulus of rupture and
decreases the reheat change, apparent porosity, water absorption and refractoriness of
fireclay brick. In addition, it was also found that fly ash incorporation had an effect on the

amorphous content in fireclay brick, causing a reduction of refractoriness.
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CHAPTER 1
INTRODUCTION

1.1 State of Problem

The electricity is the most important power for human life because it is a main
factor for many activities. Thailand electricity consumption of national grid in 2001
was 92,290 Gwh while the generated lignite-fired electricity was 102,420 Gwh. The
highest total capacity of the power plant in Thailand is Mae Moh power plant in which
it generated 17,754 Gwh in 2001 and consumed 16,625 thousand tons of lignite, or 46
thousand tons per day, increased 11.2% from the previous year (1).

In Mae Moh power plant, chunks of lignite, contains approximately 28% of
ash, are pulverized and kept in coal bunker then it transported into boiler and burned.
This process generated two different kinds of ashes as a results, approximately 80% of
total ash is fly ash which is precipitated by electrostatic precipitator and collected in
silos. The remaining of 20% is bottom ash which is collected at the bottom of the
boiler. Thus, the average annual production of fly ash from Mae Moh power plant is
about 5 million tons or 14,500 tons per day (2,3,4).

Although a few applications of fly ash have been developed, bulk quantity of
fly ash is still unutilized. Only about 10% of fly ash is commercially used in Thailand
(5). Fly ash disposal causes a serious problem in terms of storage, space, cost and
environmental impact. Currently, there are many research activities aiming at gainful
utilization and disposal of fly ash.

Fly ash is composed of a variety of elements such as Si, Al, Fe, Ca, C, Mg, K,
Na, S, Ti, P and Mn. The major constituents in fly ash are SiO,, Al,O3, Fe,O3;, CaO
(6). In 1999, The Electricity Generation Authority of Thailand (EGAT) reported that
the lignite fly ash consists of 42.7% of SiO,, 22.1% of Al,O3, 9.1% of Fe,03, 9.4% of
CaO and small amount of the other oxides such as MgO, Na,O, K,0, SOs (5).

Various works have been carried out on fly ash utilization as ceramic raw

material, owing to the high percentage of silica and alumina in fly ash. However, both
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of silica and alumina are particularly the essential constituents of refractory products.
For this reason, the lignite fly ash could possibly be utilized as a source of silica and
alumina for refractory production. Thus, it would be useful to investigate the property
of lignite fly ash in order to see if it can be used as a raw material for refractory

fireclay brick.

1.2 Objectives

The objectives of this research work is to:

1.2.1 Investigate the effect of the substitution of fly ash for clay in fireclay
brick.

1.2.2 Study the properties of fireclay brick in which fly ash is used as a raw

material.

1.3 Scope of work
1.3.1 The raw material selected are
- Fly ash obtained during lignite combustion from Mae Moh power plant.
- Ranong kaolin
- Surath ballclay
1.3.2 In this investigation, clay is progressively replaced by fly ash in a fireclay
brick and the effect of this replacement is investigated.

1.3.3 Firing temperature is 1,250 °C.

1.4 Conceptual Framework

Controlled Variables
Independent Variables - Forming process
- Fly ash content 4—— - Size of specimen
- Fireclay type - Drying temperature
- Firing temperature

i

Dependent Variables
Properties of fireclay brick

Figure 1-1 Conceptual framework
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1.5 Expected Results.
The expected results that can be drawn are as follows:
1.5.1 Learned the effect of substitution of fly ash for clay in fireclay brick.
1.5.2 Learned the properties of fireclay brick which is used fly ash as a raw
material.
1.5.3 Reduced the cost of fireclay brick production.
1.5.4 Utilized waste from Mae Moh power plant.
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CHAPTER 2
LITERATURE REVIEW

Various documents and relevant researches are reviewed for “Fireclay brick

production using fly ash instead of fireclay”. Details are as follows:

1) Refractories and refractory brick

2) Fireclay brick

3) Drying Process

4) Firing process

5) Properties of fireclay brick

6) Fly ash

2.1 Refractories and Refractory Brick

Refractories primarily are materials which can withstand to high temperatures.
Their essential function is to serve as structural materials and their usefulness depends
on their ability to maintain suitable mechanical properties at high temperature (7).
Materials with a melting point above 1,580°C are called refractory, and those with
melting point above 1,790°C are called highly refractory (8).

Refractories are supplied to the trade in several physical forms which include
brick, setter tile and kiln furniture, fusion-cast shapes, cast and hand-molded
refractories, insulating refractories, castables and gunning mixes, plastic refractories
and ramming mixes, mortars, composite refractories, and refractory coatings (9).

Brick is the principal refractory product. Refractory brick can be separated into
five categories, namely fireclay brick, high alumina brick, silica brick, basic brick and
insulating firebrick (7). The most common standard dimensions of refractory brick are
230 mm length, 114 mm width and 64 or 76 mm thickness. This is known as a

standard straight. There are also numerous standard size and shapes to fit all types of
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construction (10). Variations from rectilinear forms with characteristic descriptive
names are called split, tile, pup soap, whelp, side arch, crown, end arch, circle, end
feather, edge feather, side feather, end bevel, side bevel, end skew on edge and

skewback (11), as shown in Figure 2-1.

i \"

/

7
|

-~y

straigh EP]-it tile Ppup soap sicle arcy
L
=
e fi
i end arch e £ edge feather
side feather end bevel sicglienel E‘l

end skew on edge
skewback

Figure 2-1 Standard shapes of refractory brick

2.2 Fireclay Brick
Fireclay brick is one of refractory brick products that consist of 30-45% of
Al,O3 (12). Thai industrial standard for fireclay refractory bricks (13) determined that
percentage of Al,Os contain in fireclay brick is not exceed 47.5% and the minimum
melting point of fireclay brick is 1,430°C (PCE 15).
Fireclay bricks are divided into five different classes:
1) Super duty (SD)
2) High duty (HD)
3) Semi-silica (SS)
4) Medium duty (MD)
5) Low duty (LD)
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The super-duty and high-duty classes are divided further into three types under
each class (13,14). The chemical composition of fireclay brick are presented in Table

2-1.

Table 2-1 Chemical composition of fireclay bricks (wt%db)

Class 8i0, ALO; Fe,0; Tio, Ca0O MgO Na,0 & K,0
Super duty 50-54 40-46 0.8-2.3 1.1-2.5 0.1-0.5 0.4-0.6 0.1-1.4
High duty 51-59 35-41 1.5-2.5 1.1-3.0  0.2-0.6  0.1-0.6 1.3-2.6
Semi-silica 70-79 17-27 0.6-20 0.8-1.6 0.1-04  0.1-04 0.2-0.4
Medium duty 56-70 25-36 1.8-3.4 13-2.7 02-04 04-0.6 1.0-2.7
Low duty 53-69 25-34 2.3-34 1.0-20 0.3-06 0.4-0.6 1.8-2.9

Source: The American Foundrymen's Society, 1963 (7) and Kroschwitz JI, 1997 (9).

Fireclay is an essential raw material for fireclay brick. It is an earthy or stony
mineral aggregate that has as the essential constituent hydrous silicates of aluminum,
with or without free silica, plastic when sufficiently pulverized and wetted, rigid when
subsequently dried, and of suitable refractoriness of use in commercial refractory
products (14). It consists mainly of kaolinite, A1,03-2S10,:2H,0, with small amounts
of other clay minerals, quartzite, iron oxide, titania and alkali impurities. It can be used
in the raw state or after being calcined (9). Calcined fireclay (grog) is added into
fireclay brick composition to reduce the shrinkage of fireclay brick (15).

Most present-day fireclay bricks are manufactured either by dry pressing or by
extruding a column of clay, followed by repressing to give the desired shape. In the
dry press process, the clay batch, which usually contains about 20% of grog, is mixed
with a relatively small amount of water (5-8%), poured into press boxes and moulded
by means of mechanically or hydraulically applied pressure. With some machines a
vacuum is applied to the press box to reduce the risk of lamination and cracking due to
trapped air. In the second mentioned process, the clay passes through a pug mill,
where it is mixed with a greater amount of water (10-15%) and is then extruded
through an auger machine, often under a partial vacuum, cut into lumps of the desired
size, and then repressed (16).

Large and small shapes may be slip cast from both plastic and nonplastic mixes
by the usual techniques. Precise shapes, such as glass feeder parts, are made in this

way as well as large flux blocks. The process requires the formulation of a slip
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suitably stable character to be poured into a plaster mold to be dewatered. After it

solidifies, the mold is removed and dried further before firing (9).

2.3 Drying Process

Drying is the removal of liquid from a porous material by means of its
transport and evaporation into a surrounding unsaturated gas or, in some cases, a
desiccating liquid. It is an important operation prior to firing in processing bulk raw
materials, products shaped by plastic forming and casting (17).

Drying mechanisms of clay particles during process are shown in Figure 2-2,
clay particles are well separated by a water film, which also runs over the surface (A).
When the amount of water has decreased until particles touch one another, but there is
still a continuous surface film (B). The water has decreased until the surface layer is
broken. However, water is brought to the surface by a capillary flow and as vapor (C).
The water in (D), has still decreased until it is found only a few places where the

particles come closest together. Here all the transfer of water is in the form of vapor

(18).

- Surfoece

S\ % K

N
N
N

& _
) \\‘ 5 A

L~ Surface

Figure 2-2 Drying mechanisms of clay particles.
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2.4 Firing Process

Firing is the final stage in the manufacture of refractories. The firing process
can be defined as the process where ceramic powders and/or clay, which have been
compacted, are heated to a temperature where useful properties will be developed.

The firing process encompasses chemical and physical changes in the ceramic
body accompanied by a loss of porosity and a subsequent increase of density. The
compacted powder body becomes bonded together in a rigid matrix by vitrification
which involves glass formation or by sintering where little or no liquid is present. The
major ceramic product groups and their primary bonding systems are shown in the

following table.

Table 2-2 Ceramic product groups and their primary bonding systems

Primary Bonding System Type of Ceramic Product

Vitrification - Structural Clay
- Whiteware
- Fireclay Refractory
X Abrasive

Sintering - High Alumina
- Basic Refractory
3 Ferrite
- Pure Oxide
- Pure Carbide

Source: Remmey GB, 1994 (19).

Vitrification is defined as the progressive reduction and elimination of porosity
of a ceramic composition with the formation of a glass phase as a result of heat
treatment. In case of a fireclay refractory brick it may have as little as 8% of glassy
phase. In addition, during the vitrification process, the following physical changes take
place in the ceramic body (19).

1) Shrinkage due to loss of open pores.
2) Development of closed pores.
3) Development of glassy phase.

The finishing temperature for firing fireclay brick varies greatly, but generally

lies in the range between 1,100 and 1,400°C. Firing at a suitable high temperature,

such bricks have a relatively low porosity and consequently a very high slag resistance
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(16). Firing between temperature of 150 and 200°C involves the liberation of the
residual moisture in the green material. Rapid heating of the surface above 100-150°C
causes simultaneous overheating of the water vapor emerging from the interior of the
object. A pressure increase in the overheating water vapor inside the material may be a
reason for crack formation. When clay is further heated 400-550°C, there is a gradual
decomposition of the kaolinite, depending on the heating rate, accompanied by
liberation of most of the chemically combined water. This is accompanied by only
slight shrinkage (0.5-1%) which cannot cause substantial stresses in the part. The
decomposition process is directly associated with a considerable endothermic effect at
450-650°C and causes a kind of self-deceleration of the rate at which the chemically
compounded water is released.

After dehydration, the kaolinite continues to exist in the form of metakaolinite,
AL 03-2S10,, right up to 800-900°C. Over the temperature range 550-900°C, there is a
uniform and slight volumetric change, corresponding as a whole to a linear shrinkage
of 2 to 2.5%. At temperature about 920-940°C, thermal analysis reveals an exothermic
effect which most investigators explain either by transformation of the amorphous
alumina into gamma alumina or by the appearance of cryptocrystalline mullite,
3A1,05-2810,. Finely dispersed sedimentary clays usually complete their sintering
between 1,100 and 1,150°C, with a 0.6-1% of linear shrinkage per 10°C. The sintering
of most clays is complete at 1,200-1,250°C. The final firing temperature for kaolinite-
clay products rich in alumina is 1,350-1,380°C. A further increase to 1,430-1,450°C
produces more complete sintering and cuts down the additional shrinkage to a
minimum. At the final firing temperatures (1,350-1,380°C), crystallization of the
mullite is also complete in a vitreous substance.

When products are cooled, they undergo the normal thermal contraction.
There are no volumetric changes associated with the polymorphic transformation.
Generally, the cooling rate of standard size bricks is 60-70°C per hour. The cooling

rate also depends on the properties of the mixture, size and shape of the product (20).
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2.5 Properties of Fireclay Brick
Thai Industrial Standard Institute (TISI) determined that the fireclay bricks
have to reach the properties according to Thai industrial standard for fireclay

refractory brick (TIS 547-1998), as shown in Table 2-3.

Table 2-3 Thai industrial standard for fireclay refractory bricks.

Hot Load Reheat MOR, . Si0,
PCE, . . . Bulk Density,
Class il Subsidence, Shrinkage, min min (kg/m 3) Content,
max (%) max (%) (MPa) min (%)
Super duty
Regular 33 - 1.0 at 1,600°C 4.14
Spall-resistant 33 - 1.0 at 1,600°C 4.14
Slag-resistant 33 - - 6.89 2,243
High duty
Regular 31 % - - 3.45
Spall-resistant 31 % - 5 3.45
Slag-resistant 31 % - - 8.27 2,194
Semi-silica - 1.5 at 1,350°C - 2.07 - 72
Medium duty 29 3 L 3.45
Low duty 15 - - 4.14

Source: Thai Industrial Standard Institute, 1998 (13)

2.6 Fly Ash

2.6.1 Characteristics of Fly Ash

Fly ash is the inorganic solid residue from the combustion of pulverized coal
(21). While about 99% of fly ash is trapped by electrostatic precipitator and collected
in silos, the rest is released in to the atmosphere and becomes to the air pollutant (2).
In the past, thousands people at amphor Mae Moh, Lampang province, were sick from
exposure of SO, and fly ash emitted from the lignite-fired power plant (22).

The fly ash can be classified as class F and class C, according to standard

specification for coal fly ash and raw or calcined natural pozzolan for use as a mineral

admixture in concrete, ASTM C618-96 (23).
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- Class F: Fly ash normally produced from burning anthracite or bituminous
coal. This class of fly ash has pozzalonic properties.

- Class C: Fly ash normally produced from lignite or subbituminous coal.
This class of fly ash, in addition to having pozzalnic properties, also has some
cementitious properties.

The chemical requirements of fly ash are presented in Table 2-4.

Table 2-4 Chemical requirement of fly ash

Requirement Class F Class C
SiO, + Al,O5 + Fe,03, minimum, % 70.0 50.0
SO3, maximum, % 5.0 5.0
Moisture content, maximum, % 3.0 3.0
Loss on ignition, maximum, % 6.0 6.0
Alkalies, as equivalent, as Na,O, maximum, % 1.5 1.5

Source: American Society for Testing and Material, 1996 (23).

The main mineral species present in coal are quartz, anhydrite, plagioclase,
hematite, gehlenite and calcite. Also present, in the minor and trace amount are lime,
alkali feldspars, bassanite, gypsum, mica and unburnt lignite. Trace elements such as
Pb, Cu, Cd, Zn, As, Mo, Se, Ni and V are usually concentrated in fly ash obtained
from lignite combustion (24). The chemical composition of fly ash from Mae Moh

power plant during year 1990-1999 is shown in Table 2-5.

Table 2-5 Chemical composition of fly ash from Mae Moh power plant

Composition, wt%db

Year =G0,  ALO, Fe0;  Ca0  MgO  Nao KO S0,  LOI
1990 37.8 20.5 14.2 17.4 33 0.9 2.1 3.9 0.8
1991 4238 233 14.0 105 24 0.8 23 3.9 0.7
1992 40.3 24.0 15.0 11.2 2.8 1.0 2.6 3.1 0.5
1993 43.1 20.2 132 13.0 2.7 1.3 2.4 2.6 0.6
1994 52.8 18.0 8.5 13.3 1.4 0.9 2.0 2.8 0.3
1995 40.6 22.8 12.8 14.4 2.5 0.7 2.0 2.8 0.9
1996 40.6 23.6 13.0 13.0 2.5 1.2 3.0 2.4 0.7
1997 41.5 28.1 12.3 10.0 1.2 0.6 33 2.0 0.8
1998 37.3 22.1 14.4 11.4 2.7 1.1 2.7 2.5 0.1
1999 47.2 22.1 9.1 9.4 3.3 1.7 1.3 2.5 0.1

Source: EGAT, 2001 (35).
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Morphologically, fly ash consists of irregularly shaped, oval, and spherical
particles of widely varying size (24). Table 2-6 presents types of fly ash particles

characterized by microscope examination (25).

2.6.2 Utilization of Fly Ash
Fly ash utility and applications have intensively studied. Owing to the
environmental problem, each region develops specific studies about the

characterization and use of their own ashes.

Table 2-6 Types of fly ash particles

Si
Type Color Crystallinity & Texture (lZZ Comment

Spherical & Colorless (a) glassy, clear solid -
rounded (b) glassy with small bubble 0-20
(c) glassy with crystal traces
(d) predominantly crystalline 10-50
solid
Spherical &  Light brownto  Light colored glassy solid 5-30 Deeping color
rounded black suggest increasing
tron content
Rounded White in Light colored glassy solid 10-200 Small and large
reflected light bubbles giving a
range from foam to
cenospheres
Irregular Light brown Partly crystalline solid 10-100 Irregularity of profile
and surface very
marked
Irregular Varicolor in Partly crystalline solid 50-500 Agglomerated
reflected light particles, generally
containg red particles
and area
Irregular Black Solid or porous 20-200 Partially burnt coal
particles
Angular - Crystalline, solid 10-100 Probably quartz
Angular - Crystalline, solid 5-50 Probably haematite

Source: Juntaramitree J., 1999 (25).

At present, there is an intensive search to increase their uses, although they are
utilized as raw materials in the cement industry. Besides, they have been used for land

filling, which is an unsatisfactory solution from both ecological and economical point
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of view (26). Other uses of residual ashes as raw material in the brick and ceramic
fabrication, as filler in plastics and paints, and for metal recovery have been proposed.
The fly ashes were used to synthesize zeolite (27) and it was suggested that fly ash can
be converted into tobermorite which can be used in the separation, immobilization and
disposal of radioactive species such as Cs and Sr (28).

Details on the utilization of fly ash in each purpose are as follow.

2.6.2.1 Construction Materials

Fly ash has proved to have significant value-added potential as an ingredient in
cementitious and other construction process. Currently, blending cement with fly ash
in concrete is widespread in practice. The use of fly ash in concrete modifies the
properties of concrete in both fresh and hardened state, with improvement to
workability, strength, drying shrinkage, temperature rise and abrasion resistance.
Several papers were published about the effect of fly ash on various properties of
concrete, such as:

Arunratsamesopa K studied about the influence of CaO in fly ash on concrete
properties and found that the concrete with high CaO fly ash had a higher compressive
and tensile strength than the concrete with low CaO fly ash (29). Chairattanawan P
investigated the effect of fly ash on sulfate resistance of concrete. The results showed
that cement containg 25-50% of fly ash were found to be the best in sulfate prevention
of the concrete (30). Kearleya EP and Wainwright PJ (31) investigated the effect of
replacing of cement (up to 70%) with fly ash on the compressive strength of foamed
concrete and found that up to 67% of cement could be replaced without significant
reduction in strength.

In addition, fly ash can be used in the manufacture of other building materials
as brick and hollow block. Kumar S studied about brick and hollow block production
by the mixture of fly ash, lime and phosphogypsum. The results reported that these
bricks and hollow blocks have sufficient strength for their use in low cost housing

development (32,33).
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2.6.2.2 Environmental Improvement

Fly ash being readily available and inexpensive was considered an economic
alternative to conventional adsorbents such as activated carbon and ion-exchange
resins. There are many Thai researchers concentrated on metal removal from
wastewater by fly ash.

Chanbundidnun A studied about lead removal from wastewater and found that
fly ash exhibited up to 99% of removal efficiency of lead (34). Boonpanaid C reported
that fly ash had greater removal capacity than the activated carbons (35). The fly ash
has 99.99%, 99.98%, 99.25% and 99.93% of the removal efficiencies of Cr, Ni, Cu
and Zn, respectively (36). The fly ash has 99.52%, 99.12% and 99.55% of the removal
efficiencies of Ni, Cd and Pb at 10, 30 and 5 minutes, respectively (37).

Moreover, fly ash may be utilized in desulfurization and waste stabilization.
Euanchita V conducted the research regarding the utilization of lime mud and fly ash
slurries for desulfurization and found that the maximum absorption capacity was
0.0052755 g SO,/g Absorbent (38). Sulfur dioxide was also successfully absorbed by
pelletized fly ash (39). Poonpanchai A solidified heavy metal sulfide sludge by using
cement and fly ash as binder. The results indicated that stabilization efficiencies of Cr

and Hg were 94.00% and 99.49%, respectively (40).

2.6.2.3 Zeolite Synthesis

Zeolite synthesized from fly ash is a minor but interesting product, with high
environmental applications. Zeolite may be obtained from fly ash by relatively cheap
and fast conversion processes. The compositional similarily of fly ash to some
volcanic material, precursor of natural zeolites, was the main reason to experiment
with the zeolite synthesis from fly ash. Although this application may consume only
small proportion of the fly ash, the final products obtained may reach a relatively
higher added value than when applied in current construction applications.

Berkgaut V and Singer A synthesized the high capacity cation exchange zeolite
from fly ash by hydrothermal treatment. The results indicated that CEC of zeolite was
400 to 420 meq /100 g (41). Chareonpanich M studied about ZSM-5 zeolite
production from fly ash and rice husk. The maximum yield of zeolite obtained was

50.8 wt% (42). Namto T reported that the yield of ZSM-5 zeolite obtained from fly
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ash was 23-43%. But, those zeolite is not suitable to used as reforming catalyst of

liquified petroleum gas (43).

2.6.2.4 Materials Science

During the last decades, many researchers concentrated on material science
aspects. Several papers were published about utilization of fly ash for preparation of
new materials. For example, fly ash used in the production of ceramic porcelain was
found to increases the linear shrinkage, bulk density and flexural strength above that of
the original products (44). Queralt I et.al. studied about use of fly ash for ceramics.
The resulting ceramic bodies exhibit features that suggest possibilities for use in
paving stoneware manufacture, for tiling and for conventional brick making (45).
Coatings made from nickel fly ash composites were found to possess better wear
resistance than plain nickel coating (46). Fly ash filled unsaturated polyester resin was
found to have a better flexural modulus than the calcium carbonate filled polyester
resin (47).

Chou M et.al. studied about manufacturing fired bricks containing fly ash.
Brick-forming and brick-firing tests are conducted using fly ash. The chemical
properties of fly ash are similar to the properties of the clay and shale that are the
standard raw materials for making brick. Test bricks made with amounts of fly ash as
great as 70% substituted into the raw materials had greater compressive strength than
bricks made without fly ash (48).

Lingling X et.al. studied on fired bricks with replacing clay by fly ash in high
volume ratio. The effect of fly ash on firing properties of bricks was studied. The
results indicated that the fired brick with high volume ratio of fly ash were of high
compressive strength, low water absorption, no cracking due to lime and high

resistance to frost-melting (49).
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CHAPTER 3
RESEARCH METHODOLOGY

This work has been carried out in many laboratory at the Department of
Materials Science, Faculty of Science, Chulalongkorn University; for instance
Ceramic processing laboratory and Mechanical property testing laboratory. Metallurgy
and Materials Science Research Institute and Scientific and Technological Research
Equipment Center, Chulalongkorn University have supported the advance instruments.

The Siam Refractory Industry Co.,Itd. has also been incorporated.

3.1 Materials & Equipment

3.1.1 Raw Materials & Chemical Reagents
1) Ranong kaolin
2) Calcined ranong kaolin
3) Surath ballclay
4) Calcined surath ballclay
5) Sodium silicate
6) Sodium carbonate
7) Polyvinyl alcohol
8) Fly ash
9) Water

3.1.2 Tools & Equipment
1) Balance
2) Agitator
3) Oven
4) Electric furnace

5) Pyramidal metal mold
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6) Universal testing machine (LLoyd 500)

7) X-ray diffractometer (Bruker D8 Advance)

8) X-ray fluorescence spectrometer (ARL 9400 Rh)
9) Scanning electron microscope (Phillip XL30CP)
10) Extruder (Hydraulic)

11) Particle size laser analyzer (Mastersizer S.)

12) Plastic bucket, Aluminium tray, Beaker, cylinder 100 ml
13) Hotplate

14) Spatula, knife, ladle

15) Mortar

16) Plaster mold

17) Sieve

18) Vernier caliper

3.2 Experimental Preparation

3.2.1 Materials Characterization
All raw materials were characterized as the following procedures:
1) Analyzed the chemical composition of each raw material by X-ray
fluorescence spectrometer.
2) The mineral phases present in fly ash were qualitatively identified
by X-ray diffraction.
3) Examined the morphology of fly ash by scanning electron
microscope.
4) Determined the particle size distribution of fly ash by particle size

distribution laser analyzer.

3.2.2 The Examination of the Effect of Fly Ash Content on Some
Properties of Fireclay Brick

The examination was intended to be the completely randomized design (CRD).
These examination was conducted in the laboratory to investigate the effect of fly ash

content on some properties of fireclay brick. A standard composition of brick (FO0) is
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selected as the starting composition and fly ash is gradually incorporated into the body

by replacing ranong kaolin (Table 3-1).

Table 3-1 Composition of fireclay brick in the examination (wt%db)

Raw Material F0 F1 F2 F3 F4 F5 F6 F7 F8
Ranong kaolin 80 70 60 50 40 30 20 10 0
Calcined ranong kaolin 20 20 20 20 20 20 20 20 20
Fly ash 0 10 20 30 40 50 60 70 80

The examination was proceeded as the following procedures:

1) Sieved all raw materials through No.50 sieve.

2) Two kilograms of each batch were prepared according to batch
composition in Table 3-1.

3) Put water into plastic bucket and added 0.02% of sodium
carbonate.

4) Ranong kaolin, calcined ranong kaolin and fly ash are added into
water and agitated for 15 minutes, respectively. Added sodium silicate into slip to
improve dispersion.

5) Kept the slurry in entirely covered bucket to prevent the loss of
moisture for 1 day.

6) The test specimens were formed in a plaster mold in the form of
rectangular bar.

7) All specimens were dried and then fired at 1,250°C for soaking

period of 2 hours in an electric furnace. The heating rate in the furnace was 3°C/min.
8) Properties of specimens were determined according to the standard
test method:
=  ASTM C20-92: Standard test method for water absorption.
= ASTM C362-82: Standard test method for firing shrinkage.
=  ASTM C133-97: Standard test method for modulus of rupture.
= ASTM C134-95: Standard test method for bulk density.
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Figure 3-1 Procedure of the examination

3.3 Experimental Design

The experiment was designed as the Randomized Complete Block Design

(RCBD). These experiments were conducted in the laboratory to investigate the effect

of 2 factors: clay types and fly ash content in the mixtures. Two types of fireclay were

used in this study, i.e., ranong kaolin and surath ballclay. The suitable contents of fly

ash from the results of pre-experiment were selected to use in this experiment. Table

3-2 presents the treatment combinations in experiment.

Table 3-2 Treatment combinations in experiment

Factor

Fly ash content by weight (B)

By (Controlled) B, B,

A¢B A.B AB

Clay Type Ranong kaolin (A) 00 oB1 0B,
(A)

AIB() A1B1 A]Bz

Surath ballclay (A;)
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3.4 The Examination of the Effect of Clay Type and Fly Ash Content
1) The best composition from the pre-examination were selected according to
the following criteria, then they were taken to further experiment.
* The maximum bulk density
®  The maximum Modulus of Rupture
= The minimum water absorption
2) Prepared the mixtures at the ratio as designed in Table 3-2 by using two
types of clay: ranong kaolin and surath ballclay.
3) Formed the test specimens in form of cylindrical bar with 10 mm diameter
by extrusion process.
4)  All specimens were dried and fired at 1,250°C for a soaking period of 2
hours in an electric furnace. The heating rate was 3°C/min.
5) Determined the properties of specimens according to the following
standard test method as follows:
= ASTM C20-92: Standard test method for apparent porosity, apparent
specific gravity, bulk density and water absorption.
= ASTM C113-02: Standard test method for reheat change.
= ASTM C133-97: Standard test method for modulus of rupture.
= ASTM C362-82: Standard test method for firing shrinkage.
= ASTM C24-89: Standard test method for pyrometric cone equivalent
(PCE) for fireclay refractory materials.
6) The major crystalline phases were identified by X-ray diffractometer.

3.5. Data Analysis

The results of the samples are recorded and presented as percentage values of
each parameter. The averaged values are tested statistically by using the analysis of
variance and Duncan’s new multiple range test (using SPSS for Windows) in order to

compare the variance of mean with a confidence limit of 95%.
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CHAPTER 4
RESULTS AND DISCUSSION

In this investigation, fly ash was kindly offered by Mae Moh thermal power
plant. Initially, fly ash was characterized in terms of chemical composition, phase
identification, morphology and particle size distribution. Then fireclay mixtures with
0-80 wt.%db of fly ash were prepared. Fireclay brick specimens were fabricated and
then fired in an electric furnace at 1,250°C. All specimens were also tested to
determine the firing shrinkage, bulk density, modulus of rupture and water absorption.
Then, the best compositions were selected and subjected to further experiment, where
fireclays of ranong kaolin and surath ballclay were used. Thereafter, the specimens in
form of extruded cylindrical bars were formed, and the properties of firing shrinkage,
reheat change, modulus of rupture, apparent porosity, apparent specific gravity, bulk
density, water absorption, refractoriness and crystalline phase were examined. All the

experimental results are shown below:-

4.1 Characteristics of Fly Ash

In order to understand the influence of the incorporation of fly ash as raw
material for fireclay brick production, the characterization of fly ash and raw materials
was directly investigated in chemical composition using X-ray fluorescence
spectrometer. As the results presented in Table 4-1, it is demonstrated that silica
(S10,) and alumina (Al,O3) are the main oxides (41.07 and 21.95 wt.%db) of fly ash.
Beside, fly ash also has an important amount of iron oxide and calcium oxide.

However, silica and alumina content of fly ash are lower than ranong kaolin
and surath ballclay, but significantly higher content of iron oxide and calcium oxide in
fly ash is observed. As we can see that the Fe,Os content in ranong kaolin and surath
ballclay is only 0.70 and 1.59 wt.%db. While fly ash give rises to 11.94 wt.%db. The

same trend was also appeared for CaO content.
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Table 4-1 Chemical composition of fly ash and the other raw materials (wt%db)

. ” Flv ash Ranong Calcined ranong Surath Calcined surath
OMposStion s kaolin kaolin ballclay ballclay
Si0, 41.07 46.98 53.14 57.83 64.13
Al O; 21.95 37.14 42.66 25.14 27.61
Fe,0O4 11.94 0.70 0.79 1.59 1.79
CaO 13.54 0.002 0.002 0.22 0.27
TiO, 0.40 0.036 0.038 0.23 0.25
MgO 2.98 0.002 0.002 0.19 0.19
K,0 243 1.60 1.69 2.47 2.80
Na,O 1.27 0.002 0.002 0.25 0.20
LOI 2.22 13.23 1.15 11.56 2.27
na Q = Quartz

M = Mullite
g &0
= | ~ »
. \ .‘ "
. !'i ‘ | b
ST ""‘“J"'f et L)
= A
- lm I Ay 1) W
w\ A LA P ' M t" ki o »# / ”!5* $ “'M
o ey v
= .;i‘,.lﬁfln'\qplf
- 2-Theta - Scale :

Figure 4-1 X-ray diffraction pattern of fly ash

The phases present in fly ash were detected by X-ray diffractometer. The
instrumental condition was run at step size of 0.10° and step time of 2.4 s, within 20
angle 10-70°. As the results shown in Figure 4-1, the fly ash sample comprised the
mineral phases of quartz (Si0,), mullite (Al¢Si1,0,3) and amorphous.
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Figure 4-2 Morphology of fly ash

As presented in Figure 4-2, it is the typical morphology of fly ash powders. In
this SEM image, spherical particles with a broad particle size distribution are observed
throughout this sample. The diameters of fly ash particle are found to be between
0.05-477 pm with specific surface area of 3.978 m*/g (Appendix C). And the result of

particle size distribution of fly ash is presented in Figure 4-3.
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Figure 4-3 Particle size distribution of fly ash

4.2 The Effect of Fly Ash Content on Some Properties of Fireclay Brick

The examination the effect of fly ash contents on some properties of fireclay
brick. A large number of specimens were made using ranong kaolin and calcined
ranong kaolin with different proportions of fly ash. The oxide compositions of all
batches were calculated on dry basis and the results are given in Table 4-2. It may be
noted that, silica and alumina content of batches decrease with progressive addition of
fly ash by replacing ranong kaolin. But the percentage of other oxides such as Fe,0Os,
Ca0, TiO,, MgO, K,0 and Na,O are progressively increase with an amount of fly ash

containing batches.

Table 4-2 Chemical composition of fireclay brick (wt%db)

Batch
Composition
FoO FI F2 F3 F4 F5 Fé6 F7 F8
SiO, 48.22 47.63 47.04 46.44 4586 4528 44.67 43.88 43.49
ALO; 3824 36.73 3520 33.69 32.17 30.65 29.13 27.61 26.09
Fe,0; 0.72 1.80 2.97 4.09 5.22 6.34 7.43 8.59 9.71
CaO 0.002 1.36 2.71 4.06 5.42 6.77 8.13 9.48 10.83
TiO, 0.04 0.07 0.11 0.15 0.18 0.22 0.26 0.29 0.33
MgO 0.002  0.30 0.60 0.90 1.20 1.50 1.80 2.10 2.40
K,O 1.62 1.70 1.79 1.87 1.95 2.04 2.12 2.20 2.28
Na,O 0.002  0.13 0.26 0.38 0.51 0.64 0.76 0.89 1.02

Remark : FO =Ranong kaolin+0% Fly ash, ' =Ranong kaolin+10% Fly ash, F2 =Ranong kaolin+20% Fly ash,
F3 =Ranong kaolin+30% Fly ash, F4 =Ranong kaolin+40% Fly ash, F5 =Ranong kaolin+50% Fly ash,
F6 =Ranong kaolin+60% Fly ash, F'7 =Ranong kaolin+70% Fly ash, F§ =Ranong kaolin+80% Fly ash
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Table 4-3 Properties of fireclay brick

Fly ash

Firing shrinkage Density MOR Water absorption
Batch content %) (e/ent’) (MPa) %)
(wt%db)
FO 0 11.56 1.64 22.07 20.26
F1 10 12.63 1.81 23.06 11.23
F2 20 13.43 1.83 26.57 10.70
F3 30 12.65 1.76 21.68 12.33
F4 40 12.57 1.74 19.51 13.65
F5 50 11.63 1.73 18.45 15.15
F6 60 11.26 1.73 18.35 15.68
F7 70 10.86 1.72 16.25 19.59
F8 80 10.32 1.71 15.37 20.98

As presented in Table 4-3, the experimental results indicated that progressive
addition of fly ash cause slightly decrease of bulk density, modulus of rupture, and
firing shrinkage but increasing appeared only with water absorption. The average
values of all properties were statistically tested in order to compare the variance of
mean with a confidence limit of 95%. The results among nine batches indicated that
they are significantly difference. Therefore, it is reasonably showed that different fly
ash content provides the different properties of fireclay brick.

In consideration to each property, as represented in Figure 4-4, 4-5, and 4-6, it
can be seen that the firing shrinkage of specimens are steadily increase up to
maximum level at 13.43% of the batch containing 20 wt%db of fly ash, then they are
decreasing beyond that point. This phenomena is also appeared to the other properties
of bulk density (1.83 g/cm3 ), and modulus of rupture (26.57 MPa).

In case of water absorption of specimens as shown in Figure 4-7, the
appearance of properties are reversely, As we can see that the values of water
absorption were decreased and reached minimum value at 10.70% when 20 wt%db of
fly ash was applied. Then the amounts of water absorption were increased likely due

to an over-firing effect.
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Figure 4-7 Water absorption of specimens

In this investigation, it can be seen that the appropriate batches are the batch
containing 10 wt%db and 20 wt%db of fly ash, in which a highest bulk density,
highest modulus of rupture and lowest in water absorption were observed.
Eventhough, the values of bulk density and water absorption are not significantly

different, comparing the batch containing 10 wt%db and 20 wt%db fly ash

4.3 The Effect of Clay Type and Fly Ash Content

The appropriate fly ash contents from above experiment were used in this part.
These experiments were conducted to investigate the effect of 2 factors: clay types and
fly ash contents in the mixtures. Two types of fireclay selected were ranong kaolin and
surath ballclay. Specimens of different compositions in form of extruded bar were
prepared, then they were subjected to characterization. All chemical composition data

is shown in Table 4-4.
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Table 4-4 Chemical composition of fireclay brick in experiment (wt%db)

. . Batch
Composition

FoO FI F2 FBO0 FBI FB2

Si0, 48.22 47.63 47.04 59.09 57.41 55.74
Al O; 38.24 36.73 35.20 25.63 25.32 25.00
Fe,0; 0.72 1.80 297 1.63 2.66 3.70
CaO 0.002 1.36 2.71 0.23 1.72 2.90
TiO, 0.04 0.07 0.11 0.23 0.25 0.32
MgO 0.002 0.30 0.60 0.19 0.47 0.75
K,0 1.62 1.70 1.79 2.54 2.53 2.53
Na,O 0.002 0.13 0.26 0.24 0.34 0.44

Remark: FO=Ranong kaolin+0% fly ash, F1=Ranong kaolin+10% fly ash, F2=Ranong kaolin+20% fly ash,
FBO=Surath ballclay+0% fly ash, FB1=Surath ballclay+10% fly ash, FB2=Surath ballclay+20% fly ash

The chemical compositions of all batches were calculated from the chemical
composition of each raw material. Results show that a typical commercial fireclay
brick comprise 50-70% of SiO, and 25-44% of Al,O; whereas the batches made from
surath ballclay comprise approximately 55-59% of SiO, and 25% of Al,Os, which can
be grouped in low or medium duty fireclay brick. On the other hand, the batches made
from ranong kaolin comprise only 47-48% of SiO, and 35-38% of Al,Os, which is
similar to chemical composition of high duty fireclay brick (7,9).

Moreover, the composition of the batch containing fly ash shows a relative
large amount of alkaline and alkaline earth oxides, which confirms the flux potential.
And a significant amount of Fe,Os in fly ash is responsible for the reddish color of the
specimen after firing.

The various physical and mechanical properties of each specimen are listed in
Table 4-5. It can be seen that both Ranong kaolin and Surath ballclay has a similar
firing shrinkage (9.12% and 10.30%), Apparent specific gravity (2.96% and 2.01%),
and bulk density (1.67 g/cm’ and 1.87 g/cm’), but they are increased significantly with
progressive addition of fly ash.

In case of reheat change, apparent porosity, water absorption and modulus of
rupture, it is appeared higher in Ranong kaolin (6.38%, 43.54%, 26.09% and 26.33
MPa) than Surath ballclay (0.98%, 7.10%, 1.95% and 2.05 MPa) then they are

decreased with progressive addition of fly ash, except for modulus of rupture.
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Table 4-5 Properties of fireclay brick specimens

Batch FoO Fl F2 FBO0 FB1 FB2
Firing shrinkage (%) 9.12 11.80 13.28 10.30 11.61 12.36
Reheat change at 1,400°C (%) 6.38 5.67 4.23 0.98 0.91 0.74
Apparent porosity (%) 43.54 33.11 26.56 7.10 6.45 5.29
Apparent specific gravity 2.96 2.61 2.45 2.01 2.08 2.17
Bulk density (g/cm’) 1.67 1.74 1.79 1.87 1.95 2.05
Water absorption (%) 26.09 19.01 14.84 1.95 3.30 2.58
MOR (MPa) 26.33 31.19 35.35 2.05 2.58 31.33

Remark: FO=Ranong kaolin+0% fly ash, F1=Ranong kaolin+10% fly ash, F2=Ranong kaolin+20% fly ash,
FBO=Surath ballclay+0% fly ash, FB1=Surath ballclay+10% fly ash, FB2=Surath ballclay+20% fly ash

Figure 4-8 depicts the firing shrinkage of specimens. The value of firing
shrinkage increased with the increase of fly ash content for specimen formed with
ranong kaolin (FO-F2). The same tendency was also observed for specimens formed
with surath ballclay (FBO-FB2). This may be attributed to the presence of fluxing
alkaline earth and other oxides in fly ash, which enter the glassy phase, decreasing its
viscosity and result in higher shrinkage in these specimens. From statistical analysis,
the results reveal that the progressive incorporation of fly ash has a very significant
effect on the firing shrinkage of fireclay bricks, while the types of clay does not
effected to this property.
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Figure 4-8 Firing shrinkage of specimens
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Most refractory bricks are not chemically in equilibrium before use. During the
heating in service, additional reactions occur that may cause the brick to shrink or
expand (9). The reheat changes of brick specimens are shown in Table 4-5 and Figure
4-9. The results indicated that the percentage of reheat change of specimen decreased
with the increase of fly ash content. Moreover, it can be observed that there is
significant difference among reheat change value of specimens formed with ranong
kaolin and surath ballclay.

In addition, the results of statistical analysis reveal that the batch containing
ranong kaolin (FO-F2) had significantly higher reheat change value than the batch
containing surath ballclay (FBO-FB2). In case of the batch containing surath ballclay,
there was no significant difference of the reheat change value between FBO, FB1 and
FB2, which the lowest value (0.74%) was obtained from FB2.

Thai industrial standard for fireclay refractory brick determined that the
percentage of reheat change of fireclay brick is not exceeding 1%. In general,
permanent linear change after heating at 1,400°C of all specimens containing surath
ballclay satisfied this requirement whereas the linear change values of the brick made
from ranong kaolin were 4.23-6.38%, about 3-5% higher than the limit value in the
industrial standard. It may be presumed that the firing temperature in this study
(1,250°C) is an inappropriate temperature for fireclay brick made from ranong kaolin,
which may cause an incomplete firing shrinkage and result in high reheat change in

these specimens.
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Figure 4-9 Reheat change of specimens
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Apparent porosity is very important in connection with flux corrosion and with
thermal insulation, which may be unfavorably affected by permeation gases. The total
volume of open pores can be determined by measuring the amount of absorbed water,
but this value provided no information on pore size, which is important with respect to
these properties (50). Figure 4-10 is a graphical presentation of the apparent porosity
of specimens, it is appeared that the apparent porosity of Ranong kaolin are
significantly decreased with progressive addition of fly ash. The porosity of the bodies
containing surath ballclay and fly ash was found to be between 5.29-7.10%, while this
percentage rises to 26.56-43.54% in batches containing ranong kaolin and fly ash.
Although the requirement of apparent porosity was not specified in Thai industrial

standard, but the apparent porosity of commercial fireclay brick is approximately

5-30% (9).
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Figure 4-10 Apparent porosity of specimens

Figure 4-11 show the apparent specific gravity of specimens, Adding fly ash in
the fireclay brick composition increases the apparent specific gravity in batch made
from surath ballclay whereas in the case of batch made from ranong kaolin the
apparent specific gravity decreases. In comparison, batch containing surath ballclay
had significantly lower apparent porosity and specific gravity than that made from

ranong kaolin. The apparent porosity of the batch containing surath ballclay and
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20 wt%db fly ash was found to be lowest. The results of statistical analysis indicated
that the variation of fly ash content and types of fireclay had an effect on apparent

porosity and specific gravity of fireclay brick.
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Figure 4-11 Apparent specific gravity of specimens

The values of water absorption of all batches are represented in Figure 4-12.
Water absorption rate has been used as an indication for porosity of the specimen. The
water absorption and apparent porosity are closely related to each other. With the
decrease in the porosity, the water absorption of these specimens reduced. The water
absorption of the specimen decreased with the increase of the fly ash content.
Evidently, the incorporation of 0-20 wt%db fly ash with surath ballclay results in a
significant decrease in the water absorption of specimens compared to the water
absorption of the specimen containing ranong kaolin.

The changes in bulk density with fly ash content are shown in Figure 4-13.
Maximum bulk density (2.05 g/cm’) was obtained from batch FB2 (containing surath
ballclay and 20 wt%db fly ash) while the bulk density of commercial fireclay brick is
approximately 2.00-2.30 g/cm’. From the statistical analysis, there is evidence of a
significant difference in the average value of bulk density between the six batches. The
results of this research indicated that the increase in bulk density with fly ash addition
is consequences of the higher fluxes content as compared to that of ranong kaolin and

surath ballclay.
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In industrial furnace, the refractories are exposed mostly to compressive
external loading. Their strength at room temperature is far less important than their
behavior under the high temperature conditions. However, even at room temperature, a
refractory material has to exhibit certain strength usually specified by a standard
regulation. Modulus of rupture is the most frequently measured and specified
mechanical property (50).

As presented in Figure 4-14, it is shows the modulus of rupture of specimens.
In general, an increasing trend in the strength is observed. The batch containing
ranong kaolin shows linear increase in modulus of rupture with fly ash content and
reaches the maximum value of 35.35 MPa. Batch containing surath ballclay follows a
similar trend and gives the maximum value of 31.33 MPa.

According to Thai industrial standard, the minimum modulus of rupture
required for fireclay brick is 3.45 MPa. Thus, fireclay brick specimens of all batches
can reach this requirement. In particular, the improvement of strength was observed
when the fly ash up to 20 wt%db was introduced as clay replacement. If compared
with the earlier work reported by Lingling X et.al. (49), the incorporation of fly ash up
to 50 wt%db resulted in fired bricks with high compressive strength. It likely due to
the different chemical composition between fly ash from Mae Moh, Thailand and fly
ash from Nanjing, China. From statistical analysis, it was found that the variations of
fly ash contents were effected to all properties of fireclay bricks.

The different types of fireclay were effected to apparent porosity, apparent
specific gravity, bulk density and water absorption of fireclay bricks. On the other
hand, It was not effected to firing shrinkage and modulus of rupture of fireclay bricks.

Also, the statistical analysis of all treatment in the experiment is shown in appendix D.



Fac. Of Grad. Studies, Mahidol Univ. M.Sc.(Appro Techn for Resou and Env Dev) / 35

Table 4-6 Refractoriness of fireclay brick specimen

.. Refractoriness
Batch Composition
PCE Temperature (°C)
FO Ranong kaolin + 0% fly ash 35 1,785
F1 Ranong kaolin + 10% fly ash 32 1,717
F2 Ranong kaolin + 20% fly ash 27 1,640
FBO Surath ballclay + 0% fly ash 26 1,621
FBI1 Surath ballclay + 10% fly ash 23 1,605
FB2 Surath ballclay + 20% fly ash below 23 < 1,605

Source: Tested by Siam Refractory Industry Co.,Ltd.

The softening behavior is commonly determined by means of the standard
pyrometric cone equivalent test. The PCE test is used to classify fireclay refractories
by the ASTM method (7). These temperature equivalents and the accompanying PCE
values of fireclay brick specimens are summarized in Table 4-6. According to the
above table, the results indicated that refractoriness of the specimen decreased with the
increase of the fly ash content. In comparison, the batch made from ranong kaolin and
fly ash had significantly higher refractoriness than that made from surath ballclay.

Thai industrial standard for fireclay refractory brick determined that the
refractoriness of low duty, medium duty and high duty fireclay brick are not lower
than PCE 15,29 and 31 ', respectively. Based on the results, it may be noted that
fireclay brick from batch FO and F1 can be grouped in high duty fireclay brick while
fireclay brick from batch F2, FB0O, FB1 and FB2 can be grouped in low duty fireclay
brick. In fact, the maximum service temperature recommended for fireclay brick are

generally somewhat lower than the PCE temperature equivalents.
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Figure 4-15 X-ray diffraction pattern of fireclay brick specimens

Finally, crystalline phases present in sintered specimens were identified. The
results are presented in Figure 4-15, it reveals the phase transformation taken place
during firing and cooling for all batches. In general, firing resulted in the formation of
mullite and glassy phase, with some quartz in the sintered specimens. In a qualitative
basis, the results of X-ray diffraction pattern showed that the six batches behave in the
similar manner. It should notice that the fly ash incorporation did not change the major
crystalline phases.

Although this study does not contain a quantitative phase analysis, it has been
suggested that the reduction of refractoriness with increasing fly ash content is directly

related to the amorphous content of the fired specimens.
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CHAPTER S
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

From the reported results it is demonstrated that fly ash is possibly utilized as
an alternative raw material for the production of fireclay brick. On the basis of the
results reported in the present investigation, the following conclusion can be drawn.

5.1.1 Substitution of fireclay by 10-20 wt%db fly ash in a fireclay brick
increases the firing shrinkage, bulk density and modulus of rupture of brick.

5.1.2  Substitution of fireclay by 10-20 wt%db fly ash in a fireclay brick
decreases the reheat change, apparent porosity, water absorption and refractoriness of
brick.

5.1.3 XRD analysis indicated that fly ash incorporation had a quantitative
effect on the amorphous of the fireclay bricks, which is a cause of the reduction of
refractoriness.

5.1.4 The fireclay bricks in this investigation have the properties equivalent
to conventional fireclay bricks in several classes. Details are as follow:

5.1.4.1 Fireclay brick made from ranong kaolin with 0-10 wt%db of
fly ash (FO and F1) had modulus of rupture of 26.33 and 31.19 MPa, and refractoriness
of PCE 35 and 32, which met the requirement of fireclay refractory brick in class of
regular high-duty fireclay brick.

5.1.4.2 Fireclay brick made from ranong kaolin with 20 wt%db of fly
ash (F2) had modulus of rupture of 35.35 MPa and refractoriness of PCE 27, which
met the requirement of fireclay refractory brick in class of low-duty fireclay brick.

5.1.4.3 Fireclay brick made from surath ballclay with 0-20 wt%db of
fly ash (FBO-FB2) had modulus of rupture of 26.90, 28.90 and 31.33 MPa and
refractoriness of PCE of <23, 23 and 26, respectively, which met the requirement of

fireclay refractory brick in class of low-duty fireclay brick.
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5.1.5 The utilization of fly ash in making fireclay brick will help in
alleviating the disposal and health hazard problem.

5.2 Recommendation

5.2.1 On account of the transportation cost of fly ash, the cost of fireclay
bricks may be substantially higher than conventional fireclay bricks at several places.
Therefore, using fly ash from local sources will support this point.

5.2.2 Economical evaluation should be conducted to investigate the actual
market prices for the further study.

5.2.3 The firing temperature should be varied in order to investigate
appropriate firing temperature.

5.2.4 The comparative study should be conducted concerning the fireclay
brick production by using the fly ash from other sources.

5.2.5 Hot load subsidence, hot modulus of rupture and the other properties at
high temperature should be investigated for further study.
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Appendix A
Thai Industrial Standard for Fireclay Refractory Brick
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anasyndaiasgaamnssuil ivueiulagldanansaaluifuwmms
ASTM C 27-1993 Fireclay and high-alumina refractory brick
BS 1902 : Section 5.11 : 1986 Refractory materials
Part 5. Refractory and thermal properties
Section 5.11 Determination of thermal spalling resistance by
the prism test (method 1902-511)
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Appendix B

Experimental Instrument

Digital balance

Agitator
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Electric furnace

Universal testing machine

Sieve
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X-ray fluorescence spectrometer

Particle size laser analyzer
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Extruder

Electric furnace
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Appendix C

Experimental Results

F————— 20pm

lignite fly ash

-
P 20m

lignite fly ash

20 pm 20 pro
lignite fly ash
LR

SEM image of fly ash
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Particle size distribution data of fly ash

Size range (\um) Vol % % finer Size range (\m) Vol % % finer
0.05-0.06 0.07 0.07 4.88-5.69 1.85 23.49
0.06-0.07 0.14 0.20 5.69-6.63 2.08 25.57
0.07-0.08 0.21 0.41 6.63-7.72 2.28 27.85
0.08-0.09 0.29 0.70 7.72-9.00 2.43 30.29
0.09-0.11 0.38 1.08 9.00-10.48 2.55 32.83
0.11-0.13 0.48 1.55 10.48-12.21 2.62 35.46
0.13-0.15 0.60 22 12.21-14.22 2.66 38.12
0.15-0.17 0.75 2.90 14.22-16.57 2.68 40.79
0.17-0.20 0.93 3.83 16.57-19.31 2.67 43.47
0.20-0.23 1.12 4.95 19.31-22.49 2.66 46.13
0.23-0.27 1.29 6.24 22.49-26.20 2.65 48.78
0.27-0.31 1.35 7.60 26.20-30.53 2.64 51.41
0.31-0.36 1.28 8.88 30.53-35.56 2.65 54.06
0.36-0.42 1.13 10.01 35.56-41.43 2.69 56.75
0.42-0.49 0.98 10.99 41.43-48.27 2.76 59.52
0.49-0.58 0.84 11.83 48.27-56.23 2.87 62.39
0.58-0.67 0.67 12.50 56.23-65.51 3.02 65.41
0.67-0.78 0.53 13.02 65.51-76.32 3.18 68.59
0.78-0.91 0.46 13.48 76.32-88.91 3.36 71.95
0.91-1.06 0.40 13.88 88.91-103.58 3.54 75.49
1.06-1.24 0.37 14.26 103.58-120.67 3.64 79.13
1.24-1.44 0.38 14.63 120.67-140.58 3.63 82.76
1.44-1.68 0.40 15.04 140.58-163.77 3.49 86.25
1.68-1.95 0.46 15.50 163.77-190.80 3.24 89.49
1.95-2.28 0.56 16.06 190.80-222.28 2.89 92.39
2.28-2.65 0.70 16.76 222.28-258.95 2.47 94.86
2.65-3.09 0.87 17.63 258.95-301.68 2.00 96.86
3.09-3.60 1.09 18.72 301.68-351.46 1.52 98.38
3.60-4.19 1.33 20.05 351.46-409.45 1.05 99.43
4.19-4.88 1.59 21.65 409.45-477.01 0.57 100.00

Source: Tested by Scientific and Technological Research Equipment Center, Chulalongkorn University.
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Fireclay brick specimens

Copyright by Mahidol University
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Properties of specimens containing 0% fly ash (F0)

Specimen Firing Bulk Density Modulus of Water Absorption
No. Shrinkage (%) (g/cm3 ) Rupture (MPa) (%)
1 11.30 1.65 20.84 20.66
2 11.25 1.65 20.45 20.54
3 11.65 1.66 25.40 19.31
4 11.00 1.63 23.48 20.40
5 12.00 1.65 21.76 19.98
6 12.15 1.61 20.47 20.67
Mean 11.56 1.64 22.07 20.26

Properties of specimens containing 10% fly ash (F1)

Specimen Firing Bulk Density Modulus of Water Absorption
No. Shrinkage (%) (g/cm’) Rupture (MPa) (%)
1 12.20 1.75 24.31 11.07
2 12.50 1.75 20.20 11.40
3 13.00 1.83 20.49 10.65
4 12.70 1.80 22.66 11.69
3 12.70 1.85 25.60 10.34
6 12.70 1.85 25.08 12.24
Mean 12.63 1.81 23.06 11.23

Properties of specimens containing 20% fly ash (F2)

Specimen Firing Bulk Density Modulus of Water Absorption
No. Shrinkage (%) f g/cm3) Rupture (MPa) (%)
1 13.60 1.81 28.00 11.10
2 12.80 1.82 24.62 11.31
3 13.65 1.85 25.60 10.30
4 13.90 1.84 28.09 10.56
5 13.25 1.80 28.72 10.88
6 13.40 1.84 24.40 10.05

Mean 13.43 1.83 26.57 10.70
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Properties of specimens containing 30% fly ash (F3)

Specimen Firing Bulk Density Modulus of Water Absorption
No. Shrinkage (%) (g/cm3 ) Rupture (MPa) (%)
1 13.10 1.81 24.44 12.79
2 12.70 1.75 21.56 13.12
3 12.40 1.77 22.67 11.91
4 12.60 1.78 20.50 11.98
5 12.50 1.77 19.64 11.48
6 12.60 1.70 21.24 12.67
Mean 12.65 1.76 21.68 12.33

Properties of specimens containing 40% fly ash (F4)

Specimen Firing Bulk Density Modulus of Water Absorption
No. Shrinkage (%) (; g/cm3 ) Rupture (MPa) (%)
1 12.20 1.73 19.28 13.74
2 12.30 1.74 19.54 13.72
3 12.25 {74 18.65 13.88
4 12.75 LT H 21.89 13.68
5 12.40 1.73 18.88 13.62
6 13.50 g7/ 18.80 13.23
Mean 12.57 1.74 19.51 13.65

Properties of specimens containing 50% fly ash (F5)

Specimen Firing Bulk Density Modulus of Water Absorption
No. Shrinkage (%) (g/cm3 ) Rupture (MPa) (%)
1 11.40 1.72 18.26 13.54
2 11.95 1.71 18.20 14.48
3 11.95 1.74 17.66 16.26
4 11.15 1.72 19.86 14.42
5 12.20 1.73 18.53 16.75
6 11.15 1.73 18.18 15.42

Mean 11.63 1.73 18.45 15.15
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Properties of specimens containing 60% fly ash (F6)

Specimen Firing Bulk Density Modulus of Water Absorption
No. Shrinkage (%) (g/cm3 ) Rupture (MPa) (%)
1 11.20 1.75 19.88 15.61
2 11.00 1.71 18.16 15.23
3 10.80 1.73 17.09 16.13
4 11.85 1.70 17.64 15.76
5 11.65 1.75 17.68 15.07
6 11.10 1.72 19.66 16.25
Mean 11.26 1.73 18.35 15.68

Properties of specimens containing 70% fly ash (F7)

Specimen Firing Bulk Density Modulus of Water Absorption
No. Shrinkage (%) (; g/cm3) Rupture (MPa) (%)
1 11.50 1.74 17.95 18.45
2 11.35 1.2 17.50 19.24
3 11.00 170 15.46 19.50
4 10.00 1.76 15.50 19.84
5 11.00 1.70 15.06 20.56
6 10.30 1.70 16.02 19.97
Mean 10.86 1.2 16.25 19.59

Properties of specimens containing 80% fly ash (F8)

Specimen Firing Bulk Density Modulus of Water Absorption
No. Shrinkage (%) (g/cm3 ) Rupture (MPa) (%)
1 10.25 1.75 16.64 20.00
2 10.45 1.70 16.33 19.82
3 10.90 1.71 15.82 22.76
4 10.10 1.71 15.13 20.91
5 10.20 1.69 14.94 21.16
6 10.00 1.70 13.33 21.24

Mean 10.32 1.71 15.37 20.98
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Properties of specimens containing Ranong kaolin and 0% fly ash (F0)

No. Firing Reheat Apparent  Apparent Water Bulk MOR
Shrinkage Change porosity specific absorption density (MPa)
(%) (%) (%) gravity (%) (g/cnr’)
1 8.73 6.19 42.94 2.96 25.43 1.69 27.02
2 9.39 6.76 43.29 2.95 2591 1.67 27.07
3 9.23 6.18 45.38 3.00 27.69 1.64 23.20
4 9.35 6.39 42.99 2.94 25.68 1.67 26.84
5 9.54 41.83 2.90 24.79 1.69 29.21
6 8.46 4481 3.00 27.06 1.66 24.63
Mean 9.12 6.38 43.54 2.96 26.09 1.67 26.33

Properties of specimens containing Ranong kaolin and 10% fly ash (F1)

No. Firing Reheat Apparent  Apparent Water Bulk MOR
Shrinkage Change porosity specific absorption density (MPa)
(%) (%) (%) gravity (%) (&/cm’)

1 11.62 591 33.22 2.60 19.17 1.73 37.20

2 12.12 5.57 32.50 257 18.71 1.74 29.92

3 11.73 5.56 34.39 2.68 19.60 1.76 26.94

4 11.77 5.63 34.11 2.64 19.60 1.74 33.83

5 12.15 34.06 2.66 19.40 1.76 32.43

6 11739 30.36 2.49 17.56 1.73 26.82

Mean 11.80 5.67 33.11 2.61 19.01 1.74 3119

Properties of specimens containing Ranong kaolin and 20% fly ash (F2)

No. Firing Reheat Apparent  Apparent Water Bulk MOR
Shrinkage Change porosity specific absorption density (MPa)
(%) (%) (%) gravity (%) (g/cm’)

1 13.31 4.62 26.97 245 15.06 1.79 36.49
2 12.85 4.11 27.64 2.46 15.54 1.78 3143
3 13.81 4.20 26.30 2.42 14.73 1.79 39.84
4 13.23 3.97 25.47 2.38 14.35 1.78 30.30
5 13.08 25.17 2.39 14.10 1.79 41.51
6 13.39 27.83 2.59 15.28 1.82 32.51

Mean 13.28 4.23 26.56 2.45 14.84 1.79 35.35
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Properties of specimens containing Surath ballclay and 0% fly ash (FBO)

No. Firing Reheat Apparent  Apparent Water Bulk MOR
Shrinkage Change porosity specific absorption density (MPa)
(%) (%) (%) gravity (%) (g/cm’)

1 10.53 0.99 6.92 1.98 3.76 1.84 27.69

2 10.62 0.97 7.16 2.01 3.83 1.87 28.37

3 9.92 1.03 7.59 2.01 4.09 1.86 28.78

4 9.85 0.93 7.41 2.03 3.95 1.88 24.12

5 10.31 6.59 2.02 3.50 1.89 25.01

6 10.54 6.94 2.01 3.71 1.87 27.41
Mean 10.30 0.98 7.10 2.01 3.81 1.87 26.90

Properties of specimens containing Surath ballclay and 10% fly ash (FB1)

No. Firing Reheat Apparent  Apparent Water Bulk MOR

Shrinkage Change porosity specific absorption density (MPa)
(%) (%) (%) gravity (%) (g/cmr’)

1 11.39 0.89 5.85 2.07 2.92 1.95 27.27

2 11.85 0.89 7.06 2.06 3.69 1.92 24.38

3 12.08 0.90 6.92 2.08 3.58 1.93 32.43

4 11.39 0.95 5.81 2.05 3.01 1.93 29.04

5 1839 6.57 2.14 3.28 2.00 35.03

6 11.54 6.50 2.08 3.34 1.95 25.27

Mean 11.61 0.91 6.45 2.08 3.30 1.95 28.90

Properties of specimens containing Surath ballclay and 20% fly ash (FB2)

No. Firing Reheat  Apparent  Apparent Water Bulk MOR
Shrinkage Change  porosity specific  absorption  density (MPa)
(%) (%) (%) gravity (%) (g/cnr’)
1 12.23 0.68 5.18 2.16 2.53 2.05 30.11
2 12.30 0.78 5.26 2.18 2.55 2.06 29.46
3 12.85 0.79 6.05 2.15 2.99 2.02 32.89
4 12.08 0.71 4.82 2.18 2.32 2.07 34.73
5 12.54 5.14 2.14 2.54 2.03 32.84
6 12.13 5.26 2.19 2.53 2.07 27.96

Mean 12.36 0.74 5.29 2.17 2.58 2.05 31.33
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Appendix D
Statistical Analysis
Descriptive statistics

95% Confidence

Factor Batch Mean S.td'. Std. Error Interval for Minimum|Maximum|
Deviation Mean

Lower | Upper

Bound | Bound
firing |[0%flyash| 6 |11.5583 4532 1850 11.0827[12.0340 11.00 12.15
shrinkage |10% fly ash| 6 [12.6333 .2658 .1085/12.3544{12.9123 12.20 13.00
20% fly ash| 6 |13.4333 3817, .1558]13.0328(13.8339 12.80 13.90
30% fly ash| 6 [12.6500 .2429| 9.916E-02]12.3951{12.9049 12.40 13.10
40% fly ash| 6 [12.5667 4977 2032/ 12.0444{13.0889 12.20 13.50
50% fly ash| 6 |11.6333 4568 1865/ 11.1540(12.1127 11.15 12.20
60% fly ash| 6 |11.2667 4021 .1641/10.844711.6886 10.80 11.85
70% fly ash| 6 |10.8583 .5903 .2410/10.2389(11.4778 10.00 11.50
80% fly ash| 6 [10.3167 .3235 1321 9.9772[10.6562 10.00 10.90
Total 54 [11.8796 1.0297 .1401{11.5986[12.1607 10.00 13.90
Bulk 0% flyash| 6 1.6417| 1.835E-02] 7.491E-03| 1.6224] 1.6609 1.61 1.66
density |10% fly ash| 6 1.8050] 4.637E-02| 1.893E-02| 1.7563| 1.8537 1.75 1.85
20% fly ash| 6 1.8267| 1.966E-02| 8.028E-03| 1.8060| 1.8473 1.80 1.85
30% fly ash[ 6 1.7633| 3.670E-02| 1.498E-02| 1.7248| 1.8018 1.70 1.81
40% fly ash| 6 1.7400] 1.789E-02| 7.303E-03| 1.7212| 1.7588 1.72 1.77
50% fly ash[ 6 1.7250] 1.049E-02| 4.282E-03| 1.7140| 1.7360 1.71 1.74
60% fly ash| 6 1.7267| 2.066E-02| 8.433E-03| 1.7050| 1.7483 1.70, 1.75
70% fly ash| 6 1.7217| 2.401E-02| 9.804E-03| 1.6965| 1.7469 1.70 1.76
80% fly ash| 6 1.7100] 2.098E-02| 8.563E-03] 1.6880| 1.7320 1.69) 1.75
Total 54 | 1.7400| 5.697E-02| 7.752E-03| 1.7245| 1.7555 1.61 1.85
Modulus of | 0% flyash | 6 [22.0667 1.9935 .8138|19.9746(24.1587 20.45 25.40
Rupture |10% fly ash|] 6 |23.0567 2.3255 .9494120.6162(25.4971 20.20 25.60
20% fly ash| 6 [26.5717 1.9199 .7838|24.5569(28.5865 24.40 28.72
30% fly ash| 6 |[21.6750 1.6947 .6918]19.8966(23.4534 19.64 24.44
40% fly ash| 6 [19.5067 1.2132 .4953|18.2335[20.7798 18.65 21.89
50% fly ash| 6 |18.4483 7470 .3050]17.6644{19.2323 17.66 19.86
60% fly ash| 6 |18.3517 1.1518 4702/17.1429(19.5604 17.09 19.88
70% fly ash| 6 |16.2483 1.1923 4868|14.9971{17.4996 15.06 17.95
80% fly ash| 6 |15.3650 1.1951 4879|14.1109[16.6191 13.33 16.64
Total 54 120.1433 3.6673 4991{19.1423[21.1443 13.33 28.72
Water [0% flyash| 6 [20.2600 .5305 .2166|19.7033(20.8167 19.31 20.67
absorption |10% fly ash| 6 [11.2317, .6949 .2837/10.5024{11.9610 10.34 12.24
20% fly ash| 6 |[10.7000 4830 .1972/10.1931{11.2069 10.05 11.31
30% fly ash| 6 |12.3250 .6281 2564/ 11.6658(12.9842 11.48 13.12
40% fly ash| 6 [13.6450 2209 9.018E-02(13.4132|13.8768 13.23 13.88
50% fly ash| 6 |15.1450 1.2197 .4980]13.8650[16.4250 13.54 16.75
60% fly ash| 6 |15.6750 4718 .1926]15.1798[16.1702 15.07 16.25
70% fly ash| 6 |19.5933 7180 .2931|18.8398(20.3469 18.45 20.56
80% fly ash| 6 [20.9817 1.0563 4312/19.8731{22.0902 19.82 22.76
Total 54 [15.5063 3.8124 .5188|14.4657/16.5469 10.05 22.76
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Factor Sum of Squares df Mean Square F Sig.
Firing  [Between Groups 48.438 8 6.055 35.115 .000
shrinkage [Within Groups 7.759 45 172
Total 56.198 53
Bulk density [Between Groups 142 8 1.769E-02 26.131 .000
Within Groups 3.047E-02 45 6.770E-04
Total 172 53
Modulus of |Between Groups 602.089 8 75.261 30.586 .000
Rupture  [Within Groups 110.730 45 2.461
Total 712.819 )
Water  [Between Groups 746.390 8 93.299 175.565 .000
absorption [Within Groups 23.914 45 531
Total 770.303 53
Duncan’s new multiple range test of firing shrinkage
Subset for alpha = .05
fly ash content N
1 3 4 5
80% fly ash 6 10.3167
70% fly ash 6 10.8583
60% fly ash 6 11.2667 11.2667
0% fly ash 6 11.5583
50% fly ash 6 11.6333
40% fly ash 6 12.5667
10% fly ash 6 12.6333
30% fly ash 6 12.6500
20% fly ash 6 13.4333
Sig. 1.000 .095 156 746 1.000
Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 6.000.
Duncan’s new multiple range test of bulk density
Subset for alpha = .05
fly ash content N 1 5 3 4
0% fly ash 6 1.6417
80% fly ash 6 1.7100
70% fly ash 6 1.7217
50% fly ash 6 1.7250
60% fly ash 6 1.7267
40% fly ash 6 1.7400 1.7400
30% fly ash 6 1.7633
10% fly ash 6 1.8050
20% fly ash 6 1.8267
Sig. 1.000 .080 127 .156

Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 6.000.
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Subset for alpha = .05
fly ash content N 1 > 3 1
80% fly ash 6 15.3650
70% fly ash 6 16.2483
60% fly ash 6 18.3517
50% fly ash 6 18.4483
40% fly ash 6 19.5067
30% fly ash 6 21.6750
0% fly ash 6 22.0667
10% fly ash 6 23.0567
20% fly ash 6 26.5717
Sig. 335 236 157 1.000
Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 6.000.
Duncan’s new multiple range test of water absorption
Subset for alpha = .05
fly ash content N
1 2 3 4 5 6
20% fly ash 6 10.7000
10% fly ash 6 11.2317
30% fly ash 6 12.3250
40% fly ash 6 13.6450
50% fly ash 6 15.1450
60% fly ash 6 15.6750
70% fly ash 6 19.5933
0% fly ash 6 20.2600 20.2600
80% fly ash 6 20.9817
Sig. 213 1.000 1.000 214 120 .093

Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 6.000.
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95% Confidence
Batch Std Interval for
Factor N | Mean L Std. Error Mean Minimum|{Maximum
Deviation

Clay type Fly ash Lower | Upper

(%) Bound | Bound
Firing | Kaolin 0 6| 9.1167 4247 1734 8.6710| 9.5624 8.46 9.54
shrinkage| Kaolin 10 6 [11.7967 2936, 1199 11.4885/12.1048 11.39 12.15
Kaolin 20 6 (13.2783 3229 .1318]12.9395/13.6172 12.85 13.81
Ballclay 0 6 (10.2950 .3346 .1366| 9.9439)10.6461 9.85 10.62
Ballclay 10 6 [11.6067 2928 .1195/11.2994(11.9139 11.39 12.08
Ballclay | 20 6 (12.3550 2913 .1189]12.0493|12.6607 12.08 12.85
Total 36(11.4081 1.4113 .2352/10.9305/11.8856 8.46 13.81
Reheat | Kaolin 0 41 6.3800 2712 .1356] 5.9485 6.8115 6.18 6.76
change | Kaolin 10 | 4| 5.6675 .1646| 8.230E-02| 5.4056 5.9294 5.56 5.91
Kaolin 20 |4 4.2250 2798 .1399| 3.7797 4.6703 3.97 4.62
Ballclay 0 4 9800, 4.163E-02| 2.082E-02] 1.0462[ .9138 -1.03 -93
Ballclay 10 |4 9075 2.872E-02] 1.436E-02] .9532[ .8618 -.95 -.89
Ballclay | 20 |4 7400 5.354E-02| 2.677E-02] .8252| .6548 -.79 -.68
Total 24| 2.2742) 3.2867 .6709] .8863| 3.6620 -1.03 6.76
Modulus | Kaolin 0 6 (26.3283 2.1102 .8615|24.1138|28.5429 23.20 29.21
of Kaolin 10 6 (31.1900 4.0841 1.6673|26.9040(35.4760 26.82 37.20
Rupture | Kaolin 20 6 [35.3483 4.6537 1.8999|30.4646(40.2321 30.30, 41.51
Ballclay 0 6 (26.8967 1.8910, .7720]24.9122|28.8812 24.12 28.78
Ballclay 10 6 (28.9033 4.1550 1.6963|24.5429|33.2638 24.38 35.03
Ballclay | 20 6 (31.3317 2.5541 1.0427|28.6514/34.0120 27.96 34.73
Total 36(29.9997 44318 .7386|28.5002|31.4992 23.20 41.51
Apparent| Kaolin 0 6 (43.5400; 1.3151 .5369|42.1599|44.9201 41.83 45.38
porosity | Kaolin 10 6 (33.1067 1.5158 .6188|31.5160(34.6974 30.36 34.39
Kaolin 20 6 [26.5633 1.1077 .4522125.4009|27.7258 25.17 27.83
Ballclay 0 6| 7.1017 .3627 1481 6.7210, 7.4823 6.59 7.59
Ballclay 10 6| 64517 .5253 2144 5.9004 7.0029 5.81 7.06
Ballclay | 20 6| 5.2850 4086, .1668| 4.8562| 5.7138 4.82 6.05
Total 36(20.3414 15.1541 2.5257|15.2140(25.4688 4.82 45.38
Apparent| Kaolin 0 6 | 2.9583| 3.817E-02| 1.558E-02] 2.9183| 2.9984 2.90, 3.00
specific | Kaolin 10 6| 2.6067] 6.976E-02| 2.848E-02| 2.5335| 2.6799 2.49 2.68
gravity | Kaolin 20 6 | 2.4483| 7.627E-02| 3.114E-02| 2.3683| 2.5284 2.38 2.59
Ballclay 0 6| 2.0100] 1.673E-02| 6.831E-03| 1.9924| 2.0276 1.98 2.03
Ballclay 10 6 | 2.0800] 3.162E-02| 1.291E-02| 2.0468 2.1132 2.05 2.14
Ballclay| 20 6| 2.1667] 1.966E-02| 8.028E-03| 2.1460| 2.1873 2.14 2.19
Total 36| 2.3783 .3400] 5.667E-02| 2.2633| 2.4934 1.98 3.00
Bulk | Kaolin 0 6| 1.6700] 1.897E-02| 7.746E-03| 1.6501| 1.6899 1.64 1.69
density | Kaolin 10 6| 1.7433| 1.366E-02| 5.578E-03| 1.7290| 1.7577 1.73 1.76
Kaolin 20 6| 1.7917| 1.472E-02| 6.009E-03| 1.7762| 1.8071 1.78 1.82
Ballclay 0 6 | 1.8683| 1.722E-02| 7.032E-03| 1.8503| 1.8864 1.84] 1.89
Ballclay 10 6| 1.9467| 2.875E-02| 1.174E-02| 1.9165| 1.9768 1.92 2.00,
Ballclay| 20 6 | 2.0500] 2.098E-02| 8.563E-03| 2.0280[ 2.0720 2.02 2.07
Total 36| 1.8450 .1300] 2.167E-02| 1.8010[ 1.8890 1.64] 2.07
Water | Kaolin 0 6 [26.0933 1.0795 .14407|24.9604|27.2262 24.79 27.69
absorption| Kaolin 10 6 (19.0067 7831 3197 18.1848|19.8285 17.56 19.60
Kaolin 20 6 (14.8433 .5535 .2260] 14.2625|15.4242 14.10 15.54
Ballclay 0 6| 3.8067 2034 8.305E-02| 3.5932 4.0202 3.50 4.09
Ballclay 10 6| 3.3033 .3036, .1240] 2.9847 3.6220 2.92 3.69
Ballclay| 20 6| 2.5767 .2205| 9.002E-02| 2.3453 2.8081 2.32 2.99
Total 36(11.6050 9.1494 1.5249| 8.5093|14.7007 2.32 27.69
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Source Type III Sum of df Mean Square F Sig.
Squares
Corrected Model 66.447 5 13.289 122.041 .000
Intercept 4685.174 1 4685.174 | 43025.575 .000
CLAY 4.225E-03 1 4.225E-03 .039 .845
CONTENT 59.615 2 29.808 273.735 .000
CLAY * CONTENT 6.827 2 3414 31.348 .000
Error 3.267 30 .109
Total 4754.888 36
Corrected Total 69.714 35
R Squared = .953 (Adjusted R Squared = .945)
Tests of Between-Subjects Effects
Dependent variable: reheat change
Source Type III Sum of df Mean Square F Sig.
Squares
Corrected Model 247.905 3 49.581 1613.699 .000
Intercept 124.124 1 124.124 4039.838 .000
CLAY 238.140 1 238.140 7750.692 .000
CONTENT 3.802 2 1.901 61.865 .000
CLAY * CONTENT 5.963 2 2.981 97.037 .000
Error .553 18 3.072E-02
Total 372.582 24
Corrected Total 248.458 23
R Squared =.998 (Adjusted R Squared = .997)
Tests of Between-Subjects Effects
Dependent variable: Modulus of Rupture
Source Type III Sum of df Mean Square F Sig.
Squares
Corrected Model 336.652 5 67.330 5.759 .001
Intercept 32399.400 1 32399.400 2771.034 .000
CLAY 32.890 1 32.890 2.813 .104
CONTENT 271.595 2 135.798 11.614 .000
CLAY * CONTENT 32.166 2 16.083 1.376 268
Error 350.765 30 11.692
Total 33086.817 36
Corrected Total 687.417 35

R Squared = .490 (Adjusted R Squared = .405)
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Source Type III Sum of df Mean Square F Sig.
Squares
Corrected Model 8008.500 5 1601.700 1648.836 .000
Intercept 14895.796 1 14895.796 | 15334.157 .000
CLAY 7118.578 1 7118.578 7328.067 .000
CONTENT 535.474 2 267.737 275.616 .000
CLAY * CONTENT 354.448 2 177.224 182.439 .000
Error 29.142 30 971
Total 22933.438 36
Corrected Total 8037.642 35
R Squared = .996 (Adjusted R Squared = .996)
Tests of Between-Subjects Effects
Dependent variable: Apparent specific gravity
Source Type III Sum of df Mean Square F Sig.
Squares
Corrected Model 3.977 3 795 345.700 .000
Intercept 203.633 1 203.633 88493.293 .000
CLAY 3.086 1 3.086 1341.038 .000
CONTENT 209 2 .105 45.482 .000
CLAY * CONTENT .682 2 341 148.248 .000
Error 6.903E-02 30 2.301E-03
Total 207.679 36
Corrected Total 4.047 35
R Squared = .983 (Adjusted R Squared = .980)
Tests of Between-Subjects Effects
Dependent variable: Bulk density
Source Type III Sum of df Mean Square F Sig.
Squares
Corrected Model .580 5 116 299.278 .000
Intercept 122.545 1 122.545 | 316018.367 .000
CLAY 436 1 436 1123.324 .000
CONTENT 138 2 6.901E-02 177.958 .000
CLAY * CONTENT 6.650E-03 2 3.325E-03 8.574 .001
Error 1.163E-02 30 3.878E-04
Total 123.137 36
Corrected Total 592 35

R Squared = .980 (Adjusted R Squared =.977)
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Source Type III Sum of df Mean Square F Sig.
Squares
Corrected Model 2918.555 5 583.711 1544.754 .000
Intercept 4848.337 1 4848.337 | 12830.814 .000
CLAY 2525.733 1 2525.733 6684.190 .000
CONTENT 237.271 2 118.635 313.961 .000
CLAY * CONTENT 155.551 2 77.776 205.828 .000
Error 11.336 30 378
Total 7778.227 36
Corrected Total 2929.891 35
R Squared =.996 (Adjusted R Squared = .995)
Duncan’s new multiple range test of firing shrinkage
Subset for alpha = .05
Batch N
1 2 3 4 5
kaolin + 0% fly ash 6 9.1167
ballclay + 0% fly ash 6 10.2950
ballclay + 10% fly ash 6 11.6067
kaolin + 10% fly ash 6 11.7967
ballclay + 20% fly ash 6 12.3550
kaolin +20% fly ash 6 13.2783
Sig. 1.000 1.000 327 1.000 1.000
Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 6.000.
Duncan’s new multiple range test of reheat change
Subset for alpha = .05
Batch N
1 2 3 4
Ballclay + 0% fly ash 4 .9800
Ballclay + 10% fly ash 4 9075
Ballclay + 20% fly ash 4 7400
kaolin + 20% fly ash 4 4.2250
kaolin + 10% fly ash 4 5.6675
kaolin + 0% fly ash 4 6.3800
Sig. .082 1.000 1.000 1.000

Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 4.000.
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Batch

z

Subset for alpha = .05

1

2

Kaolin + 0% fly ash
Ballclay + 0% fly ash
Ballclay + 10% fly ash
Kaolin + 10% fly ash
Ballclay + 20% fly ash
Kaolin + 20% fly ash

() ie) Wie)Nile) e o N

26.3283
26.8967
28.9033

28.9033
31.1900
31.3317

31.1900
31.3317
35.3483

Sig.

228

255

.054

Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 6.000.

Duncan’s new multiple range test of apparent porosity

Batch

z

Subset for alpha = .05

3 4

Ballclay + 20% fly ash
Ballclay + 10% fly ash
Ballclay + 0% fly ash
Kaolin + 20% fly ash
Kaolin + 10% fly ash
Kaolin + 0% fly ash

(o) Wie) W) Ne) e e

5.2850

6.4517
7.1017

26.5633
33.1067

43.5400

Sig.

1.000

262

1.000 1.000

1.000

Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 6.000.

Duncan’s new multiple range test of apparent specific gravity

Batch

Z

Subset for alpha = .05

3 4

Ballclay + 0% fly ash
Ballclay + 10% fly ash
Ballclay + 20% fly ash
kaolin + 20% fly ash
kaolin + 10% fly ash
kaolin + 0% fly ash

(o) o) e NN e e NN

2.0100

2.0800

2.1667
2.4483

2.6067

2.9583

Sig.

1.000

1.000

1.000 1.000 1

.000

1.000

Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 6.000.
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Duncan’s new multiple range test of bulk density

Batch

Z

Subset for alpha = .05

3

4

kaolin + 0% fly ash
kaolin + 10% fly ash
kaolin + 20% fly ash
ballclay + 0% fly ash
ballclay + 10% fly ash

[o)ie) i) NN o) e o N

1.6700

1.7433

1.7917

1.8683

1.9467

2.0500

ballclay + 20% fly ash
Sig.

1.000

1.000

1.000

1.000

1.000

1.000

Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 6.000.

Duncan’s new multiple range test of water absorption

Batch

Z

Subset for alpha = .05

2

3

Ballclay + 20% fly ash
Ballclay + 10% fly ash
Ballclay + 0% fly ash
kaolin + 20% fly ash
kaolin + 10% fly ash

AN & &N &

2.5767

3.3033
3.8067

14.8433

19.0067

26.0933

kaolin + 0% fly ash
Sig.

1.000

.166

1.000

1.000

1.000

Means for groups in homogeneous subsets are displayed. Uses Harmonic Mean Sample Size = 6.000.
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