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ABSTRACT 
 

The objective of the project was to utilize fly ash, produced by burning Illinois basin coal, 
to produce high strength, lightweight building materials.  The desire was to produce a 
profitable, high value added, environmentally responsible application for large quantities 
of Illinois fly ash.  The approach was to produce thin-walled honeycomb structures by 
plasticizing the fly ash with the addition of ~20% water and small amounts of water 
soluble polymer or inorganic plasticizer, and extruding the resultant material through an 
appropriate die to form the honeycomb.  The maximum strength to weight ratio would be 
obtained by total removal of pores from the solid.  For a given strength to density ratio, 
any density can, in principle, be obtained by varying the ratio of the thickness of the solid 
walls to the width of the open channels in the honeycomb structure.  The extruded 
honeycomb was solidified or cured by hydration in high pressure steam (autoclaving).  
Processing additives included Portland cement, lime, and/or silica fume to promote 
hydrothermal reaction. Based on previous work, a composition of 60% by weight of Class 
F fly ash and 40% by weight of Type I Portland Cement formed the base composition.  
Modifications consisted of substituting silica fume for a portion of the fly ash and/or lime 
or high calcia FBC ash for a portion of the Portland Cement.  Most of the mechanical 
testing was done on one inch square honeycombs with 1/16 inch nominal wall thickness.   
 
Compressive strengths of fly ash based honeycombs have been consistently shown to 
depend exponentially on the density of the honeycomb walls.  Three approaches to 
decreasing the porosity of the honeycomb walls were pursued in this year’s work:  a.) 
decreasing the water content necessary for plasticizing the composition through high 
shear mixing on the two-roll mill, thereby decreasing the potential pore volume on 
reacting the water;  b.) the addition of fine particle silica fume to improve particle 
packing in the green state, filling the interstices between fly ash and cement particles; c.) 
replacing the organic plasticizer with inorganic materials which could be incorporated 
into the final body, obviating the need for removal of the water soluble polymer and the 
resultant porosity left behind, and; d.)  carbonation of the hydrated body to fill the pores 
with carbonation reaction product.  All of these approaches met with varying degrees of 
success.  The increase in density with the addition of silica fume was particularly striking.  
Porosities of less that 7 vol. % were attained utilizing silica fume, but little concomitant 
increase in strength was observed.  Scanning electron microscopy of fracture surfaces 
indicated that the fracture mechanism went from transgranular to intergranular with the 
addition of more than a few percent silica fume.  The available lime in the Portland 
cement was apparently consumed by the added silica fume, thus decreasing the 
interparticle bonding and weakening the final structure. 



EXECUTIVE SUMMARY 
 

The ultimate goal of this research effort was to utilize ash from coal fired power plants in 
Illinois to produce strong, lightweight construction components by the extrusion of 
honeycomb structures from plasticized powders of ash and other additives.  This work 
was restricted to "fly" ash as opposed to bottom ash or other forms of combustion 
residues.  The idea was to utilize those combustion by-products which require a minimum 
of preliminary processing, such as grinding or ball-milling, to produce a suitable starting 
material.    

Objectives: 

 

The Illinois Power (IP) generating station at Wood River Illinois burns pulverized coal 
(PC) in a conventional burner.  The PC combustion results in a typical class F (low 
calcia) fly ash.  Table 1 shows the average chemical analyses, converted to equivalent 
oxide fractions,  of various ashes, as determined by x-ray fluorescence.  The column 
labeled IP(nom.) is the nominal composition of the ash quoted by Illinois Power.  
Columns labeled IP1 and IP2 are analyses performed as part of this study on the 
composition of two different batches of ash from the Illinois Power station at Wood 
River.  The column labeled ADM gives the analyses of the ash from the ADM fluidized 
bed combustor in Decatur, Illinois.  Also included in Table 1 is the composition of a 
typical Class C fly ash, from the White Bluff Steam Electric Station in Arkansas, as 
measured in this laboratory in a previous project. 

Ash character ization : 

 
Table 1.  Chemical analysis of "as received" fly ash 
 

Oxide IP(nom.) IP1 IP2 ADM Class C 
Silicon Dioxide, SiO2 57.90 45.68 50.89 17.62 32.99 
Aluminum Oxide, Al2O3 29.68 26.31 24.66 5.65 19.10 
Iron Oxide, Fe2O3 4.87 7.54 11.89 5.60 8.01 
Calcium Oxide, CaO 1.75 7.89 1.92 36.69 25.74 
Magnesium Oxide, MgO 0.81 2.07 1.04 13.89 5.04 
Potassium Oxide, K2O 1.75 0.93 2.40 0.91 0.46 
Sodium Oxide, Na2O 0.65 1.45 2.31 0.50 2.08 
Titanium Dioxide, TiO2 1.67 1.43 1.42 0.31 1.47 
Phosphorus Pentoxide, P2O5 0.29 1.66 0.28 0.14 1.16 
Manganese Oxide, MnO 0.07 0.02 0.02 0.069 0.02 
Strontium Oxide, SrO 0.23 0.27  0.04 0.28 
Barium Oxide, BaO 0.25 0.49  0.04 0.73 
Sulfur Trioxide, SO3 0.08 0.66 0.34 18.55 2.13 
Loss on Ignition (1000°C)  3.34 2.34  0.20 
Total 100.00 99.74 99.51  99.41 
H2O (110°C)  <0.1 0.06  0.08 

  Note:  weight % ignited basis 
 
The major compositional difference between the two lots of IP ash in Table 1 was the 
factor of 4 difference in the calcia content.  The other notable difference is that there was 
50% more iron in IP2 than in IP1.  The iron content is  notably high in both.  The acidity 
of the two IP batches of fly ash differed markedly.  The initial pH of batch IP1 with 100 g 
of fly ash added to 100 ml of deionized water was 12.26 and relatively constant out to 7 
days.  The corresponding initial pH of batch IP2 was as low as 3.32 and increased to 8.41 
after 7 days in the deionized water.  For comparison, the ADM fly ash exhibited a pH 



very close to that of the IP1 fly ash.  The class C fly ash from the White Bluff steam 
electric station also exhibited a pH of nearly 12, virtually constant over several days. 
 

Since a major part of the load which a building must support is its own weight, the re-
duction in weight of the building material would be reflected in less massive, less expen-
sive construction.  Also, since a major part of the cost of construction is labor, reducing 
the weight of the material of construction would reduce the labor of construction and 
another major savings would be realized.  Decreasing the density of a ceramic component 
necessarily involves incorporating open volume into the body. This might be 
accomplished by increasing the porosity of the ceramic body.  The problem is that 
ceramic materials invariably exhibit an exponential decrease in strength with porosity 
when the porosity is randomly distributed throughout the material.  The extrusion of a 
thin-walled ceramic honeycomb, similar to the exhaust catalyst carrier in the automotive 
industry, provides an ideal structure for high strength lightweight materials with superior 
thermal and acoustic insulation values.  The density of the building component will 
depend upon the relative widths of solid walls and open channels in the honeycomb 
structure, which are controlled by the die design – the thinner the walls, the lighter the 
weight.  The strength of the honeycomb will scale linearly with this bulk density, but will 
depend upon maximizing the density of the honeycomb walls. The lower limit of the 
honeycomb wall thickness which can be designed into the die is determined by the 
maximum particle size in the powder to be extruded. 

Forming processes: 

 

The plasticizers and/or binders added to the starting composition imparted the plasticity 
and green strength necessary to extrude complex shapes from fly ash powders.  The 
plasticizer consisted of 1-5% (by weight) of water soluble polymer such as methyl 
cellulose, or up to 2.5% by weight of bentonite (the mineral montmorillonite), added to 
the powder. The polymers were also observed to act as water reducers and retardants in 
fly ash compositions containing Portland Cement.  Plasticizer compositions based on 
hydroxyethyl cellulose (HEC) were clearly less retarding to the hydration reaction than 
earlier methyl cellulose based composition.  Extrusion of thinner walled honeycombs was 
more difficult with the HEC compositions, however, because of the lower stiffness of the 
green body.  Fly ash-Portland cement compositions were readily extruded using 
bentonite, but the thinner walled configuration was not attempted. 

Plasticizers: 

 

Ordinary Type I Portland Cement (OPC) was added to fly ash compositions, typically in 
amounts 40% to promote cementitious or pozzolanic bonding during hydrothermal 
processing in an autoclave.  Honeycombs containing 40% Portland Cement were 
autoclaved at 180°C for times of 1 to 24 hours.  Prehydration of honeycombs to be 
hydrothermally processed in the autoclave made them easier to handle without fracture.  
It was also shown to enhance the subsequent crushing strength achieved upon 
autoclaving.  Prehydration of 24 hours in a moist atmosphere at 60°C before autoclaving 
was ultimately chosen as part of the standard curing process.  

Cur ing Processes: 

 

Table 2 reiterates the comparison previously presented of compressive strength and 
density measured on extruded honeycombs to values obtained for typical construction 
materials.  The materials are listed in order of increasing strength to density ratio, 
normalized to unity for construction grade pine lumber.   

Per formance Results: 



Table 2.  Strength/Density Comparison with Typical Construction Materials 
 

 
 

Material 

Bulk 
Density 
(gm/cc) 

Compressive 
Strength 

(MPa)              (psi) 

Normalized 
Strength/Density 

Ratio 
 

Aerated 
Concrete 

 
0.69 

 
  4.4                  640 

 
0.10 

 
Concrete 

 
2.2 

 
   35                 5100 

    
0.25 

 
Clay Brick 

 
2.3 

 
    45                 6500 

 
0.31 

 
Steel 

 
7.8 

 
   455               66000 

 
0.91 

 
Pine 

 
0.48 

 
    30                 4350 

 
1.00 

 
Autoclaved 
Honeycomb 

 
 

1.13 

 
       

     95                14000 

 
 

1.36 
 

Fired 
Honeycomb 

 
 

1.32 

 
     

   155                22500 

 
 

1.89 
 
The autoclaved honeycomb in Table 2 was composed of 60% by weight IP2 fly ash and 
40% OPC.  It was prehydrated for 24 hours at 60°C and autoclaved for 12 hours at 
180°C.  Change of dimension on curing was negligible for the autoclaved honeycomb.  
Wall porosities, determined from mercury intrusion porosimetry, was about 25% by 
volume.  For a given wall density, the strength would vary linearly with the fractional 
cross sectional area of the walls, as would the bulk density.  To a first approximation, 
therefore, the strength to density ratio would be independent of bulk density.  In principle, 
any desired bulk density could be achieved while maintaining the same strength to 
density ratio by simply varying the die design.  An autoclaved honeycomb with the same 
density as pine (0.48 gm/cc) would therefore be expected to have a 36% greater 
compressive strength than pine (5900 psi) from Table 2.  By increasing the wall density, 
even more impressive strength to weight gains should be achieved. 
 

Three approaches to decreasing the porosity of the honeycomb walls were pursued:  a.) 
high shear mixing on a twin-roll mill to decrease the water content necessary to plasticize 
the composition, thereby decreasing the potential pore volume on removing the water;  b.) 
the addition of silica fume to improve particle packing in the green state, filling the 
interstices between fly ash and cement particles; c.) replacing the organic plasticizer with 
inorganic materials which could be incorporated into the final body, obviating the need 
for removal of the water soluble polymer and the resultant porosity left behind, and;  d.)  
carbonation of the hydrated body to fill the pores with carbonation reaction product.  
Table 3 shows typical results of each of these initiatives.  The standard batch corresponds 
to the composition and processing of the autoclaved sample in Table 2, plasticized with 
5% by weight of the standard combo organic binder.  The high shear mixing results are 
for the same composition with the water requirement reduced from 35 to 28% by volume 
through the high shear mixing operation.  The carbonated sample corresponded to the 
standard batch subjected to 500 psi CO2 pressure for 24 hours.  The silica fume addition 
consisted of replacing 10% of the fly ash with silica fume combined with the high shear 

Densification Results: 



mixing.  In the bentonite and silica fume sample the organic binder in the silica fume 
addition sample was replaced by 2 weight % bentonite. 
 
Table 3. Density Increases Achieved with Various Process Modifications and Additives. 
 
Process Modifications and Additives Porosity (Volume %) 
Standard Batch 24 
High Shear Mixing 18 
Carbonation 14 
Silica Fume Addition 7 
Bentonite and Silica Fume 4 
 
The increase in strength predicted by the marked decrease in porosity of the final three 
samples has not yet been realized.  The carbonated samples formed microcracks on 
carbonation, drastically reducing the observed strength.  The dense samples formed by 
silica fume additions fractured with an intergranular fracture path, indicating that the 
bonding between fly ash particles was degraded, presumably through competition of the 
silica for the pozzolanic lime in the Portland cement.  Honeycombs plasticized with 
bentonite also showed extensive cracking after autoclaving.  The latter samples were not 
cracked after prehydration at 60°C in moist air, suggesting that process modifications 
might alleviate this cracking problem. 
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OBJECTIVES 
 

It was the long range objective of this project to utilize fly ash from Illinois coal burning 
power plants in the manufacture of lightweight construction materials.  To achieve this 
goal, selected processing methods of advanced ceramics and advanced cement based 
materials were adapted to the fabrication of building components from fly ash.  Chief 
among these advanced processing methods was the extrusion of fine honeycomb 
structures.  This extrusion technology has been developed in the automotive industry for 
the production of cordierite catalyst carriers. While thermal shock resistance and high 
surface area are the principal concerns for automotive exhaust catalyst carriers, high 
strength, low weight and high insulating value would be of primary interest in 
construction materials.  The strength of a honeycomb structure would be maximized by 
maximizing the wall density.  Maximum dispersion of binders and bond forming 
components and minimum water content have been shown to be the keys to minimizing 
strength reducing defects in advanced cement based materials.  Advanced cement based 
materials processing principles, such as densification by fine particles, high shear mixing, 
and water reducing additives have been utilized where appropriate. 
 
Building components envisioned may range from brick size blocks to 4'x8' panels, as well 
as a variety of posts and other configurations; however, the size of components which 
could be produced in this study was limited by the extrusion equipment available to a 
cross section of about 12 square inches.  The benchmark performance attributes 
established for the project were 50 MPa crushing strength for a bulk density of 0.5 gm/cc, 
which is the approximate crushing strength of normal clay brick with 25% of the weight.  
Since a major part of the load which a building must  support is its own weight, the 
reduction in weight of the building material would be reflected in less massive, less 
expensive construction.  Since a major part of the cost of construction is labor, reducing 
the weight of the material of construction reduces the labor of construction and another 
major savings would be realized. 
 
In this project, a quality product, with high value added, was the goal, not simply a place 
to dump an unwanted waste product.  Fly ash was seen as a valuable raw material, with 
special characteristics which would be very costly to produce if it were not a by-product 
of the coal burning process.  Chief among its advantages is the fact that it is already in 
fine powder form, ready for utilization with a minimum of preliminary powder 
preparation.  With an annual production of over 50 million tons of fly ash each year, there 
is significant incentive to find a profitable use, and sufficient supply to make a significant 
contribution to the construction materials industry. 
 
Efforts in the project were directed towards Illinois Basin coal and Illinois coal burning 
utilities.  To this end, fly ash has been obtained from the Wood River power station of 
Illinois Power and the fluidized bed power station of Archer Daniels Midland in Decatur, 
Illinois.  Five tasks have been carried out to meet the objectives of this research project: 
 
1. Characterization of raw and processed materials. 
2. Study of batch rheology and extrusion parameters. 
3. Design and fabrication of dies for the extrusion of honeycomb structures. 
4. Optimization of solids composition and water/solids ratio for hydrothermal 

processing and carbonation. 
5. Optimization of binder concentration and composition for hydrothermal processing 

and carbonation. 
6. Measurement and correlation of macrostructure, microstructure and properties. 
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INTRODUCTION AND BACKGROUND 
 
Fly Ash 
The term fly ash is used to describe the fine particulate material that is mechanically or 
electrostatically precipitated from the stack gases of power plants burning powdered coal.  
The chemical composition of fly ash varies greatly and is a function of the types and rela-
tive amounts of noncombustible matter contained in the particular coal.  Most fly ashes 
are composed of greater than 85 wt% of crystalline compounds and glass formed from the 
oxides of silicon, aluminum, calcium, iron and magnesium.  Class F fly ashes are low 
calcium ashes formed by the combustion of anthracite or bituminous coal.  Class C fly 
ashes are high calcium ashes formed from lignite or sub-bituminous coals.  Essentially all 
fly ashes are pozzolanic in that they contain amorphous aluminosilicates that in the pres-
ence of water will react with calcium ions to form calcium silicate hydrates1,2.  Class C 
ashes also exhibit cementitious properties due to the presence of some free calcia and ce-
ment minerals such as tricalcium aluminate and β-dicalcium silicate. 
 
The annual U. S. production of fly ash is about 50 million tons, of which about 20% is 
productively utilized and the rest is disposed.  About 5.5 million tons are used by the ce-
ment and concrete industry as pozzolanic additives to Portland Cement, but only about 
25% of the fly ash produced satisfies ASTM standard C618-93 for pozzolanic additions 
to cement.   About 3 million tons are used by the transportation industry3 for projects 
such as road bed stabilization. 
 
Construction Mater ials 
Construction materials as represented by the concrete and road building industries already 
represents the largest use of fly ash.  The shear volume of the product produced requires a 
high volume application such as construction materials.  The key here is to expand the 
uses of fly ash in construction materials.  To do this requires optimizing processes to 
make the best use of the material and to outperform existing materials at a competitive 
price.  Representative handbook values of density and strength for selected construction 
materials were presented in Table 2.  Surpassing these properties was a primary goal of 
the research. 
 

   
o

Pe

Extruded Honeycomb Structures 
Since the density of silicates is largely dominated by the silica network, which is the 
lightest component,  achieving densities less than about 2.3 gm/cc in a silica rich  
composition such as fly ash or Portland Cement can only be achieved by incorporating 
open space in the structure.  The most intuitively obvious way of accomplishing this is to 
increase the porosity of the final body.  The difficulty is that the strength of a ceramic 
body decreases exponentially with porosity according to the Ryshkewitch equation4,5: 
 
  (1) 
 
where σo is the theoretical, pore-free strength of the material, P is the fractional porosity 
and β is an empirical constant for the material.  For fly ash bodies the constants have been 
determined to be σo = 615 MPa and β = 6.66,7.  The measured pycnometric density of IP 
Class F fly ash was 2.33 gm/cc.  At a bulk density of 0.69 gm/cc, a porous fly ash body 
would be predicted to have a strength of 840 psi, only marginally better than the 640 psi 
reported for the aerated concrete of that density listed in Table 2. 
 
In the last two decades, the art of extruding ceramic shapes has been refined dramatically, 
with a major emphasis on the development of honeycomb structures for automotive ex-
haust catalyst carriers.  Lightweight materials with "cellular" microstructures are widely 
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studied for structural applications.  The concept is as old as construction materials, and 
has been practiced in crude form for more than a century in the manufacture of extruded 
ceramic building tiles, bricks and concrete blocks.  Gibson and Ashby8 have recently 
restricted the definition of cellular solids to those composed of an interconnected network 
of solid struts or plates that form the edges and face of cells.  The cell volume fraction or 
pore fraction of true cellular solids is considered to be ≥0.7.  The most important property 
of a cellular solid is its relative bulk density, D, which is defined as the ratio of the bulk 
density of the cellular solid, ρs, to the bulk density of the cell walls, ρw.  Since the density 
of air is negligible, the relative density is also equal to the volume fraction, Vw, of the 
bulk occupied by the solid material comprising the walls.   This is also equal to the area 
fraction of the walls, Aw, in cross section. 

 
Rewriting equation (1) for a honeycomb structure, the theoretical strength will be 
multiplied by the area fraction of the solid walls in cross section and the porosity in the 
equation will be replaced by the porosity within the solid walls: 
 
    A ew o

Pw  (2) 
 
Defining a macroscopic bulk density of the honeycomb structure, ρb, as the weight of the 
honeycomb divided by its total volume, the area fraction of the walls perpendicular to the 
extrusion direction can be expressed as the ratio of this bulk density to the density of the 
walls, ρw.  The pore fraction in the walls can be expressed in terms of the ratio of the 
wall density to the theoretical density of the wall material, ρo.  Dividing both sides by ρb 
and rearranging terms slightly, equation (2) may be written as: 
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ρ
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ρ

β
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o
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−
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             (3) 

 
In this form equation (3) illustrates that the actual macroscopic strength to density ratio in 
a honeycomb structure is reduced from the theoretical maximum value by an attenuation 
factor which depends only on the empirical constant β and the porosity of the walls. The 
basic applicability of equation (3) to fired as well as autoclaved honeycombs has been 
confirmed many times over in this project. 

 
Achieving a given macroscopic density requires fabricating honeycombs with specific 
numbers of channels and wall thicknesses.  Assuming square channels of side d with wall 
thickness t, the relationship between honeycomb dimensional parameters and 
macroscopic bulk density may be written: 
 
 

t
d n b

w

1 1 1

1
1+





=
−

−
ρ
ρ

     (4) 

   
 

where n is the total number of channels in the sample being tested. 
 
The conclusion to be drawn from the preceding analysis is that the basic requirements for 
achieving high strength lightweight honeycomb structures are to develop the extrusion 
process to produce honeycombs with dense, thin walls, and to develop the solidification 
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process to further enhance the wall density in the final structure.  Extrusion parameters, 
such as pressure and extrusion rate, affect the green density of the extruded body, which 
will be reflected in the final solidified product. Similarly, plasticizers, water and 
lubricants may be transient components of the green body.  In leaving the body during 
drying they leave behind void spaces in the structure which can affect the ultimate den-
sity.  The relative fractions of these components added to promote extrudibility is ex-
pected to affect the ultimate wall density of the honeycomb structure, and thus the ulti-
mate strength.  Porosity in the green extruded body may be filled during solidification by 
filling the pores with reaction products during autoclaving.  Residual plasticizer and 
binder in autoclaved bodies will affect both density and the hydration reaction. 
 
Hydrothermal Processing of Fly Ash 
The principles of hydrothermal processing which apply to fly ash are based on manufac-
turing principles for lightweight aerated concrete and, to a lesser extent, sand-lime bricks.  
In the manufacture of aerated concrete the siliceous material must be very fine to promote 
the reaction, and when sand is used, must first be ball-milled to the required degree of 
fineness.  In the U.K., many of the aerated concrete manufacturers use pulverized-coal 
ash, which requires no grinding.  Aerated concrete can be made with either Portland ce-
ment or lime as the binder.  With Portland cement, significant strength is achieved by the 
normal hydration reaction at room temperature and autoclaving serves to enhance the 
strength.  With lime as the binding phase, autoclaving is essential to the attainment of any 
significant strength.  After autoclaving, the reaction product responsible for the strength 
of the bond is largely tobermorite (monocalcium silicate hydrate, CaO•SiO2•xH2O), 
whether cement or lime is used as the binder.  The following reactions show how 
tobermorite is formed from either slaked lime or the principal components of Portland 
cement. 
 
Slaked lime: 
 Ca(OH)2 + SiO2 + (x-1)H2O → CaO•SiO2•xH2O 
 
Dicalcium silicate: 
 2CaO•SiO2 + (x+1)H2O → CaO•SiO2•xH2O + Ca(OH)2 
 
Tricalcium silicate: 
 3CaO•SiO2 + (x+2)H2O → CaO•SiO2•xH2O + 2Ca(OH)2 
 
Carbonation of Portland Cement 
Carbonation as a reaction mechanism in cements has been recognized for a long time.  
Many ancient cements from Roman and Egyptian cultures depended at least in part on 
carbonation of lime to impart strength.  The patent literature dates at least to 1870 when 
carbonation was proposed as a method to produce "artificial stone"9.  Much of the litera-
ture on carbonation deals with the carbonation of portland cement, the main components 
of which are dicalcium silicate, tricalcium silicate and the hydrated calcia-silica (CSH) 
gel.  All are readily carbonated10.  In the presence of water and carbon dioxide, the 
portland cement components will simultaneously hydrate and carbonate according to the 
reactions: 
 
 2CaO•SiO2 + (2-x)CO2 + yH2O → xCaO•SiO2•yH2O + (2-x)CaCO3 
 
 3CaO•SiO2 + (3-x)CO2 + yH2O → xCaO•SiO2•yH2O + (3-x)CaCO3 
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The CSH gel product will ultimately continue to carbonate with the liberation of water 
according to the reaction: 
 
xCaO•SiO2•yH2O + (x-x´)CO2 → x´CaO•SiO2•y´H2O + (x-x´)CaCO3 + (y-y´)H2O 

 
The water in the above equations is necessary for the carbonation of the anhydrous 
2CaO•SiO2 and 3CaO•SiO2.  The water combines with carbon dioxide to form carbonic 
acid which reacts with the calcium from the silicate to form calcium carbonate.  Already 
hydrated cement may be carbonated according to the final reaction.  Threshold values of 
about 0.1 atm. CO2 were required for rapid carbonation of portland cement, and excess 
water was found to inhibit the carbonation reaction by impeding the gas phase diffusion 
of CO2. 
 
The rate of the carbonation reaction and achievable strengths are seen as possible advan-
tages of the carbonation process in fabricating honeycomb structures.  Compacted 
silicates have been observed to gain strength 500-4000 times as rapidly during 
carbonation as during normal hydration11.  Studies on the carbonation of previously 
hydrated portland cement samples have reported that strength initially decreased due to 
the degradation of the hydrated gel structure, but as carbonation of the hydrated samples 
continued, a carbonate matrix was formed to fill the pores.  Strengths of 900 MPa have 
been reported when the carbonation reaction of densely packed portland cement goes to 
completion12. 
 
In these carbonated cement systems, the continuous binding phase is calcite (CaCO3), 
while the CSH gel is present as polymorphs of the original cement grain.  The 
carbonation reaction is extremely rapid so that strength is developed in a matter of 
minutes.  It is limited by the access of carbon dioxide into the body, and thus large 
monolith components cannot be carbonated.  Compacted samples have typically been 
studied where the space between the cement particles are only partially filled with water.  
Even then, carbonation in the interior is slow and incomplete as the outside layers are 
carbonated.  This is partially due to pore blockage and partially due to very high rates of 
heat evolution which evaporate some of the remaining water. 
 

EXPERIMENTAL PROCEDURES 
 
The experimental portion of this project was divided into: 1.) chemical and physical 
characterization of raw materials, 2.) specimen preparation, 3.) property measurement, 
and 4.) microstructural characterization of specimens.  Some of the characterization 
techniques were common to both raw and processed materials.  Final analysis involved 
the correlation of the results obtained in these experimental efforts.  
 
1. Character ization of raw  mater ials: 
Ashes were characterized with respect to composition, particle morphology and size 
distribution, crystallinity and specific gravity.  The following measurements were made 
on the raw materials:  
 
a.) Bulk chemical analysis by x-ray fluorescence.  
b.) Qualitative identification of crystalline phases by powder x-ray diffraction.  
c.) Qualitative determination of particle size and morphology by scanning electron 

microscopy (SEM). 
d.) Quantitative measurement of particle size distribution by sedimentation and sieve 

analysis. 
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e.) BET surface area analysis. 
f.) Determination of specific gravity by helium pycnometry. 
 
2. Specimen preparation: 
The minimum achievable wall thickness in the extruded honeycomb will be determined 
by the maximum particle size of the fly ash in the mix.  The raw fly ash was therefore 
separated by sieving into fractions of particle size larger than 90 µm and smaller than 90 
µm.  The latter comprised greater than 98% by weight of the ash and was used 
exclusively in the extrusion of honeycombs.  
 
Batch rheology was controlled to minimize extrusion defects.  Extrusion batches need to 
be very stiff to support thin walls (0.020-0.050 in.), yet have sufficient plasticity to allow 
flawless knitting of the honeycomb walls during extrusion.  This entailed the determin-
ation of the optimum ranges of binder additions and water content, shredding the batch 
before extrusion to enable thorough de-airing to minimize entrained air pockets, and op-
timizing the speed of extrusion. The standard plasticizer developed as the norm for the 
present study was composed of a mixture of hydroxyethyl cellulose (HEC) and 
polyethylene glycol (PEG) with small amounts of polyethylene oxide (PEO) added.  
These exhibit high solubility in hot water and more complete removal by dissolution 
during autoclaving than other plasticizers evaluated. 
 
All specimens were extruded on a Loomis 40 ton piston extruder, with dies fabricated in 
house.  A one inch square honeycomb with rounded corners and a nominal wall 
thicknesses of 1/16 in., giving a nominal bulk density of 1.25 gm/cc, has evolved as the 
standard test piece, but different configurations have been fabricated. 
 
Samples containing from 40 weight % Type I Portland Cement were hydrated at 60°C for 
1 to 7 days, then autoclaved at 180°C for 12 or 24 hours.  Autoclaves utilized in the 
present study for hydrothermal processing consist of a high pressure vessel with a water 
reservoir below the sample rack.  The reservoir was filled with water, samples were 
placed on the rack, and the reactor vessel closed.  It was then heated electrically, at a 
controlled rate, which produced high pressure steam in the vessel, the pressure depending 
upon the temperature. 
 
3. Microstructural character ization of specimens 
Microstructural characterization of cured honeycomb specimens was carried out by 
powder x-ray diffraction (XRD), scanning electron microscopy (SEM) and mercury 
intrusion porosimetry (MIP).  Qualitative identification and semi-quantitative analysis of 
crystalline components of fired and autoclaved specimens was carried out by XRD on 
shards of honeycombs after strength testing.  Scanning electron microscopy was used to 
qualitatively analyze the degree of sintering and hydration, the shape and size of pores, 
and reaction layers between fly ash particles and Portland Cement in the fractured 
honeycombs.  SEM of fractured surfaces also yielded information on the mechanism of 
fracture and its dependence on composition and processing parameters.  Mercury 
intrusion porosimetry was used to measure pore size distributions, pore fractions and 
densities of honeycomb walls. 
 
4. Physical proper ty measurement of honeycombs 
The principal physical property measured was the crushing strength.   Crushing strength 
was measured on an Instron Model 1125 mechanical testing machine.  A minimum of 10 
samples for each set of compositional and processing variables was characterized with 
respect to overall bulk density and wall density.  A minimum of 7 of the closest to 
identical samples were crushed to determine a single strength data point.  All samples to 
be compared for crushing strength measurements were uniform in size.  Honeycombs 
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extruded through a 1" x 1" die with 1/16" wall thickness were cut to 2" lengths for 
strength measurement.  Ends were cut flat and parallel on a high speed diamond saw.  
The lower platen on the Instron machine was ball-mounted to minimize uneven 
application of stress to sample cross sections, which would result in premature fracture. 
 

RESULTS AND DISCUSSION 
 
1. Character ization of raw  mater ials 
The chemical compositions of the Illinois Power PC ash as well as the FBC ash from 
Archer Daniels Midland and Class C ash from Arkansas were listed in Table 1.  The 
obvious and important differences are the higher calcium, magnesium and sulfur 
concentrations in the ADM ash compared to the IP ash.  This is the result of the addition 
of dolomite and limestone to the powdered coal to scavenge the sulfur from high sulfur 
Illinois basin coal.  These concentrations have important implications in the present 
application in that the calcium from the FBC ash might be utilized, either alone or 
blended with the PC ash, to promote cementitious or hydrothermal bonding of 
honeycomb bodies.  
 
Principal mineral (crystalline) components of the two "as received" ashes, determined by 
x-ray diffraction are shown in Table 3.  The fact that periclase and hematite do not react 
to form the ferrospinel in the ADM ash is indicative of the lower combustion temperature 
in the fluidized bed combustor.  The presence of hematite in the IP ash indicates an iron 
content higher than stoichiometric for the formation of the ferrospinel, which is 
consistent with Table 1.  The formation of mullite in the IP ash is another indication of 
the high temperature at which this ash is formed. 
 
Physical analysis of the raw materials from the two sources is presented in Table 4.  The 
density was measured by helium pycnometry, the surface area by nitrogen BET 
measurements, the average particle size by x-ray sedigraph, and the % retained on #325 
mesh was measured by the method defined in ASTM C340. 
 
 Table 3.  Mineral components of raw fly ash. 
 
 Mineral IP ADM 
 anhydrite (CaSO4)  x 
 quartz(SiO2) x x 
 lime(CaO) x x 
 periclase(MgO)  x 
 hematite (Fe2O3) x x 
 calcite (CaCO3)  x 
 mullite (3Al2O3•2SiO2) x  
 ferrospinel (MgFe2O4) x 
  
 
 Table 4.  Physical analysis of raw fly ash 
 
 Parameter  IP ADM 
 density (gm/cm3) 2.31 2.94 
 surface area (m2/gm) 1.1 3.7 
 average equivalent particle diameter (µm) 13 19 
 % retained on #325 sieve 28.9 39.7 
 
 



 8 

Additional particle size analyses were performed by sieving 2000 grams of each ash 
through a series of sieves.  Two different batches of Illinois Power fly ash, designated IP1 
and IP2, both from the Wood River power plant, were analyzed and compared.  Table 5 
shows this dry sieve particle size analysis.  The percentages smaller than 45 µm were 
81.79% for the IP1 ash, 85.79% for the IP2 ash and 68.63% for the ADM ash.  This 
analysis confirms that the average particle size of the fluidized bed combustion ash was 
larger than the pulverized coal ash as seen in Table 4, but it further shows that there were 
relatively fewer very large particles (>150 µm) in the ADM ash. 
 
 

Table 5.  Dry sieve particle size analysis of raw fly ash 
 
  Sieve  Grams Retained Percent Retained 
 

 
Oxide 

Sieve # Size (µm) IP1 IP2 ADM IP1 IP2 ADM 
 35 500 1.41 1.32 0.11 0.07 0.07 0.01 
 45 355 4.09 2.68 0.32 0.20 0.13 0.02 
 60 250 12.36 5.50 2.06 0.62 0.27 0.10 
 80 180 16.44 6.48 10.70 0.82 0.32 0.54 
 120 125 32.97 16.05 50.35 1.65 0.80 2.52 
 170 90 59.70 35.15 90.33 2.99 1.76 4.52 
 230 63 105.45 84.50 241.14 5.27 4.27 12.06 
 325 45 131.86 70.67 232.04 6.59 3.53 11.60 
 
In order to extrude thin walled honeycombs, with wall thicknesses down to 20 mils, it 
was judged necessary to limit the maximum particle size in the starting powder to less 
than about 100 µm.  To work with comparable materials, even when extruding thicker 
walled honeycombs, all "as received" powders were screened into fractions of particle 
size greater and less than 90µm.  Only the ≤90 µm powder was used in the extrusion 
batches.  As seen from Table 5, the fraction of particle size ≤90 µm includes more than 
96% of any of the raw fly ash powders. 
 

Table 6.  Comparison of chemical analysis of "as received" fly ash and fraction of  
fly ash passed through a 90µm sieve. 

 
IP1 

As Rec'd 
IP1 

≤90µm 
IP2 

As Rec'd 
IP2 

≤90µm 
Silicon Dioxide, SiO2 45.68 44.86 50.89 51.17 
Aluminum Oxide, Al2O3 26.31 26.91 24.66 24.73 
Iron Oxide, Fe2O3 7.54 7.10 11.89 11.99 
Calcium Oxide, CaO 7.89 9.46 1.92 1.89 
Magnesium Oxide, MgO 2.07 2.26 1.04 1.03 
Potassium Oxide, K2O 0.93 0.76 2.40 2.43 
Sodium Oxide, Na2O 1.45 1.37 2.31 2.36 
Titanium Dioxide, TiO2 1.43 1.53 1.42 1.44 
Phosphorus Pentoxide, P2O5 1.66 2.12 0.28 0.28 
Manganese Oxide, MnO 0.02 0.01 0.02 0.02 
Strontium Oxide, SrO 0.27 0.003   
Barium Oxide, BaO 0.49 0.005   
Sulfur Trioxide, SO3 0.66 0.71 0.34 0.33 
Loss on Ignition (1000°C) 3.34 1.75 2.34 1.81 
Total 99.74 99.85 99.51 99.48 
H2O (110°C) <0.1 0.02 0.06 0.05 
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The ≤90 µm fraction was also chemically analyzed to determine whether any of the 
chemical constituents were strongly concentrated in the large or small particle size frac-
tions.  Table 6 shows the comparison for the two lots of Illinois Power Class F fly ash.  
Some differences are evident, but very few systematic differences were observed.  The 
nature of the experiment was such that for minor constituents, only large decreases in the 
concentration in the ≤90 µm fraction would be noted, indicating a concentration of the 
constituent in the >90 µm fraction.  The major difference was the decrease in the loss on 
ignition in the ≤90 µm fraction.  It was visually clear that the carbon concentration was 
much higher in the large particle fraction separated.  This was confirmed by the chemical 
analysis.  If 3% by weight of the particles are ≤90 µm, and separating these large particles 
decreases the LOI from 2.34 to 1.81%, the large particle size fraction should be >15% 
carbon for the IP2 lot and perhaps as much as 50% carbon for the IP1 lot.   
 
2. Sample preparation 
Extrudible compositions of fly ash and Portland cement utilizing a combination of HEC, 
PEG and PEO as plasticizer were readily formulated.  Honeycombs were normally 
extruded with relatively thick walls of 0.0625" (1/16").  The green body was somewhat 
soft, however, easily deformed and difficult to handle without deforming.  By utilizing 
lower water contents and high shear mixing in the twin-roll mill, stiffer green bodies were 
produced utilizing approximately 5% by weight of the organic binder.  Substitution of 
less than 2.5% by weight of the mineral bentonite for the organic binder produced equally 
extrudible compositions when combined with silica fume and appropriate mixing 
procedures to produce a plastic body.  The appropriate mixing procedures usually 
involved the addition of a superplasticizer to render the fly ash/OPC/water mixture fluid, 
followed by the addition of the bentonite to this fluid to form a plastic mass. 
 
Portland cement was added to the fly ash primarily to provide a source of Ca(OH)2 for the 
pozzolanic reaction with the silica in the fly ash.  Fluidized bed ash from ADM was 
substituted for the Portland cement to test the hypothesis that the high calcia content of 
the ADM ash would participate in the pozzolanic reaction: 
 
 Ca(OH)2 + SiO2 + (x-1)H2O → CaO•SiO2•xH2O 
 
To promote this reaction, the molar ratio of free Ca/Si should be near 1.0. Table 7 gives 
the overall Ca/Si ratios for the components and mixtures formulated in this part of the 
study. Since this ratio for ADM ash is only about 60% of the ratio for OPC, and the 
straight substitution of ADM for OPC resulted in a ratio of only 0.39, substitutions of 
pure slaked lime (CH) were utilized to increase this ratio as seen from the table. 
 
Table 7.  Molar ratio Ca/Si in various compositions formulated in this study. 
 
Composition (weight %) Ca/Si molar ratio 
Type I OPC (100) 3.45 
IP2 Class F Fly Ash (100) 0.04 
ADM Fluidized Bed Ash (100) 2.10 
IP2-OPC (60-40) 0.76 
IP2-OPC-SF (54-40-6) 0.7 
IP2-ADM-SF (54-40-6) 0.39 
IP2-ADM-SF-CH (48-35.5-5.5-11) 0.72 
 
The high sulfur content of the ADM ash leads to the formation of crystalline ettringite 
(3CaO•Al2O3•3CaSO4•32H2O), which causes a premature “set” to the plasticized 
material, destroying plasticity and rendering the material unextrudable.  For ADM ash 
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containing compositions, therefore, about 1% of calcium lignosulfonate was added to 
retard the formation of ettringite and preserve plasticity. 
 
3. Physical proper ty measurement of extruded and autoclaved bodies 
The previous year’s work had demonstrated conclusively that under appropriate 
conditions the strength of fly ash based honeycombs was determined quantitatively by the 
porosity of the honeycomb walls in accordance with equation (3).  The point of the 
present work was to learn to minimize the porosity in order to maximize the strength.  
The approaches to minimizing the porosity were:  a.) high shear mixing to reduce water 
requirements;  b.) silica fume additions to enhance particle packing;  c.) carbonation of 
hydrated compositions to fill pores with carbonation reaction products; d.) replacing 
organic binders with inorganic plasticizers which could be incorporated into the final 
product.  Table 3 summarized the results of these various approaches in terms of total 
porosity.  Figure 1 shows the mercury intrusion porosimetry (MIP) curves from which the 
data for organically plasticized samples were taken. 
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Fig. 1 Cumulative wall porosity vs. pore size distribution measured by mercury 

intrusion porosimetry for honeycomb samples with various process 
modifications to maximize wall density. 

 
For the samples treated only hydrothermally the general shape of the curves in Figure 1 
remained reasonably constant as the total porosity was reduced through high shear mixing 
and enhanced particle packing.  Carbonation, on the other hand, resulted in the expected 
overall densification, but the pore size distribution was broadened and coarsened.  Again, 
before interpreting this observation it should be noted that the pore diameter measured is 
actually the intrusion diameter, or the diameter of the opening to the pore.  The tentative 
interpretation would therefore be that the carbonation process fills pores more effectively 
than the hydration reaction, but that the carbonation reaction product is not so heavily 
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concentrated at the constricted openings of the pores, as it seems to be in the case of 
hydrothermal reaction. 
 
The substitution of bentonite for the organic binder led to even greater densification of 
the fly ash/OPC/SF composition, as seen in Table 3.  Figure 2 shows the MIP curve for a 
composition plasticized with bentonite, indicating a total porosity of less than 4%.  
Included in Figure 2 is a curve for the same composition after being fired at 1050°C for 
12 hours.  the resultant porosity goes from less than 4% to greater than 34% due to the 
removal of the water of hydration in the sample, although the sample is well sintered.  
The size distribution of intrusion pore diameters is relatively sharp around about 0.67 µm 
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Fig. 2 Cumulative wall porosity vs. pore size distribution measured by mercury 

intrusion porosimetry for honeycomb samples with bentonite substituted for the 
organic plasticizers. 

 
Figure 3 shows MIP curves for compositions with ADM ash substituted for the Portland 
cement.  Curves are given for honeycombs which have been oven-dried at 105°C, 
prehydrated at 60°C for 24 hours, subsequently autoclaved at 180°C for 12 hours, and 
again fired at 1050°C for 12 hours.  Compared to the oven-dried sample, the prehydrated 
sample had a smaller threshold intrusion diameter, but a somewhat larger total porosity.  
Upon autoclaving, the threshold intrusion diameter decreased further while the total 
porosity increased to nearly 40%.  This behavior is quite similar to comparable samples 
containing OPC rather than ADM ash, although the total porosity is notably larger.  In 
general, the decrease in intrusion pore diameter with hydration is thought to be due to the 
formation of reaction product, particularly at the entrances to the pores, while the increase 
in total pore volume is thought to be due to the aqueous dissolution of organic plasticizer.  
On sintering this sample at high temperature the total porosity increased to nearly 48% 
and the average intrusion pore diameter increased to greater than 2 µm. 
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Fig. 3 Cumulative wall porosity vs. pore size distribution measured by mercury 

intrusion porosimetry for honeycomb samples with ADM ash substituted for 
Portland cement 

 
Figure 4 shows MIP curves for a composition formulated with both ADM ash and 
calcium hydroxide to raise the molar ratio of Ca/Si.  As in the previous figure, curves are 
given for honeycombs which have been oven-dried at 105°C, prehydrated at 60°C for 24 
hours, subsequently autoclaved at 180°C for 12 hours, and fired at 1050°C for 12 hours.  
In this case, compared to the oven-dried sample, the prehydrated sample had a smaller 
threshold intrusion diameter, as well as a somewhat smaller total porosity.  Upon 
autoclaving, the threshold intrusion diameter decreased further while the total porosity 
increased to same value of 40% seen in the previous figure.  This behavior is not seen as 
significantly different from that shown in Figure 3 for samples containing only ADM ash 
in place of the Portland cement.  On sintering this sample at high temperature the total 
porosity increased to nearly 55% and the average intrusion pore diameter increased to 
about 2 µm. 
 
There seems nothing very remarkable about the substitution of ADM ash and calcium 
hydroxide for the Portland cement, except that they do not seem to be as effective sources 
of calcium as the Portland cement.  The ADM ash is already low in calcium which is 
perhaps not present in reactive form, while the slaked lime effectively carries excess 
water into the system.  The high total porosity and the uniform pore size in the fired 
samples is suggestive of non-structural applications such as particulate filters. 
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Fig. 4 Cumulative wall porosity vs. pore size distribution measured by mercury 

intrusion porosimetry for honeycomb samples containing both ADM ash and 
slaked lime in place of Portland cement 

 
The crushing strength of honeycomb samples was measured parallel to the extrusion 
direction as in the past.  It has been shown repeatedly in the past that for fly ash/OPC 
compositions in the range of 30-50% OPC the compressive strength depends only on the 
porosity in accordance with equations (1-3) with values of the empirical constants of 
β=6.6 and σo=615 MPa.  The solid curve in Figure 5 represents equation (1) with the 
empirical values of β=6.6 and σo=615 MPa determined by the best fit of all of the 
previous data gathered in this project.  The four data points included in the figure 
represent the latest measurements made on the high density samples prepared by high 
shear mixing on the twin-roll mill and with enhancement of particle packing by silica 
fume additions.  The data points are for 0, 2, 4 and 6% substitutions of silica fume for fly 
ash.  For 0 and 2% substitutions the Ryskewitch equation (equation 1) seems to continue 
to be valid for these high shear mixed samples.  For higher silica fume additions, 
however, while the density is markedly enhanced, the compressive strength remains 
virtually unchanged.  This represents a major disappointment in that it seems to repudiate 
the basic premise that a further remarkable improvement in strength of fly ash 
honeycombs awaited only the achievement of greater densification of the honeycomb 
walls.  It can be seen from Figure 5 that the densification achieved with the addition of 
6% silica fume coupled with high shear mixing would have predicted a strength of nearly 
triple that actually observed. 
 
No attempts were made to obtain strength values for the high density specimens prepared 
by carbonation or by the substitution of bentonite for the organic binder, because during 
carbonation or autoclaving these samples cracked extensively, which clearly weakened 
them considerably.  The samples plasticized with bentonite, however, did not crack 
during the initial prehydration treatment at 60°C, which holds promise of future success 
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in hydrating these materials without cracking, albeit at somewhat longer hydration times 
than hoped for through autoclaving. 
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Fig. 5 Compressive strength of honeycomb walls vs. wall porosity for honeycomb 

samples densified by small particle additions and by high shear mixing. 
 
4. Microstructural character ization of samples 
In attempting to understand the failure to achieve higher strength in the high density 
samples produced, fracture surfaces of honeycomb samples were studied visually by 
scanning electron microscopy.  Figure 6 shows a fracture surface of a honeycomb 
containing 6% silica fume and 7% porosity measured by MIP.  This corresponds to 
sample 54-40-6 in Figure 5.  The feature to be noted in this micrograph is the spherical 
surfaces projecting out from and into the fracture plane.  These correspond to the surfaces 
of fly ash particles and indicate that the fracture proceeded around the individual fly ash 
particles.  In other words, for this highly dense sample, the fracture was intergranular as 
opposed to the transgranular fracture observed for samples containing no silica fume, as 
reported and shown in last year’s final report.  Without silica fume, therefore, the 
pozzolanic bond between individual fly ash particles was stronger than the particles 
themselves, so that the particles fractured instead of the interparticle bonds.  With the 
addition of silica fume the interparticle bond was weaker than the individual particles so 
that fracture occurred between particles rather than through them.  Since the strength of 
the particles would not be expected to change, the net result would be the observation of a 
relative weakening of the structure, apparently offset by the increased density, as seen in 
Fig. 5. 
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Fig. 6a Low magnification scanning electron micrograph of fracture surface 

of extruded honeycomb containing 6% silica fume autoclaved at 
180°C for 12 hr.  Dense structure with intergranular fracture 
indicates weak interparticle bonding.  

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6b Higher magnification scanning electron micrograph of fracture 

surface of Fig. 6a.  
 
In interpreting these observations, it is known that the pozzolanic bonding between  fly 
ash particles begins with the hydration of the dicalcium and tricalcium silicates in the 
Portland cement which produces free calcium hydroxide.  X-ray diffraction analysis of 
the hydrothermally processed honeycombs indicated crystalline phases which were 
characteristic of the hydration reactions involving Portland cement.  Figure 7 shows x-ray 
diffraction patterns for the raw fly ash, unhydrated OPC, and autoclaved honeycombs of 
100% OPC and 40% OPC in fly ash.  Principal crystalline phases identified were quartz 
and mullite for the raw fly ash and Ca3SiO5 (alite-tricalcium silicate) and Ca2SiO4 
(belite-dicalcium silicate) for the as-received Portland cement.  The principal reaction 
product seen by x-ray diffraction for 100% OPC honeycombs autoclaved 12 hours at 
180°C was calcium hydroxide.  A minor amount of a hydrogarnet solid solution was also 
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observed.  Any calcium-silicate-hydrate phases formed were not of sufficient crystallinity 
to be detected (note the amorphous hump between 25 and 35 degrees 2Θ).  For fly ash 
honeycombs containing 40 wt% OPC and autoclaved 12 hours at 180°C, the principal 
reaction products were 11-Å tobermorite (Ca5Si6H10O22) and hydrogarnet solid solution.  
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Fig. 7. X-ray diffraction patterns of starting materials and autoclaved honeycombs.   

A-alite, B-belite, C-Ca2AlFeO5, D-Ca3Al2O6, G-gypsum (CaSO4•H2O), CH-
Ca(OH)2, HG-hydrogarnet, F-hematite (Fe2O3), M-mullite, Q-quartz, Sp-
magnesioferrite spinel (MgFe2O4), T-tobermorite. 

  
From Figure 7 it seems clear that the calcium hydroxide formed from hydration of the 
Portland cement was consumed under autoclave conditions at 180°C by pozzolanic 
reaction with the silica of the fly ash to form tobermorite: 
 

5Ca(OH)2 + 6SiO2 +5H2O → 5CaO•6SiO2•5H2O 
 
and with the alumina, iron, and silica in the fly ash to form hydrogarnet: 
 

3Ca(OH)2 + (1-x)Al2O3 + xFe2O3 + SiO2 + H2O → 3CaO•(1-x)Al2O3•xFe2O3•4H2O. 
 
The reaction products form the bond between fly ash particles.  Adding silica fume to the 
mixture provides an additional source of reactive silica, resulting in competing and non-
bonding reactions of the type shown.  In the absence of the fly ash reactions, the reaction 
products formed from silica fume would simply occupy the interparticle space.  Since the 
silica fume is much finer than the fly ash it would be expected to be more reactive and 
win the competition for the available calcium hydroxide.  This clearly happened at the 
higher silica fume concentrations and resulted in the observations of Figures 5 and 6. 

 
CONCLUSIONS AND RECOMMENDATIONS 
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In previous work, the principle was demonstrated that the strength to density ratio in 
autoclaved honeycomb structures composed of fly ash and Portland cement was a 
function only of the porosity of the honeycomb walls.  Therefore, honeycombs with a 
very wide range of specific weights could be fabricated whose strength would scale 
linearly with weight, quite unlike the normal exponential decrease in strength with 
decreasing weight for a body with a random pore structure.  The key to obtaining very 
high strength materials was therefore concluded to be the attainment of minimum 
porosity in the honeycomb walls.  In the present work, very significant strides were made 
in enhancing the wall density of autoclaved honeycombs composed principally of fly ash 
and Portland cement.  High shear mixing in a twin-roll mill decreased the water 
requirements for achieving the required plasticity by about 20%, resulting in a decrease in 
final porosity from approximately 24% to 18%.  Carbonation of autoclaved honeycombs 
resulted in a decrease in porosity to approximately 14% by filling of pores with the 
carbonation reaction products.  The addition of silica fume, combined with high shear 
mixing reduced the final porosity to approximately 7% through enhanced particle packing 
in the green body.  Replacing the organic binder by the inorganic mineral, bentonite, 
combined with silica fume, reduced the ultimate porosity to less than 4%, by eliminating 
the porosity left behind by dissolution of the organic binder.  Unfortunately, the most 
notable successes in improving the wall density did not result in the straightforward 
enhancement of strength predicted.  The materials not only densified but also cracked 
during carbonation.  The addition of silica fume beyond 2% resulted in weakening of the 
interparticle bonding, offsetting whatever strength gains accrued from enhanced density.  
The use of bentonite as an inorganic plasticizer resulted in cracking of the honeycombs 
upon autoclaving.  Legitimate strength gains of 15-20% were realized by the addition of 
silica fume combined with high shear mixing, but not the 300% increase predicted by the 
enhanced density.  Furthermore, the entire strength gain was realized with only 2% silica 
fume added. 
 
A very significant finding of this project was that fly ash based compositions can be 
adequately plasticized for extrusion by small additions of bentonite in place of the water 
soluble polymers originally proposed.  This is significant not only from the standpoint of 
reducing porosity caused by dissolution of the polymer, but also from the standpoint of 
cost.  The polymer has always been recognized as by far the most expensive component 
of the honeycomb raw materials.  Using polymeric plasticizers it would be necessary to 
go to very thin walled, high performance, honeycombs to be cost effective.  With 
bentonite the cost of the plasticizer is expected to be reduced to a small fraction of the 
cost of the polymer.  This would greatly broaden the appeal and applicability of the 
extrusion technology developed.  Another major question posed and never fully answered 
with polymer plasticizers was the potential impediment to hydration or carbonation 
caused by the polymer.  Since bentonite is thought to be reactive with calcium hydroxide 
as well, it should not interfere with hydration or carbonation.  Although it might compete 
with the fly ash for the available calcium hydroxide, just as silica fume does, it is added in 
concentrations at which silica fume did not detract from the strength of the interparticle 
bond. 
 
The results presented herein should not be construed as disproving either the principle of 
enhancing strength by minimizing wall porosity, or the approaches pursued to achieve 
densification.  Other fine particle additions, such as metakaolinite, might prove less 
reactive than silica fume, and thus less deleterious to the interparticle bonding of fly ash 
particles.  The mechanism by which the honeycombs cracked under carbonation, or 
during autoclaving for the bentonite containing compositions, is not understood.  If it 
were understood, the chances of preventing it would be greatly enhanced.  This would 
require additional fundamental research into the mechanisms and morphologies of 
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carbonation, and also into the hydrothermal reactions involving bentonite.  It is worth 
repeating that the bentonite containing samples did not apparently crack during the 
hydration treatment at 60°C, although hydration of the Portland cement was clearly well 
advanced.  The only real disadvantage of lower temperature hydration is the time 
necessary to develop the final strength.  For many applications lower temperature 
processing would be expected to be perfectly acceptable. 
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(B) Assumes any liabilities with respect to the use of, or for damages resulting from 

the use of, any information, apparatus, method or process disclosed in this report.  
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endorsement, recommendation, or favoring; nor do the views and opinions of authors 
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