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ABSTRACT 

The main goal of this project is to develop a bench-scale procedure to design and fabricate 
advanced brake and structural composite materials from Illinois coal combustion residues. 
During the first quarter of the project, the thrust of the work was directed towards setting 
up the experimental facilities and undertaking preliminary tests to gauge the ability of coal 
tar derived binder in fabricating the brake skeletons. In addition systematic scanning 
electron microscopy (SEM), differential scanning calorimetry @SC), and differential 
thermal analysis @TA) were conducted on PCC fly ash (Baldwin), fly ash (ADM), FBC 
fly ash, FBC spent bed bottom ash, bottom ash (ADM), and scrubber sludge residues to 
characterize their geometrical shape and thermal stability. The PCC fly ash particles being 
highly spherical in shape and thermally inert up to 1100°C will make an excellent raw 
material for our composites. This is born out by fabricating brake skeletons fi-om PCC fly 
ash colloids. Unlike the PCC fly ash and FBC fly ash, the scrubber sludge particles are not 
suitable hosts for our brake lining materials because of a whisker-like particle structure. 
Six different compositions of various combustion residues were tested in the fabrication of 
brake skeletons, and our tar derived binder shows great promise in the fabrication of 
composite materials. 
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EXECUTIVE SUMMARY 

This project seeks to make use of an advanced, integrated approach for the design and 
fabrication of brake and structural composite materials from coal combustion residues and 
coal gasification by-products. The composite materials, which will use significant amounts 
of combustion residues (20 to 50 wt %) and coal chars (10 to 30 wt %), not only will 
alleviate the disposal costs and the potential environmental damage costs associated with 
residues but will also convert residues into high value structural composite materials. 

During the &st quarter of the project, the thrust of the work was directed towards setting 
up the experimental facilities required to assemble brake and structural composite 
materials from the combustion residues and characterizing the raw materials, Le., the 
various combustion residues. To characterize the as-received PCC fly ash (Baldwin), fly 
ash (ADMJ, fluidized bed combustion (FBC) fly ash, FBC spent bed bottom ash, bottom 
ash (ADM), and scrubber sludge, they were subjected to scanning electron microscopy 
(SEM), differential scanning calorimetry (DSC), and differential thermal analysis (DTA) 
measurements. The DSC data were collected at 300 K (27°C) < T < 863 K (590"C), while 
DTA data were acquired at 3 10 K (50°C) < T < 1383 K (1 1 10OC). In addition, brake 
skeletons were hot pressed using various colloidal structures of combustion residues. The 
following is concluded: (a) The PCC fly ash particles are spherical in shape and range from 
0.2 pm to 15 pm. Because of their shape and since the particles are thermally inert up to 
1373 K (llOO"C), the PCC fly ash is an excellent raw material for our brake and 
structural composite materials. (b) The scrubber sludge particles, in general, have a shape 
which is whisker-like, and the particles are thermally unstable. Therefore, scrubber sludge 
particles are not suitable candidates for our brake lining material. Our attempt to form 
brake skeletons using only sludge particles, as expected, was not successfbl. However, 
our fabrication results do suggest that scrubber sludge particles, when used in moderation, 
have a role in the formation of ultralight composite materials. (c) The FBC fly ash and 
FBC spent bed bottom ash particles show a considerable amount of fbsion resulting in 
larger sized particles, Le., 100 pm to 750 pm. The thermal stability characteristics of FBC 
fly ash and spent bed bottom ash are such that they make these particles suitable raw 
materials for structural composites. However, before reaching a definite conclusion, 
additional experiments are required and are in progress. (d) The bottom ash particles 
contain a considerable amount of carbon and have a highly porous but glassy structure, 
thus, making the bottom ash particles an ideal filling material for our brake lining material 
and structural composites. (e) Our preliminary fabrication results indicate that our 
approach of first forming a colloidal structure of combustion residues will result in high 
strength and high conductivity materials. - ' 
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OBJECTIVES 

The main goal of this project is to develop a bench-scale procedure to design and fabricate 
advanced brake and structural composite materials from Illinois coal waste residues by 
utilizing the effective capability of fly ash and FBC residues to modify coal tar's 
thermosetting properties. The specific objectives of our project are: (1) to characterize 
both structural and thermal properties of various combustion residues and gasification 
residues from power plants using Illinois coals, (2) to evaluate how the glass transition 
temperature and the subsequent thermosetting behavior of processed coal tar are altered 
by additives such as fly ash residue and FBC residue, (3) to optimize the thermosetting 
properties of processed coal tars by altering the concentration and types of residue 
additives used such that the desired end product, Le., advanced brake and structural 
composite materials, is fabricated, (4) to identify and to optimize the engineering steps 
required to fabricate the high value, advanced brake composite materials, ( 5 )  to ascertain 
and to optimize the engineering conditions under which high value, advanced structural 
composite materials for the automotive industry could be fabricated from coal combustion 
residues, (6) to characterize the fabricated advanced brake and structural composite 
materials for their suitability and performance as brake and structural materials, and (7) to 
undertake a systematic, economic analysis of our process and to present comparisons with 
competitive products. 

In the first year of the project the thrust of the work is to be directed towards the first four 
listed objectives. To meet these goals four distinct tasks have been proposed. Task 1. 
Characterization of Coal Combustion Residues: The successfbl utilization of coal 
combustion and gasification residues in manufacturing advanced composite materials 
requires thorough physical and chemical characterization of these residues. Therefore, we 
will undertake systematic physical, chemical, and mineralogical analyses on fly ash, FBC, 
and bottom ash residues from power plants using Illinois coals. Based on the 
characterization data, we believe we will have enough information to decide which 
residues are more suitable than others in fabricating the composite materials and what their 
performance temperature range can be. Task 2. Alteration of Coal Tar's Thermal 
Properties: The processed coal tar obtained from gasification of Illinois coals displays a 
glass transition temperature at 268 K (- 5°C). Therefore, if tars' thermosetting properties 
are to be harnessed to fabricate composite materials, then the glass transition temperature 
must be raised from 268 (-5°C) to about 500 K (200°C). Hence, under this task, we will 
undertake extensive measurements, using various concentrations and combinations of 
FBC, fly ash, and bottom ash residues, to channel the thermosetting properties of coal tar. 
The glass transition temperatures along with possible curing reactions will be monitored, 
and if required, altered. We will use DSC and FTIR techniques for such measurements. 
Task 3. Optimization of Thermosetting Properties: Under this task we will attempt to 
optimize the thermosetting properties of processed coal tars in such a way that better 
bonding occurs between the tar and residue particles. As a first step colloidal structures 
will be formed using processed coal tar and different fractions of the coal combustion 
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residues. The concentrations of fly ash and FBC ash will be varied between 10 to 30 wt%. 
How the concentration of various residues affects the curing and thermosetting behavior 
will be mapped as hnctions of type and concentration of the residue. Task 4. 
Fabrication of Brake Composite Materials: With the characterization data from task 1 
and optimized thermosetting parameters ffom tasks 2 and 3 in hand, the brake composites 
will be fabricated under this task. The fly ash residue and FBC residue will be used as 
fillers along with iron particles. The surface altered particles will be hot pressed to form 
the basic, but machineable, brake skeletons. The skeleton will then be pyrolyzed under 
inert gas condition to drive off volatiles and to form the chemical bond between carbon 
and ash. If required, material will be densified using either coal tar or phenolic resin. The 
pyrolysis of the skeleton will be either accomplished in a high temperature furnace or by 
the microwave sintering technique. 

INTRODUCTION 

Massive quantities of inorganic residues are generated when coal is gasified or burned, and 
when flue gases are scrubbed of sulfur dioxide [l-61. According to Golden [3] of EPRI, 
the electric utiIities in the USA produce about 90 million tons of coal combustion ash 
residues annually. It is believed that a typical 800 Megawatt power plant consumes about 
7500 tons of coal and generates 1000 tons of fly and bottom ash per day [4]. The Federal 
Clean Air Act Amendments of 1990 mandate that sulhr emissions by coal-fired industry 
be significantly reduced by the year 2000. Illinois coals contain high sulfur. The sulfur is 
in the form of inorganic minerals (chiefly pyrite) and is also organically bound. Therefore, 
continuous utilization of midwest coal will require scrubbing which will hrther enlarge 
combustion residue production. It is estimated that by the turn of century about 200 
million tons of coal combustion residue will be produced annually. With the current cost 
of residue disposal expected to rapidly escalate from $lO/ton to $30/ton by the year 2000 
[2], the economic stakes for the coal utilization industry are substantial. Consequently, the 
technologies which can convert combustion residues into high value, but economically 
sound, materials are of utmost importance. Our proposed research of converting 
combustion residues into advanced brake and structural materials precisely does that. 

Our proposal seeks to make use of an advanced, integrated approach for the design and 
fabrication of brake and structural composite materials from coal waste residues and coal 
gasification by-products. The proposed research is significant since it seeks to exploit for 
the first time our recently discovered, unique ability to selectively manipulate the glass 
transition temperature of coal tars (from Illinois coals) by FBC and fly ash residues. The 
consequent thermosetting properties then can be altered in order to fabricate advanced 
brake and structural composite materials. The composite materials, which will use 
significant amounts of combustion residues (20 to 50 wt %) and coal chars (10 to 30 wt 
%), not only will alleviate the disposal costs and the potential environmental damage costs 
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associated with residues but will also convert residues into high value structural composite 
materials. 

EXPERIMENTAL TECHNIQUES 

Sanning: Electron Microscopic (SEW Measurements: Microscopic measurements were 
undertaken on combustion residues, obtained from the Mining Engineering (SIU-C) 
department's Combustion Residue Bank, to understand how the particle shapes and sizes 
would affect the composite material's mechanical properties. We collected SEM images 
on PCC fly ash, fly ash (ADM coal), FBC fly ash, FBC spent bed bottom ash, and bottom 
(ADM coal) ash. The SEM images were obtained using a Hitachi S-570 scanning electron 
microscope. The ash particles were first glued on a SEM high resolution stub. The ash 
samples were then heated at 333 K (60" C) for 24 hours. These steps were necessary to 
ensure that the ash particles would not detach from the stubs when under electron beam. 
It should be pointed out that the as-received scrubber sludge sample had a considerable 
amount of water, and the sample was dried under inert environment before its particles 
were glued to the high resolution stub. The ash particles were sputter coated with a 
400"A thin layer of gold to reduce sample charging. Generally, the SEM micrographs 
were collected using an accelerating voltage of 20 kV. However, a lower accelerating 
voltage, i.e., 10 kV, was used for FBC spent bed bottom ash and fly ash (ADM) coal to 
avoid excessive charging. The working distance used was in the range of 8 mm to 12 mm. 

Differential Scanning Calorimetry (D SC) Measurements: The thermal behavior of 
combustion residues and brake skeletons under pyrolytic conditions was recorded on a 
Perkin-Elmer DSC7 system, interfaced with a Perkin-Elmer 7700 computer. The DSC 
was calibrated for temperature and enthalpy. The temperature calibration was performed 
by the two-point method, using the melting transitions of indium (430 K or 157°C) and 
zinc (693 K or 420°C). The accuracy in temperature between 300 K and 693 K based on 
our calibration procedure, was estimated to be k- 1 K. The enthalpy calibration was 
performed using indium heat of fbsion as the standard. After the enthalpy calibration, the 
DSC data on zinc metal were re-recorded, and the observed enthalpy of the melting 
transition of zinc was consistent with the values reported in the literature. The conditions 
under which the instrument calibration was performed exactly matched the experimental 
run conditions, namely the scan rate of 20 Wmin (2O0C/min), nitrogen gas purge at 0.207 
MPa (30 psi) pressure. Also, during both calibration and heating runs, the dry box 
assembly over the sample head was flushed with nitrogen gas to maintain thermodynamic 
equilibrium. Aluminum sample pans, in an unsealed mode, generally were used to probe 
the thermal behavior of residues and brake skeletons. This was achieved by pushing 
down the top sample pan cover gently onto the bottom pan containing the sample. 
Typically 20 mg of sample were used for our DSC measurements. 
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Differential Thermal Analvsis IDTA) Measurements: The high temperature thermal 
characteristics of the combustion residues were obtained by using a Perkin-Elmer DTA 
system operating under nitrogen gas environment. The DTA data on the residues was 
obtained at 320 K - 1373 K (50°C - 1lOoOC) by inserting the ash sample in alumina 
ceramic cup holders and mounting the cups in the oven chamber. A scan rate of 10 Wmin 
(lO"C/min) was used to acquire the thermal data. 

Fabrication of Brake Skeletons : In addition to the characterization of the residues, efforts 
were also made this quarter to form brake skeletons using various combustion residues 
and Illinois coal gasification by-products. As a first step the Illinois coal tar was processed 
to enhance its ash wetting properties. A dilute solution of the processed coal tar was 
formed with tetrahydrofuran. This product henceforth will be called "Tar-THF solution". 
The PCC fly ash combustion residue particles were combined with Tar-THF solution to 
form a colloidal structure which ensured that the residue particles were thoroughly coated 
with tar. The tetahydrohran was recovered from the colloidal structure by rotary 
evaporation, and the tar coated particles were dried in air. The dried particles had the 
appearance of a fine powder. This powder will be classified as "MAL101" powder. A 
similar colloidal structure prepared with scrubber sludge particles will henceforth be 
referred to as "MAL201". The tar coated particles of the combustion residue were mixed 
with various ingredients as shown in Table 1. Mixtures listed in Table 1 were accurately 
weighed and were ground in a mortar. The ground sample was thoroughly mixed to 

TABLE 1 
Various Mixtures Used To Fabricate Brake Skeletons 

Sample No. Coated coal Asphaltene FBC Phenolic 
Particles Char Particles Resin 

MAL101 MALl01: 0% OYO 0% 0% 

MAL201 MAL20 1 : 0% 0% 0% 0% 

MAL102 MAL101:40 20% 0% 0% 0% 

MAL103 MAL101: 20% 0% 0% 0% 

MAL104 MAL101: 20% 22% 0% 0% 

MAL202 MAL201: 17% 17% 20% 13% 

100% 

100% 

%;MAL20 1 :4 

75% 

58% 

33% 
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ensure the best achievable homogeneous distribution of the particles. A one-inch diameter 
pellet die was prepared by applying a thin coating of a standard release agent. The die was 
cured at 200°C (473 K) for one hour and cooled to room temperature. The sample 
mixtures were poured into the die and pressed at a pressure of 2000 psi and a temperature 
of 200°C for one hour to form the brake skeletons. 

RESULTS AND DISCUSSION 

SEM Results: The SEM results obtained for various combustion residues are depicted in 
figures 1, 2, and 3. Figure 1 shows the micrograph of PCC fly ash and ADM's coal fly 
ash, while figure 2 represents typical micrographs obtained fiom FBC fly ash and FBC 
spent bed bottom ash. In figure 3 we portray the SEM data on ADM's coal bottom ash 
and scrubber sludge particle shape and size. The SEM results can be summarized as 
follows. (A) PCC FLY ASH: The PCC fly ash particles are mainly composed of 
spherically shaped particles whose size ranges fiom 0.2 pm to 15 pm. The spherical 
particles are usually hollow. It should be noted fiom figure 1 that small spherical particles 
of PCC fly ash are attached to bigger fly ash particles giving the appearance of 
agglomerates. Our SEM data on PCC fly ash show some irregularly shaped particles, but 
predominantly particles are spherical. Therefore, it is concluded that PCC fly ash particles 
are ideally suitable for the fabrication of composite materials. (B) FLY ASH (ADM 
COAL): The fly ash particles from the ADM coal show certain differences with respect to 
the PCC fly ash. Unlike PCC fly ash, ADM fly ash contains particles of 0.1 pm to 2 pm in 
size which have agglomerated to form larger particles of size 5 pm to 25 pm. In addition 
to the irregularly shaped agglomerates, the ADM fly ash contains some spherical particles 
of the size 10 pm as shown in figure 1. However, the concentration of the spherical 
particles is very small in ADM fly ash. (C) FBC FLY ASH: SEM micrographs of FBC fly 
ash particles show that this ash has small particles of the range 0.1 pm to 1 pm, which 
have fused together to form agglomerates of the size ranging fiom 2 pm to 100 pm. 
Because of the irregular shape of the agglomerates, the FBC fly ash may only be suitable 
as a filler material. (D) FBC SPENT BED BOTTOM ASH: The microscopic analysis of 
the FBC spent bed bottom ash shows three distinct types of particles in this ash material. 
The first type of particles have a smooth surface to which smaller particles (i.e., 2 pm - 10 
pm) are fused. These smooth particles lack any pore structure. The second type of 
particles shows varying shapes and sizes but is generally - 750 pm. The third type of 
particles in this ash has a glass-like structure. These particles have an extensive pore 
structure, as can be seen fiom figure 2, and their sizes range from 250 pm - 300 pm. (E) 
BOTTOM ASH (ADM COAL): As can be seen from figure 3, the bottom ash particles 
depict irregular shape and are considerably larger in size than other combustion residues. 
The particles have a glassy formation and are highly porous. In the bottom ash sample we 
observed particle sizes ranging from 50 pm to 500 pm. A closer examination of the large 
bottom ash particles shows that spherical particles of size 2 pm to 8 pm are fused on the 
surface of large, but irregularly shaped, bottom ash particles. Based on our SEM data, it 
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appears that bottom ash particles, because of their porous structure and high carbon 
content, will be suitable candidates as fillers for our proposed brake materials and 
structural composite materials. (F) SCRUBBER SLUDGE: Figure 3 reproduces the 
SEM micrograph of scrubber sludge particles. Generally, the sludge particles have 
whisker-like shape and range from 50 pm to 400 pm in length and are about 50 pm thick. 
In addition to the whisker-like particles, the sludge also has some agglomerated particles 
whose average size is about 100 pm. Because of the nature and shape of the particles, the 
sludge material is not a suitable material for our composites. 

DSC and DTA Results: Figure 4 shows the DSC curves obtained from PCC fly ash, fly 
ash (ADM coal), and bottom ash (ADM coal). The thermal behavior of Fl3C fly ash, FBC 
spent bed bottom ash, and scrubber sludge as determined by DSC is depicted in figure 5. 
The main thermal events observed from our DSC results are summarized in Table 2. The 
high temperature thermal stability of the combustion residues was ascertained by 

TABLE 2 
Summary of the Thermal Events of the Combustion Residues as Determined by DSC at 

300 K (30°C) - 853 K (580°C). 
Sample Thermal Temperature Area Under % Weight 

Event o(> the Peak Loss 

PCC Fly Ash 
(Baldwin) 

Slope Change 
Slope Change 

457 
69 1 

4.4 

Fly Ash 
W M )  

Endothermic 743 2562 3.7 

Bottom Ash 
P M )  

Slope Change 
Slope Change 

545 
680 

7.4 

FBC Fly Ash 
(DM) 

Exothermic 
Endothermic 

536 
700 

- 
257 

2.7 

FBC Spent 
Bed Bottom 
Ash (ADM) 

Exothermic 
Endothermic 

536 
700 

- 
3 09 

1 .o 

Endothermic 
Endothermic 
Ex0 thermic 

414 
449 
653 

3 88 
699 

96 

17.2 Scrubber 
Sludge 
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collecting DTA data at 323 K (50°C) - 1373 K (1 100°C). We summarize our DTA results 
in Table 3. The typical DTA curves obtained from the combustion residues are shown in 
figures 6 and 7. The DSC and DTA data presented in Tables 2 and 3 can be summarized 
as follows: (a) The PCC fly ash contains moisture which is evolved on heating the ash at 
428 K (155OC) and 458 K (185°C). Besides these two minor reactions, the PCC fly ash 
remains thermally inert, thus it is an excellent candidate for the fabrication of brake and 
structural composite materials. (b) The fly ash (ADM) coal shows one minor and three 
major thermal event, i.e., 473 K (200°C), 710 K (437"C), 1019 K (746"C), and 1253 K 

TABLE 3 
The Thermal Characteristics of the Combustion Residues as determined by DTA. 

Sample Peak Begins Peal Ends Peak 

00 
(K) 00 Temperature 

PCC Fly Ash 
(Baldwin) 

428 
45 8 

Fly Ash 
(ADM) 

43 1 
63 9 
875 

1059 

574 
776 

1059 
1213 

473 
710 
1019 
1253 

77 Bottom Ash 
W M )  

FBC Fly Ash 
W M )  

FBC Spent Bed 
Bottom Ash 
W W  

Scrubber 
Sludge 

859 956 
683 
924 

62 1 
888 

463 
617 

369 
62 1 

815 
1002 

711 
947 

518 
764 

478 
715 

548 
766 

453 
653 
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. .  

(941°C). The minor thermal event at 473 K can be associated with the decomposition of 
the hydrates. The thermal reactions at 710 K, 1019 K, and 1253 K indicate the 
decomposition of siderite (FeCO,), dolomite (CaMg(CO,)), and ankerite ((Mg,Fe)- 
Ca(CO,)), respectively. Unless the fly ash (ADM) particles are heated at 1273 K (1000°C) 
prior to the fabrication of the composite materials, this ash is not a suitable raw material 
for those composites which will be exposed to high temperatures. (c) The bottom ash 
(ADM) depicts a major thermal event at 924 K (651°C). Notwithstanding the fact that at 
present we do not understand the mechanism of this thermal reaction, the thermal 
characteristics of the bottom ash when combined with the structural properties make this 
ash to be an excellent raw material for our composites. (d) It should be noted from Tables 
2 and 3 that the FBC fly ash (ADM) and Fl3C spent bed bottom ash appear to have similar 
thermal behavior, Le., thermal decomposition reaction at 715 K (442°C) which can be 
associated with the decomposition of dolomite. The additional thermal event at 947 K 
(674°C) for FBC fly ash suggests the presence of ankerite. Based on our DSC and DTA 
results, we conclude that FBC fly ash and FBC spent bed bottom ash are suitable raw 
materials for our composites. (e) The DSC and DTA data fiom the scrubber sludge show 
a strong endothermic peak at 453 K (180°C) and a weak exothermic peak at 653 K 
(380°C). The endothermic peak at 453 K suggests the dehydration of the gypsum, i.e., 

CaS0,.2&O -+ CaSO, + 2€40 (vapor). 

The exothermic reaction observed at 653 K can be attributed to the decomposition of the 
hemihydrate, i.e. , 

CaSO,.CaSO,. 1/2€4,0+ CaSO,.CaSO,+ 1/2&O(vapor). 

As discussed in the SEM results section, the scrubber sludge particles are not suitable can- 
didates for our structural or brake lining materials. The thermal data hrther reinforce our 
belief 

Brake Skeletons: The very preliminary brake skeletons formed using different 
components of the combustion residues, listed in Table 1, show that while pure colloidal 
particles of scrubber sludge are not suitable for the brake material the pure PCC fly ash 
colloidal particles show great promise. In addition, ultralight structural composites can be 
formed using the composition MAL202. We also examined the thermal character of 
MAL202 using a combination of TGA and optical techniques. W 2 0 2  was cut into 
three pieces using a water-cooled diamond saw. One piece was placed on the 
microbalance pan within our TGA equipment. This piece was heated in flowing dry 
nitrogen gas at a rate of 3"C/min from room temperature to 350°C and held there for two 
hours before hrnace cooling to room temperature. A second piece was heat treated in a 
similar manner as the first with the exception that it was heated at a rate of 5"C/min to 
580°C. During this cycle a weight loss of approximately 18% occurred. The pieces 
heated to 350°C and 580°C were then prepared for optical examination under a polarized 
light microscope. The pieces were mounted in a clear resin and subsequently polished 
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with suspended diamond particles. In the final polishing step, a 0.3 pm alumina particle 
suspension was used. The surfaces were rinsed with methanol and allowed to dry. The 
optical micrographs (shown in figure 8) labeled 02-204 and 02-209 were taken at a 
magmfication of 400x of the pieces heated to 580°C and 350"C, respectively. Both 
micrographs show an inhomogenous distribution of particles within a quasi-isotropic 
matrix. There appears to be some difference in the matrix material of the two pieces, 
however. In the piece treated at 350"C, the matrix appears to be made up of small 
domains of material which coalesce into larger domains on heat treatment to 580°C. 

CONCLUSIONS AND RECOMMENDATIONS 

During the first quarter of the project, the thrust of the work was directed towards setting 
up the experimental facilities required to assemble brake and structural composite 
materials from the combustion residues and characterizing the raw materials, i.e., the 
various combustion residues. Based on the SEM and thermal @SC and DTA) 
experiments, undertaken on combustion residues and brake skeletons formed, the 
following was concluded: (a) The PCC fly ash particles are spherical in shape and range 
from 0.2 pm to 15 pm. Because of their shape and since the particles are thermally inert 
up to 1373 K (1 100°C), this makes the PCC fly ash an excellent raw material for our brake 
and structural composite materials. (b) The scrubber sludge particles, in general, have a 
shape which is whisker-like, and the particles are thermally unstable. Therefore, scrubber 
sludge particles are not suitable candidates for our brake lining material. Our attempt to 
form brake skeletons using only sludge particles, as expected, was not successful. 
However, our fabrication results do suggest that scrubber sludge particles, when used in 
moderation, have a role in the formation of ultralight composite materials. (c) The FBC fly 
ash and FBC spent bed bottom ash particles show a considerable amount of fusion 
resulting in larger sized particles, Le., 100 pm to 750 pm. The thermal stability 
characteristics of FBC fly ash and spent bed bottom ash are such that they make these 
particles suitable raw materials for structural composites. However, before reaching a 
definite conclusion, additional experiments are required and are in progress. (d) The 
bottom ash particles contain a considerable amount of carbon and have a highly porous 
but glassy structure, thus, making the bottom ash particles an ideal filling material for our 
brake lining material and structural composites. (e) Our preliminary fabrication results 
indicate that our approach of first forming a colloidal structure of combustion residues will 
result in high strength and high conductivity materials. 
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