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For successful pottery making three properties are demanded in a clay. 

First, plasticity. Without this, clay could not be shaped at all. It constitutes 
the obedience of a clay to the forming influence whether hand or mold. The 

necessity for this quality may be illustrated by the proverb "Making ropes 

of sand” as an example of the impossible. Sand, possessing no plasticity

cannot be shaped or made to hold together.
The second property is porosity. A clay which exhibits a high degree of 

plasticity can be easily shaped but it cannot be safely dried. The water of 

plasticity cannot escape and therefore the clay warps and cracks. A porous 
clay permits the water to escape freely and the clay can be dried without 

damage. This condition is produced by the admixture of sand or by the 

presence of sand in a natural clay. A coarse sand is more effective than a 

fine sand but a sand that is too coarse will interfere with delicate working 

while a sand that is too fine approximates the action of the clay itself and 

produces a substance which is dense rather than porous. Porosity is therefore 

the reverse of plasticity and these two properties must be adjusted so as to

balance each other.
The third property is commonly known as vitrification but could be 

better named "densification” because complete vitrification is not attained 

in ordinary clay wares. This property may be defined as that which causes a 

clay to yield to the action of a high temperature so that the result is a ware, 
more or less dense, which is hard, durable and sonorous. With this there 

must be coupled a certain amount of resistance to heat treatment so that 

the pottery does not fuse or collapse during firing. Here also is found the 

need for adjustment. The clay must yield the the fire but not completely. It

must resist but not entirely.
C.F. Binns 

The Potter’s Craft 

2nd Edition, 1922
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Abstract

An amorphous polyethylene glycol compound (PEG20M) and polymer blends con

taining PEG20M as a major component were evaluated as binder systems for the 

dry pressing of spray-dried ceramic powders. Comparisons were made with two 

types of plasticized polyvinyl alcohol systems commonly used in ceramics.

PEG20M and PEG-based systems resulted in lower viscosity slurries and higher 

green density compacts than the polyvinyl alcohol based systems. Green strength 

of specimens prepared with PEG20M was between that of specimens prepared with 

the two grades of polyvinyl alcohol. Sintered density using PEG20M was equal to 

that from one grade of polyvinyl alcohol and higher than the other. Thermolysis 

of PEG20M in a compact was an exothermic process and proceeded more rapidly 

than that of polyvinyl alcohol.

A binder concentration corresponding to half coverage of surface adsorption 

sites in the slurry was seen to be significant in pressing and sintering behavior. 

Phase separations observed when small amounts of polyvinyl alcohol were added to 

PEG solutions influenced green strength. The rate of thermolysis of PEG20M in a 

compact was dependent on specimen geometry and the addition of an antioxidant 

slowed the process.

IX



1 Introduction

Dry pressing is the most widely used fabrication process for ceramics. Spray-drying 

is frequently used as a method to produce feed material for dry pressing operations. 

By mixing the components of the ceramic system in a slurry, good dispersion and 

mixing of ceramic powders and organic additives is achieved. Spray-drying then 

produces granules, or agglomerates with controlled properties.

For advanced ceramic processing, organic additives such as binders, plasticizers 

and lubricants are critical for good compaction and green strength. Polyvinyl al

cohol is widely used as a binder. Polyvinyl alcohol may be fully hydrolyzed (PVA) 

or partially hydrolyzed (polyvinyl(alcohol-co-acetate) or PVAA). Polyethylene gly

col (PEG) is frequently used as a plasticizer or a lubricant, but has not been used 

extensively as a binder for ceramic applications.

PEG is a water soluble polymer, with a low order of toxicity that is commercially 

available in molecular weights ranging from 200 to 8000. Very low molecular weights 

are used as plasticizers in PVA or PVAA based systems, and are viscous liquids at 

room temperature. Higher molecular weights are waxy solids with a high degree of 

crystallinity. By compounding PEG8000 with a di-epoxide linking group, a more 

amorphous material of molecular weight 15-20,000 has been produced, designated 

as PEG20M" in this thesis.

Binder properties are significant at every step of a production system. Rhe

ological properties of the binder in solution control rheological properties of the 

slurry, which in turn influence spray-dryer performance and the character of the 

granules. Compaction behavior is controlled by lubricating effects of the binder. 

Green handling is made possible for many systems by the strength imparted by the 

binder. Microstructure developed during sintering is linked to green microstructure

“CARBOWAX Polyethylene Glycol Compound 20M, Union Carbide Chemicals and Plastics Com

pany, Inc., Danbury, CT.
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developed during compaction. And many key properties of advanced ceramic parts 

depend on complete binder removal during the early stages of heat treatment.

The objective of this thesis was to evaluate the performance of PEG20M as a 

binder for pressing advanced ceramics. The performance of PEG20M, and binder 

systems based on PEG20M were evaluated in comparison with plasticized PVA and 

PVAA binder systems of the type commonly used in the ceramics industry. This 

evaluation included properties important at each stage of a dry pressing system, 

using a standard alumina powder and appropriate machinery and instrumentation 

to model a real manufacturing system.

2



2 Background

Granules used as feed material for dry pressing systems can be viewed as controlled 

agglomerates containing ceramic powder and organic additives. The properties and 

performance of the granules are highly dependent on the properties of the organic 

components of the system. An understanding of polymers and the role they play in 

ceramic processing is required for optimum design of a binder system. In this thesis, 

the organic polymers of interest are polyethylene glycol and polyvinyl alcohol. Key 

polymer properties include mechanical properties and thermal degradation. The 

ceramic processing systems of interest are spray-drying, dry pressing, binder removal

and sintering.

2.1 Polyethylene Glycol

Polyethylene glycol refers to low molecular weights of poly(ethylene oxide) (PEG). 

PEG is a polyether with the general formula

X - (-0 - CH2 - CH2-)n -Y (1)

and belongs to the oxyalkylene polymer chemical family. The CAS*’ name is poly(oxy- 

1,2-ethanediyl). The lUPAC' name is poly(oxyethylene). Commercially available

PEGs are refered to by molecular weight, e.g. PEG8000.
The effect of the end groups is important at low molecular weights. PEG refers to 

low molecular weights (up to 20,000) with end groups being hydrogen and hydroxyl. 

Methoxypolycthylene glycols (MPEG) have methyl and hydroxyl end groups. At 

high molecular weights, some unsaturated end groups may be present.

At room temperature, poly(ethylene oxide) is a solid, except for low molecular 

weights, below about 1000. Degree of crystallinity is up to 95%. The polymer

^Chemical Abstracts Service

international Union of Pure and Applied Chemistry
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crystallizes as & 7] helix; seven monomer units form two complete helical turns, fhe 

conformation is approximately irans, gauche, trans for the bond sequence O-CH2, 

CHj-CHj, CHj-O. Actual angles are 188° and 65° for trans and gauche. The oxygen 

atoms align toward the axis of the helix, with the CHj groups pointing outward. 

Upon melting (at 69°C) a large fraction of the polymer changes to trans, trans, 

tmns conformation. In aqueous solution, the trans, gauche, trans conformation is 

retained[l].

PEG20M is a modified form of PEG with a more amorphous structure. It con

sists of two or more PEG8000 molecules joined by a di-epoxide linking group[2], L:

HO - {-CH2 - CHi - 0)n -L- (-0 - CH2 - CH2-)n - OH (2)

Glass transition temperature of poly(ethylene oxide) is molecular weight de

pendent and ranges from about -95°C for diethylene glycol to about -15°C for 

PEG8000[3]. Above molecular weights of 8000, the glass transition temperature 

decreases and levels off at about -55°C for molecular weights above 100,000.

2.2 Polyvinyl Alcohol

Polyvinyl alcohol consists of a carbon backbone with hydroxyl groups attached to 

every second carbon.

- {-CHOH - CH2-)n- (3)

PVA cannot be produced by direct polymerization and is synthesized by hydrolysis 

of polyvinyl acetate.
- ( -CHCOOCH2 - CH2- )n- (4)

The copolymer, polyvinyl(alcohol-co-acetate) is partially hydrolyzed PVA with up 

to 15% residual acetate and is widely used for some applications. Degree of crys

tallinity of PVA is typically 40%. The glass transition temperature is about 75° to 

85°C.

4



2.3 Mechanical Properties of Polymers

Solid polymers consist of both crystalline regions where segments of chains pack 

together in ordered arrays, and amorphous regions consisting of random tangles of 

chains. Polymers can yield by two mechanisms. Bonds can break or chains can 

slide[4].
Mechanical properties of polymers are temperature dependent. At low temper

atures, polymers are linearly elastic. As the temperature increases, polymers go 

through a glass transition, characterized by temperature Tp to a viscoelastic region, 

then become viscous liquids upon further heating[4,5]. Plasticizers are often added 

to polymers to adjust T,. Water can act as a plasticizer in hygroscopic polymers, 

and Tg can be sensitive to the relative humidity of the environment.

2.3.1 Fracture of Polymers

Fracture mechanisms are likewise temperature dependent[4]. Below 0.75 T, poly

mers are brittle. At temperatures just below T, some polymers will cold draw. 

During this process they are linear elastic at low strains. At higher str£uns (about 

0.1) the polymer yields and then it elongates as the chains align with the direction 

of force, increasing the strength about eight fold. Crazing occurs in tension when 

small cracks are bridged by drawn fibers. Shear banding occurs when plastic defor

mation occurs in compression. Above Tp viscous flow will occur and strength drops 

sharply.

2.3.2 Polymer Bonded Particulate Solids

A theoretical model for green strength was proposed by Onoda[6]. In this model, 

green strength was related to the strength of the binder by the number of particle 

contacts and the strength of each contact. Amount of binder, type of binder dis

tribution and packing density were used to determine the number of contacts and
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area of each. Two cases of binder distribution were considered: the pendular case, 

where binder is concentrated at interparticle contacts, and the coated case, where 

binder is evenly distributed over particle surfaces. The model assumed spherical 

particles and indicated that green strength was independent of particle size.

Adams et al [7] studied the fracture of polymer bonded particulate solids using 

specimens prepared from sand bonded with 1-2 wt% (2.5-5.0 vol%) polyvinylpyrroli

done (PVP). Porosity of the specimens ranged from 43-54%. Testing was carried 

out below T,. Irwin[8) showed that an effective crack length could be used to fit 

ductile materials to linear elastic fracture mechanics. This effective crack length 

includes the flaw size plus a plastic zone. Irwin’s model was used to describe the 

behavior observed in PVP bonded sand. The plastic zone was determined to be a 

region of microcracking that proceeded the crack front. The size of this zone was 

on the order on 1 mm for particle sizes of 60-300 /xm, and independent of porosity 

or composition. The origin of the microcracking was thought to be from stresses 

generated during drying of the polymer.

2.4 Spray-Drying

Spray-dryers are classified by the type of air flow and by atomizer type. The three 

common configurations are co-current, counter-current and mixed flow, describing 

the relationship between directions of air and product flow through the drying cham

ber. There are three types of commonly used atomizers. A rotary atomizer creates 

droplets using a rapidly spinning disk. A pressure atomizer pumps liquid at high 

pressure through a nozzle. A pneumatic or two fluid atomizer pumps liquid through 

a nozzle at low pressure, and disintegrates the stream with a jet of compressed air. 

The air and liquid may be mixed in the nozzle or after the stream has exited the 

nozzle.

Masters[9] provides an extensive and detailed review of spray-drying, covering
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mechanisms and a wide range of applications. Lefebvre[10] gives a detailed review

of atomization for a wide range of applications.
For ceramic applications, Lukasiewicz[11] and Shaw[12] have each recently writ

ten review articles on spray-drying. Key concerns for ceramic processing include 

the formation of hollow granules, frequently refered to as being “donut shaped” 

when the internal pore is open to the surface, compositional variations in the final 

material and binder migration. Recently the effect of surface tension on granule

2.4.1 Breakup of Stream into Droplets

The shear rate during spray-drying is typically between lO" to lOhec'K There are 

several models of jet breakup, with many common features. At low relative velocities 

between the liquid and air, disturbances from surface tension dominate, and lead to 

fairly uniform drops that are larger than the jet diameter. At intermediate relative 

velocities, aerodynamic forces accentuate oscillations in the jet. The magnitude 

of these oscillations increases as air resistance increases. At still higher relative 

velocities, oscillations from air friction dominate, leading to complete disintegration 

or atomization into droplets which are smaller than the jet diameter. Turbulent 

flow within the jet perturbs the surface, making it more susceptible to aerodynamic 

forces. Empirical equations to predict droplet size include terms for viscosity, surface 

tension and relative velocity between the liquid and air for a particular nozzle type 

and geometry[9,10]. As viscosity of the liquid increases, droplet size increases and 

as relative velocity between air and liquid increases, droplet size decreases.

A relationship based on mass balance between droplet diameter Dj and granule

diameter Dg after drying is given by[ll]:

7



W is weight fraction solids and subscripts d and g represent droplet and granule, 

respectively. Deviation from this relationship can indicate specific drying behaviors.

Particle size distributions of spray-dried material are usually log-normal. Two 

fluid nozzles usually produce a broader distribution than rotary or single fluid at

omizers.

2.4.2 Drying of Droplets

In a mixed-flow spray-dryer, hot air enters the chamber from the top. As air moves 

downward, heat is lost due to evaporation of the liquid and temperature drops. 

Thermal gradients may also exist across the radius of the chamber. As a droplet 

moves through the chamber, it experiences an increasing temperature as it moves 

upward, followed by decreasing temperature as it moves downward.

Drying is a combination of heat flow to the droplet and mass flow from the 

droplet. Rate of drying depends on droplet diameter, temperature and relative 

velocity between air and droplet.

Some generalizations can be made for drying droplets of pure liquid;

1. Evaporation lowers the air temperature, reducing evaporation rate.

2. In a wide droplet size distribution, the smallest droplets evaporate more 

rapidly, causing an initial increase in the mean droplet size.

3. The influence of relative velocity between the air and droplet on evaporation 

rate is greater for a higher initial velocity and temperature.

4. In counter-current and mixed-flow type dryers, droplets travel further before 

evaporating.

The presence of dissolved solids in a droplet slows the evaporation rate by re

ducing the vapor pressure over the liquid. At the point when dried solids form, the

8



evaporation rate drops. Formation of a surface crust slows both heat transfer to, 

and mass transfer from the liquid interior. If a porous crust forms, the evaporation 

rate only drops sUghtly. If the crust is impervious, pressure will build inside the 

droplet, and the droplet may expand or rupture. If the crust is plastic, the droplet 

may expand or collapse.
Drying of droplets containing suspended material proceeds in two stages. Dur

ing the first stage, the surface temperature and vapor pressure over the droplet 

remain constant. Drying rate during this period is constant. At the point when 

the droplet surface is no longer saturated with moisture, the drying rate and vapor 

pressure begin to decrease, and the surface temperature increases. When air tem

perature is very high, the surface wiU dry faster than liquid from the interior can 

migrate to replace it, and a crust will be formed. Further drying is controlled by

the permeability of the crust.
Ceramic slurries commonly contain dissolved binders along with suspended ce

ramic powder. These binders may lead to the formation of a crust, and shorten 

the first stage of drying. In addition, granules may expand, collapse or rupture as 

described in the discussion of droplets containing dissolved solids.

2.4.3 Granule Character

The required characteristics of granules for ceramic processing may vary with the 

application. High granule density aids die filling and strong granules are easier to 

handle. But there is evidence that granules with a less than maximum density and a 

lower yield strength compact to higher green density at lower pressure[5,l t]. Hollow 

or donut shaped granules are a common concern because the large pore may persist 

into the final product. Binder migration may cause the granule to have a hard skin, 

and hinder melding of granule interfaces during compaction.

The mechanisms of binder migration and formation of hollow granules can be

9



««iily understood in terms of the discussion of drying. Lowering the content of 

dissolved organics, raising the soUds loading and lowering dryer temperature should 

reduce these problems. But the soluble components are indispensible for subsequent 

operations, both for handling strength and to maintain the dispersion obtained

during slurry processing.
Granule sise distribution has been found to relate to strength and detect struc 

tore of the Bred ceramic, especially when a large number of oversized granules are

present[15].

2.5 Compaction and Sintering

Compacts of granulated material typically contain a bimodal pore size distribution: 

large pores from interstices between granules and small pores related to the packing 

efficiency of the powder within the granules. DiMilia and Reed[16] showed that 

compaction behavior of granules follows three stages controlled by this bimodal 

pore size distribution. Stage I consists of rearrangement of granules at low pressures. 

Above an apparent yield pressure, large pores are reduced in size as granules deform, 

and density increases linearly with log (compaction pressure) in stage II. In stage III, 

the large pores are largely eliminated and particle rearrangement reduces the size of 

small pores at high compaction pressures. The porosity in a compact can be viewed 

as consisting of residual large pores within a matrix containing smaller pores. The 

matrix density is controlled by the density of the starting granules.

Good compaction depends on the deformability of the granules, which is higher 

when the granules are pressed at temperatures above T„ of the binder[16,17]. Since 

T, of PVA is above room temperature, plasticizers are required for optimum com

paction. Commonly used plasticizers are glycerol and low molecular weight PEGs. 

Water acts as a plasticizer for PVA. By storing granules containing PVA with no 

added plasticizer in a controlled atmosphere with relative humidity of 65% or above.
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compaction is greatly improved[18].
Sintering behavior is very much related to the bimodal pore size distribution de

veloped during compaction[14]. Pores below some critical size are eliminated during 

sintering, while large pores persist. The eUmination of the small pores reduces com

pact volume so shrinkage is related to the matrix density. The relationship between 

sintered and green density reflects the initial pore size distribution.

2.6 Binder Thermolysis

For ceramic applications, thermal degradation of polymers is viewed somewhat dif

ferently than it is in most polymer processing. An adequate maximum use temper
ature before degradation is important for pre-firing processing, but the process and 

products of thermal degradation become important when thermal degradation elim

inates the polymer phase of the system after it is no longer required. Any residue 

may interfere with the performance of the finished ceramic part. Manufacturers 

data for ash residue is shown in Table I. One source of ash is residual catalyst from 

polymerization. Residual carbon or “char” may also be present from recombination 

of radicals into high molecular weight compounds[19].

Table I: Ash Residue of Organic Binders Used in Ceramic Processing[20,21,22].

Binder Maximum Residue (%)

PEG 8000“ 0.05

PEG20M“ 0.07

PVAA'’ 0.5

PVA' 1.0

“CARBOWAX, Union Carbide Chemicals and Plastics Co., Inc., Danbury CT. 
^Airvol 205, Air Products & Chemicals, luc., Allentown, PA.
''Elvanol 75-15, DuPont Co., Wilmington, DE.
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In a ceramic system, a simple model of binder burnout consists of a gas-polymer 

interface retreating into the body as the binder is removed[23,24]. The polymer may 

be either a solid or a liquid depending on its melting point. Capillary forces will 

draw a wetting liquid binder into the smallest pores. Cracks may exist in a solid 

binder. A porous network develops providing an escape route for evolved gases. 

Reactions may occur at the gas-polymer interface, or degradation products may be 

dissolved in the polymer phase. Dissolved products may diffuse to the gas-polymer 

interface or may form bubbles. It is critical that thermolysis occurs in such a manner 

that the structural integrity of the ceramic part is maintained. Heating rates must 

be designed to ensure that binder burnout is complete before sintering begins.

Mechanisms of thermal degradation are important because they determine the 

temperature range at which the binder burnout occurs, the rate at which gas is 

evolved and the composition of the product gases. Grassie[25] points out that in 

general, polymers themselves do not bum. However they degrade with temperature 

and the volatile products of degradation do burn. The presence of oxygen can play 

a role in degradation[26].

2.6.1 Depolymerization

A general model for polymer degradation considers a chain reaction involving ini

tiation, propagation, transfer and terraination[27]. Molecules and radicals with a 

degree of polymerization below some critical value are volatile.

Initiation begins with random scission or at chain ends, creating a pair of radi

cals. Propagation produces volatile products while leaving a radical. Jntermolccular 

chain transfer occurs when the unshared electron of the radical attacks another 

chain. Termination occurs when a radical loses its unshared electron or radicals 

combine.
The products of polymer degradation can be any combination of fragments from
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the original chun with a number of possible end groups from termination reactions.

When oxygen is present initiation can occur by hydrogen abstraction[26]: oxy

gen pulls a hydrogen off of the chain, leaving an unshared electron. Hydrogen 

abstraction produces hydroperoxide radicals which initiate the reaction at a lower 

temperature.

2.6.2 Thermal Degradation of PEG

During degradation of PEG weight loss occurs in a single step. Data has been 

reported under vacuum, in nitrogen and in air. The onset of weight loss is dependent 

on molecular weight[28]. Weight loss occurs at a slightly lower temperature in a 

vacuum than in nitrogen[25] and from 25 to 140°C lower when in oxygen[2,28]. For 

PEG8000 the onset temperature is about 300° in nitrogen and 175° in air.

DSC curves for low molecular weight PEGs indicate that the process is en

dothermic in an inert nitrogen atmosphere [25,28] and exothermic in the presence 

of oxygen[28]. The reaction is autoaccelerating in oxygen[29]. Explosive behavior 

has been observed for molecular weights of 200 and 400[28].

The mechanism by which PEG degrades in an inert atmosphere is a radical 

chain mechanism[25]. Random scission of C-C and C-0 bonds appears equally 

likely. In addition, end reactions may occur, but these reactions are minor and 

infrared spectroscopy indicates that hydroxyl group concentration does not change 

significantly during degradation.
A number of products have been identified from degradation of PEG. Ethy

lene oxide, acetaldehyde, formaldehyde, Ci - C4 hydrocarbons and etheral chain 

fragments terminated by carbonyl groups are explained by a degradation scheme 

beginning with random chain scission proposed by Grassie[25]. Water and ethylene 

glycol are also present from reactions involving hydroxyl end groups.

In the presence of oxygen, hydroperoxides are a major product [29]. Hydro-

13



gen, water, carbon dioxide, carbon monoxide, formaldehyde, methyl formate and 

acetic acid are also product8[30]. Ethanol[31] and possibly short chained glycol 

compounds[32] has also been reported as products.
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3 Experimental Procedures

A number of polymeric binder systems were evaluated in this thesis. Properties 

important to ceramic processing were evaluated using tests similar to those used 

for industrial process control when such tests were appropriate. Additional testing 

was performed in order to more completely understand key properties.

3.1 Materials

The polymers used in the binder systems are listed in Table II. The ceramic powder 

used for this evaluation was a submicron reactive grade alumina**. Ammonium 

polyacrylate* (NH4-PAA) with 6000 molecular weight was used as a dispersant. 

Binder concentrations are reported as a percentage of the dry weight of the powder. 

PEG20M was used as a binder at concentrations of up to 5.0wt%. Comparisons of 

different binder systems were performed at 3.0wt% total binder. PVA and PVAA 

based systems were plasticized using PEG200. PEG20M was blended with PEG8000 

or MPEG5000 in a 2:1 ratio to lower slurry viscosity and the PEG20M/MPEG blend 

was tested with 10% additions of PVA, PVAA, HEC or PEG.

3.2 Solution Viscosity

Aqueous binder solutions were prepared with a magnetic stirrer/hot plate following 

the supplier’s recommendations for dissolution. Viscosities were measured with a 

rotating cylinder viscometer^ at 60 rpm (12.5-13.2 s'^) using a constant temperature 

bath at 25'’C. Shear rate dependence was measured using the rotating cylinder 

viscometer for low shear rates and a concentric cylinder viscometer^ for high shear

•'Aie-SG, Alcoa Inc., Pittsburgh, PA.

'Darvan 821A, R.T. Vanderbilt Inc., Norwalk, CT.
^ Model LVDT, Brookfield Engineering Laboratories, Inc., Stoughton, MA.
^Variable Speed Electronic Rheometer No. 286, Baroid Testing Equipment, Houston, TX.
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Table II: Polymers Used in Binder Systems.

Designation Mol. Wt. Material

PEG20M 15-20,000 CARBOWAX PEG Compound 20M“

PEG8000 8000 CARBOWAX Polyethylene Glycol 8000“

MPEG5000 5000 CARBOWAX Methoxy Polyethylene Glycol 5000“

PVA 50,000 Elvanol 75-15*’ (>99% hydrolyzed)

PVAA 40,000 Airvol 205“ (11-13% acetate)

PEG200 200 CARBOWAX Polyethylene Glycol 200“

PEG 100,000 PolyOx WSR N-10“

HEC Cellosize Hydroxyethyl Cellulose QP 15000“

“Union Carbide Chemicals and Plastics Co., Inc., Danbury CT. 
*E.l. dn Pont de Nemours & Co., Inc., Wilmington, DE.
‘Air Products k Chemicals, Inc., Allentown, PA.

rates. Phase separation of binder mixtures was examined using optical microscopy.

3.3 Hygroscopic behavior

Samples of material were placed in 100mm glass petri dishes, dried at 55 C (below 

the melting temperature of the polymer) for 8 hours and cooled overnight in a dry 

desiccator. The uncovered petri dishes were then placed in desiccators containing 

saturated salt solutions to maintain constant humidity (see Table III). Weight was 

measured every hour for twelve hours, then daily for up to 30 days. Sample size was 

10 grams for the as-received polymer and 20 grams for spray-dried powder. This 

resulted in a bed of polymer flakes 3.5mm deep or of spray-dried powder 3.0mm

deep.
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Table III: Saturated Salt Solutions for Constant numidity[37].

Humidity (%) Salt Solution

15 LiF

51 Ca(N03)2-4H20

65 Mg(C2H302)2‘4H20

88 BaCl2-2H20

98 CuSO4-5H20

3.4 Slurry Preparation

Aqueous slurries were prepared by milling the alumina powder, dispersant and a 

portion of the required water in one liter polyethylene jars using a mixture of 6mm 

alumina rods and spheres. Slurries were milled for 6 hours without binders, then 

an additional two hours after predispersed binder solutions were added. In some 

cases, two binder solutions were added separately. After adding the first, the slurry 

was milled for one hour, followed by addition of the second and one additional hour 

of milling. The general slurry formulation is shown in Table IV.

For antifoam evaluations, 250 gram batches (dry weight) were prepared, adding 

the antifoaming agents first. These slurries were milled for two hours before adding 

the binder solution, then an additional one hour.

3.5 Slurry Characterization

3.5.1 Foaming

Immediately after milling, the slurries were tested for foaming. Slurry density was 

measured using a pycnometer^. Measured density Dm was compared with calculated

'‘Gardner Weight-Per-Gallon Cup CG-9664, Byk-Gardner, Inc., Silver Spring MD.
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Table IV: Slurry Formulation - 38.35 vol% Solids.

Batch

(g)

Density

(Mg/m®)

Volume

(%)

Weight

(%)

Alumina 1000 3.98 38.35 100.00

Water 200 1.00 56.47 37.00

Dispersant 7.5 1.25 0.92 0.75

Binder Solution

Binder 30 1.075 4.26 3.00

Water 170 1.00

Total 1407.5 100.00

Theoretical SG=2.1483

theoretical density Dt to give the volume percent of entrained air:

Fottm(%) = ‘ X 100 (6)

Slurry for foam evaluation was taken from the bulk slurry rather than from the 

blanket of foam on top of the slurry.

3.5.2 Viscosity

Slurry viscosities were measured using the rotating cylinder viscometer for low shear 

rates and the concentric cylinder viscometer for high shear rates, following the 

manufacturers recommended procedures. In some cases it was necessary to allow 

foam to subside for 24 hours in order to get accurate viscosity data. In these cases 

the slurries were mixed for five minutes at 800 rpm using a non-aerating mixer* 

immediately prior to viscosity measurement. Total measurement times were about

‘Model LM, Jiffy Mixer Co., Riverside, CA.
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4 minutes.

3.5.3 Curve Fitting to Rheology Models

Shear stress t data for different shear rates 7 were fit to three rheology models as 

follows:

A. Bingham model [33]: t = tb + »/p7.

The slope of the linear region of the r vs 7 curve gives the plastic viscosity ijp. 

Extrapolation of the linear region to 7=0 gives the Bingham yield stress

B. Herachel-Bulkley model [34]: r = th-b + K-y^

The Herschel-Bulkley yield stress tb-b was estimated from low shear rate data. 

Log (r — th-b) plotted against log 7 gave the slope n and constant K. Value of 

Tii-B was adjusted to give the best fit.

C. CasBon model [35]: r”* = r™ +

t"* was plotted against 7”* for several values of the Casson exponent m until the 

best fit was obtained. The slope gave the viscosity limit at infinite shear rate t/™ 

and intercept gave the Casson yield stress r™. Low shear rate data was weighted 

in order to get the most accurate value of r„.

3.6 Spray-Drying

A spray-dryer with a two fluid nozzle^ was used to prepare graniiles. Slurry was 

fed using a peristalic pump at a rate of 200ml/minute. Machine settings are shown 

in Table V. Material for testing was collected from the main chamber. Material 

collected from the cyclone was discarded.

^ Bowen #1 Tower, 59-N-03 Nozzle, 59-C-03 Cap, Niro Atomizer, Inc., Bowen Engineering Divi

sion, Columbia MD.
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Table V: Spray-Dryer Settings.

High Temp Low Temp

Inlet Temp 230-245'’C 170'’C

Outlet Temp 120°C 95'’C

Product Temp 75°C -

Pump Speed 2 2

Air Pressure 140kPa* 140kPa*

Fluid Tip Diameter 1.65mm

Air Cap Diameter 3.7mm

Annulus Width 200^m

*20psi

3.7 Granule Characteristics

Spray-dried powder was hand sifted through a ZOOfim sieve in order to remove 

oversize and irregular material. Powders were stored at 51% relative humidity for a 

minimum of 72 hours before characterizing so of the plasticized PVA would be 

below room temperature during subsequent pressing.

3.7.1 Powder Density

Fill density was measured by feeding material through a funnel into a calibrated 

cylinder, striking off excess material with a spatula, and weighing. The cylinder was 

placed on a vibrating table* for 1 minute (15 seconds lowest amplitude, 45 seconds 

highest amplitude) and volume was recorded to determine vibrated density. Density 

experiments were repeated three times on each powder. Density data presented as

*Syntron Jogger model PJ-4, Syntron Company, Homer City, PA.
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percentage of theoretical were corrected for the binder content by subtracting 

Ihe weight of the binder and adsorbed water from the measured weight of the bulk

powder.

L7.2 Flow Rate

mme for 50 grams of powder to flow through an ASTM funnel' with a 2.54mm 

•rifice was recorded as flow time. Each powder was tested three times. Volume flow 

:ate was calculated from the flow time and fill density (mass basis) by:

505
F„ = Dfiii X time

(7)

3.7.3 Granule Size Distribution

A sonic sifter”* was used to measure granule size distribution. Cumulative mass 

f distribution data were plotted on log-normal graph paper in order to obtain a mean 

i (mass basis) and geometric standard deviation for each powder. A rmnimum of two 

I runs of 10 gram sample size were performed on granules from each spray-dryer run.

i 3.8 Compaction
I Compaction and strength specimens were prepared by pressing spray-dned powders 

I in a 25.4 mm diameter hardened steel die with polished surfaces. The die was lubri- 

j cated with oleic acid or with 2% stearic acid dissolved in acetone. The surface was 

I buffed to remove excess lubricant. Powders were stored in 51% relative humidity 

[ desiccators for at least 72 hours prior to pressing (see Section 3.7). Specimens were 

I pressed from 5.00±0.02 grams of material. Compacts were pressed with a labora- 

I tory press with an automatic loading device". Crosshead speed during compaction

I 'ASTM B213-83

I "‘Sonic Sifter model L3P, Allen-Bradley Co., Milwaukee, WI.

"Laboratory Press Model M, Fred S. Carver, Inc., Menomonee Falls, WI.



was 3.5 to 4.0 mm/sec. Pressure was maintained for 20 seconds. For compaction 

diagrams up to six pressures were used: 10.5 19, 35, 51, 96.5 and 184 MPa. When 

comparing binders, compaction pressure was 51 MPa. This pressure was chosen 

because it was the lowest pressure that compacts containing PEG20M would sinter 

to near full density. Die sticking was graded from excellent (no pullouts) to very 

poor (large surface defects even with extra lubrication).

3.9 Green Strength

The diametral compression test[36] was used to measure green tensile strength. 

Strength for specimens that show normal tensile or triple cleft fracture is given by:

2P
<rjr — irDt

(8)

where (Tf is the strength, P is the applied load at failure, D and t are the diameter 

and thickness of the specimen. The equation is not valid for specimens which fail 

in compression at the loading points or in shear. Cases of such failure were noted.

Green strength has been shown to vary with moisture content[15,61]. To ensure 

consistent results, specimens were dried at 55°C (below the melting temperature of 

high molecular weight PEGs) in a vacuum for two hours and placed in individual 

50xllmmpetri dishes containing silica gel desiccants". The petri dishes were placed 

in a dry desiccator to cool for one hour prior to testing. Testing was done with a 

pneumatic crush strength tester" at 23±2°C. Platens were padded with 0.25mm 

thick card stock (from business cards). Loading rate was 1.5 N/sec.

"Aldrich Chemical Company, Milwaukee, Wl.
rCrush Strength Analyser model CSA-1, Quantachrome Corporation, Syosset, NY.



3.10 Thermal Analysis

Standard thermal gravimetric analysis (TGA) was performed in air on the as- 

received PEG20M polymer and on alumina compacts containing 3.0% binder. Com

pacts were pressed to 89 MPa from powders prepared using a mortar and pestle or 

from spray-dried material. Compacts were dried at 55°C in vacuum and cooled in a 

dry desiccator. Two geometries were used. Routine analysis was done on cylindrical 

specimens with a diameter of 12.7mm and a thickness of 8.5mm (“compact”) . To 

check the effect of geometry, a specimen 25.4mm square and 1.8mm thick (“sub

strate”) was prepared, and cut into two pieces in order to fit into the instrument. 

Specimen size was 2500mg for compacts and 75mg (3.0% of 2500mg) for the poly

mer alone. Heating rates for TGA were 10°C/min and 2.5°C/min with air flow of 

0.5 LPM.

Differential thermal analysis’ (DTA) in air was run on several powders. Sample 

size was 1500mg. Heating rate was 10°C/min to 1000°C. Attempts to run DTA on 

compacts were not successful.

3.11 Sintering

Specimens were sintered in air in an electric high temperature furnace^ Heating 

rate was 5.0°C/min to 1650°C and holding for 10 minutes.

3.12 Density

Green and sintered densities were calculated from the mass and geometry of the 

compacts. Mass was measured to 0.001 gram. Diameter and thickness were mea

sured to 0.01 mm. Green specimens were dried for 2 hours at 55°C in a vacuum 

oven before mass was measured.

’Immersion Dl'A, Innovative Thermal Systems, Almond, NY.

''Rapid Temperature Furnace, CM Inc., Bloomfield, NJ.
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4 Results and Discussion

4.1 Binder solutions

Polyethylene glycol easily dissolved in hot water. Figure 1 shows the concentration 

dependence of viscosity for aqueous solutions of PEG20M, PVA and PVAA. The 

viscosity of PEG20M is much lower than that of PVA or PVAA because of its much 

lower molecular weight. From an engineering perspective, a slurry with a higher 

solids loading could be prepared by using a binder with lower viscosity.

Figure 2 shows shear rate dependence of viscosity for PEG20M, PVA and a 

blend of 85% PVA and 15% PEG200, all at 7.5wt% total organics. Error bars on 

the graph correspond to ±1 for dial readings. The 7.5wt% solution corresponds 

to the binder concentration in the liquid portion of the slurries discussed later, 

assuming no polymer were to be adsorbed onto the powder. In the range of shear 

rates tested, the polymer solutions are Newtonian.

Figure 3 shows the viscosity data for PEG blends. Blending PEG20M with 

MPEG5000 or PEG8000 in the ratio 2:1 lowers the viscosity. Adding 10% PEG 

to the PEG20M/MPEG mixture raises the viscosity slightly. Addition of PVAA 

slightly lowers the viscosity. Data for PVA blended with PEG is not available 

because a precipitate formed which settled quickly. Addition of HEC produced a 

more complex rheology, as shown in Figure 4. At 30% concentration, no shear 

rate or time dependence was observed. At lower concentrations the mixture was 

pseudoplastic and thixotropic.

Phase separations were observed when PEG was blended with PVA, PVAA or 

HEC. A precipitate formed and settled within minutes with PVA. Only after heating 

to above 60°C was this precipitate able to be redispersed, but phase separation 

was still evident at the higher temperature. PVAA also formed a precipitate, but 

sedimentation was slower than with PVA, and the precipitate was easily redispersed
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Figure 1: Viscosity of aqueous PVA, PVAA and PEG20M binder solutions, mea

sured at 13 s“^.
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Figure 4: Dependence of viscosity on shear rate and quiescent time of an aqueous 

polymer blend consisting of 6 parts PEG20M, 3 parts MPEG5000 and 1 part IIEC.



by mechanical mixing. The precipitate in the HEC mixture settled after several 

days, with a higher sediment volume. As with PVAA this sediment was easily 

redispersed.

These phase separations were examined using optical microscopy. Figure 5A 

shows a droplet of the precipitate in the PEG/PVA mix. Within the droplet are very 

distinct smaller droplets. Figure 5B shows the phase separation in the PEG/PVAA 

mixture at a lower magnification. Again there are smaller droplets within the second 

phase. The probable cause of these phase separations is formation of a complex from 

hydrogen bonding between the OH side groups in the PVA or PVAA and the ether 

linkages in the PEG chain[38]. PEG and PVA are usually considered incompatable,

i.e. they will not mix, like oil and water. Only one reference mentions about a 

possible complex, forming insoluble films [45].

Figure 6 shows that phaae separation has occured in the PEG/HEC nuxture 

that exhibited unusual rheology.

In the literature, pH and concentration dependent polymer complexes are said 

to form between PA A and PVA[39] and between PEO and PAA[40]. Quick compat

ibility tests were performed by mixing 15% polymer solutions with the dispersant 

in test tubes in the proportions used in the slurries. Two immiscible liquids formed 

when PVAA and NH4-PAA were mixed. A precipitate formed when PVA was mixed 

with the NH4-PAA dispersant. No incompatibility was seen for PEG blended with 

NH4-PAA. Solution viscosity of PEG20M was not affected by addition of NH4-PAA 

at the level used in the slurries.

4.2 Hygroscopic Behavior

The hygroscopic behavior of PEG20M is shown in Figure 7. Spray-dried powder 

contiuning 3.0% PEG20M is shown in Figure 8. Equilibrium weight gain of the two 

is shown in Figure 9.
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I Figure 5: A. Optical micrograph showing phase separation in an aqueous PEG/PVA
Ii mixture.

Figure 5: B. Optical micrograph showing phase separation in an aqueous 

PEG/PVAA mixture.



Figure 6; Optical micrograph showing phase separation in an aqueous PEG/HEC 

mixture.

31



Time (hrs)

Figure 7: A. Hygroscopic behavior of as-received PEC20M flake at 2n°C.
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Figure 7: B. Hygroscopic behavior of as-received PEG20M flake at 20°C.
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Figure 8: A. Hygroscopic behavior of spray-dried granules containing 3.0wt% 

PEG20M at 20°C.
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Figure 8: B. Hygroscopic behavior of spray-dried granules containing 3.0wt% 

PEG20M at 20°C.
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Figure 9: Hygroscopic behavior of PEG20M: equilibrium weight gain of PEG20M 

flake and spray-dried alumina containing 3.0% PEG20M.
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PEG20M polymer, in the as-received flake form, reached equilibrium with atmo

spheric moisture within 6 hours for relative humidities of 65% and below. At 51% 

relative humidity, moisture content stabilized at 0.5% - about that of the as-received 

material. At 98% relative humidity the polymer continued to adsorb moisture for 

over 2500 hours. At 20% weight gain the surfaces of the polymer flakes were visibly 

wet. At 80% weight gain the polymer was fully dissolved in the adsorbed water. 

After 2500 hours, weight gain was 130%.

At relative humidities of 65% and below, spray-dried powder containing 3.0% 

PEG20M equilibrated in less than six hours. At 98% relative humidity, the weight 

gain stabilized at 6.2% after 500 hours (three weeks). The amount of water adsorbed 

was somewhat higher than what was predicted from the polymer. Hygroscopic 

behavior of a spray-dried powder containing the PEG/MPEG/PVAA blend was 

similar to that of the powder containing PEG20M.

In industrial dry-pressing systems, moisture content of the feed material is a 

common process control variable. Adsorbed moisture is known to influence de- 

formability of PVA and PVAA at room temperature[5].



4.3 Slurry Rheology

Rheology data for a 38.45 vol% alumina slurry containing 3.0% PEG20M is fit 

to three models in Figure 10. No time dependent behavior was observed. By 

extrapolating a yield value from the near linear region of the shear stress/shear 

rate curve, the Bingham equation overestimates the actual yield stress, leading to 

large errors at lower shear rates, here below 200-300 s“*. Basing Herschel-Bulkley 

behavior on a yield stress extrapolated from low shear rate data, a good fit was 

obtained up to shear rates of 10-20 s~*. Above that value, the behavior could be 

described by a second Herschel-Bulkley equation. The Bingham equation and each 

of the Herschel-Bulkley equations described the shear rate dependence very well 

over a limited range.

Bingham parameters were tb=7.1 Pa and T7p=54 mPa s. For the low shear rate 

Herschel-Bulkley equation, t^_b=500 mPa, /if=630 mPa and n=0.52. For

the high shear rate Herschel-Bulkley equation, rflr_B=1.5 Pa, A'=120 mPa s^® ®) and 

n=0.9.

The Casson equation with the exponent Tn=0.5 fit the data much better than 

the Bingham and Herschel-Bulkley models but slightly overestimated viscosity at 

low shear rate. Adjusting the Casson exponent to m=0.4 gave a good fit over the 

entire range measured. Figure 10 is representative of slurries containing PEG20M. 

Values for Ty and rjoo are given in Table VI.

Figure 11 shows the effect of PEG20M content on the rheology of slurries with 

equal solids loading of 38.4.5%.^ At high shear rates, viscosity varies directly with 

binder level. At very low shear rates however, a maximum viscosity is seen at 

2.0% binder, with viscosity decreasing at higher binder levels. This low shear rate 

behavior is dominated by the yield stress in the Casson equation. In Figure 12, the 

yield stress is plotted against binder concentration. A maximum yield stress is seen 

at 2.0% binder. Similar behavior has been observed by Sacks[41] for suspensions
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Figure 10: Curve fitting of rheology models to measured data for an alumina slurry 

containing 3.0% PEG20M. Solids loading is 38.45vol%.
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Table VI: Casson Parameters for Alumina Slurries at 

38.45vol% Solids. (Casson exponent m = 0.4)________

Binder Ty (mPa) rjoo (mPa s)

No binder 14.6 10.9

1.0% PEG20M 527 10.8

2.0% 652 22.3

3.0% 474 41.0

5.0% 163 169

2.55% PVA -f 0.45% PEG200 8660 21.3

containing PVA and alumina at 20vol%; by Heath and Tadros[42] for PVA and silica 

and by Eisenlauer[43] for PEG and silica, both at much lower solids concentrations. 

The origin of the yield stress is polymer bridging between particles. The maximum 

yield stress corresponds to the point of one half monolayer coverage of the adsorbed 

polymer. Above full monolayer coverage steric stabilization occurs and the yield 

stress drops to zero.

Polyethylene glycol has been considered a non-adsorbing polymer for alumina[44]. 

The mechanism for adsorption of PEG on silica is hydrogen bonding between the 

ether linkage in the polymer and isolated silanol (surface hydroxyl) groups[54]. Ad

sorption on silica does not occur when silanol groups have been removed by cal

cining. Reed[45] has detected similar surface hydroxyl groups (“aluminol”) on the 

alumina used for these slurries, thus a similar mechanism may be occuring. In addi

tion, PEG20M contains the di-epoxide linking group and PEG20M may be anchored 

to the surface by hydrophobic adsorption.



Figure 11: Shear rate dependence of the (A) shear stress and (B) viscosity of alumina 

slurries containing PEG20M. Solids loading is 38.45%.



Binder Content (wt%)

Figure 12: Effect of PEG20M concentration on the Casson yield stress of alumina 

slurries. Solids loading is 38.45vol%.
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4.3.1 Viscosity Ratios

A number of equations have been used to describe the effect of solids loading on 

viscosity. The general form of these equations is

= - = Vi
(9)

where 77, is the relative viscosity, 77, and rji are the viscosities of the slurry and 

suspending liquid, measured under identical conditions, ^ and <f>cr are the volume 

fraction solids and a critical volume fraction of solids where 77, goes to infinity. The 

concept of relative viscosity is useful for comparing slurries which contain different 

levels of organic binder, and thus different values for 77/. Here all the slurries contain 

equal solids loading, so relative viscosity would be expected to be the same.

However, as binder is adsorbed onto particles, the viscosity of the liquid phase 

Tji is reduced and the effective particle size is increased by the thickness of the 

adsorbed layer, raising the effective solids loading[46]. Thus the apparent viscosity 

may be different from the predicted value, and appropriate terminology is required 

to distinguish between viscosity normalized against the binder solution that went 

into the system (which is easy to measure) and the depleted binder solution that 

actually makes up the liquid phase (which is difficult to measure). Here, relative 

viscosity will be defined as the slurry viscosity 77, divided by the actual liquid phase 

viscosity 77J. Viscosity ratio will be defined as the slurry viscosity 77, divided by the 

starting binder solution viscosity 770.

When a Casson slurry prepared from a Newtonian binder solution has a yield 

stress:

VisccityRatio = (,0)
Vo Vo

At low shear rates, Ty dominates and the viscosity ratio goes to infinity. At high 

shear rates, Voo dominates and viscosity ratio goes to Voo/Vo'

Figure 13 shows the viscosity ratio of PEG20M based slurries with respect to
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I shear rate. Viscosity ratio decreases as binder concentration increases. At 5.0% 

I PEG20M, the curve is nearly parallel to, but below the curve for slurry without 
I binder. From this it can be surmised that the relative amount of binder depleted 

I from the liquid phase due to adsorption increases as binder level increases to 5.0%.

I 4.3.2 Comparison of PEGs

I The effect of the linking group on slurry rheology is shown in Figure 14. The 

I slurry containing PEG20M has a much higher viscosity ratio at low shear rates 

I than the slurry containing PEG8000. Low shear viscosity ratio is dominated by 
I the yield stress, so a stronger polymer bridging mechanism occurs with the linked 

I polymer. At high shear rates, the viscosity ratio is slightly lower for the slurry 

I containing PEG20M, indicating that more polymer was depleted from the liquid 

1 by adsorption. The linking group may act as a hydrophobic group, and increase 

I adsorption at the solid/liquid interface.

4.3.3 Comparison of PEG with PVA

r Figure 15 shows the apparent viscosity of alumina slurries containing 3.0% plasti

cized PVA (2.55% PVA and 0.45% PEG200), several PEG20M based systems at 

3.0% and a slurry with no organic binder, all at 38.45 vol% solids and the same 

1 dispersant level. Shear rates range from 0.3 to 1070 s'^ The apparent viscosity of
! slurries containing PEG was significantly lower than that of the slurry containing

PVA at all shear rates. However, the viscosity of the PVA-based slurry approached 

that of the PEG20M-based slurry at high shear rates. Accurate data for slurry 

containing plasticized PVA A was not obtained because of persistent foam. Casson 

parameters and for the PVA-based slurry are included in Table VI.

The effect on viscosity of small amounts of other binders blended with PEG20M 

was small. One part PEG8000 or MPEG5000 blended with 2 parts PEG20M lowered
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Figure 13: Shear rate dependence of viscosity ratio for alumina slurries containing

PEG20M. Solids loading is 38.45vol%.
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Figure 14: Shear rate dependence of viscosity ratio for alumina slurries containing

3.0% PEG8000 and PEG20M. Solids loading is 38.45vol%.
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Figure 15: Shear rate dependence of alumina slurries containing 3.0% polymeric

binder. Binders include PVA, PEG20M and blends of PEG20M with other poly

mers. Solids loading is 38.45vol%.
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the viscosity. Additions of 10% PVA or PVAA to this blend raised the viscosity. 

Addition of the same amount of PEO had little effect. Persistent foam prevented 

accurate data from being collected for the slurry containing added HEC.

Figure 16 shows the viscosity ratios of the slurries containing PEG20M, PVA 

and no binder. Shear thinning is much greater for the PVA slurry. At 1022 s“^ the 

viscosity ratio is 2, indicating that the drop of viscosity of the liquid phase due to 

adsorption is large.

4.3.4 Foaming of Slurries
‘ , V '

Table VII shows foam content of the slurries. With respect to PEG20M concen

tration, foaming was at a maximum of.40% at 2.0% binder, the same level at 

which polymer bridging was observed to be at a maximum. At 3.0% PEG20M, 

foam ranged from 4.6 to 7% for three slurries prepared at 38.45% solids. At 50vol% 

solids, the foam level was similar at 5.8%. The slurry without binder had practically 

no foam.

Blending MPEG5000 with PEG20M had little impact on foaming. Blending 

PEG8000 lowered the foaming to 1.5% The slurry contuning only PEG8000 had 

no foam. PEG8000 is used commercially as an antifoaming agent.

Addition of PVA to the PEG20M/MPEG blend only increased foaming when 

the PEG was added first. Addition of PVAA yielded 50% foam, completely filling 

the milling jar regardless of the order of addition. PEO and HEC also significantly 

increased foaming.

In order for a system to foam, surface active substances must be present. Pure 

liquids will not foam. Surface active substances typically have two or more func

tional groups on the same molecule, with different solubilities in the liquid phase. 

The energy of the system is decreased by adsorption of these at the liquid/vapor 

interface. The addition of the linking group adds another type of functional group
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Figure 16: Comparison of shear rate dependent viscosity ratio of alumina slurries 

containing PEG20M and plasticized PVA binders.
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Table VII: Foaming of Alumina Slurries.

Foam (vol%)

No Binder ,. ,. i * . 0

1%PEG20M 7.0

VU' 40

3% (Ist batch) w 7.0

3% (2nd batch) . , T: 4l*;6

3% (3rd batch) 6.4

5% 17

PEGSpOO , 0

2 PEG20M/1 PEG8000 1.5

2 PEG20M/1 MPEG5000 6

+PVAA (PEG first) 51

+PVAA (PVAA first) 49

+PVA (PEG first) 14

+PVA (PVA first) 7

+PEO 38

+HEC 25

Plasticized PVA 1.5

Plasticized PVAA 31

3.0% PVA w/ 1.0% PEG200 11

Binder content is 3.0% unless noted.



to PEG. This addition has been shown to increase foaming. The linking group may 

be hydrophobic and increase adsorption at the liquid/vapor interface.

Mixing surface active species has a large impact on foaming by lowering surface 

energy by an amount larger than the individual component8[47]. This behavior was 

observed by the addition of PVAA to PEG.

Excessive foaming dramatically increased slurry viscosity. In slurries with less 

than 7% foam, rheology was not significantly affected. At foam levels of 14% or 

more a large difference was observed as shown in Figure 17. Foaming increases the 

yield stress of a slurry by requiring distortion of the cell struct ure[48].

Antifoanuqg agents were tested to reduce the foaming in the system containing 

PEG/MPEG/PVAA. Data is presented in Table VIII. Polypropylene glycol with 

1200 molecular weight* (PPG1200) reduced foaming to 1.7%. The other two ma

terials tested are surfactants containing propylene oxide groups, and had a much 

smaller effect on foaming.

4.3.5 pH

Table IX shows the pH of several slurries. Values range from 8.5 to 9.5. Work 

by Cesarano and Ak8ay[49] indicated that sodium polymethacrylate dispersant was 

fully dissociated at pH=9. NH4-PAA is a closely related polyelectrolyte and is 

expected to be close to fully dissociated in these slurries. No attempt was made to 

adjust pH in these slurries. When NH4-PAA was added to deionized water with a 

pH of 7.1 and specific conductivity of 3.1/is, pH raised to 7.8. After adding alumina 

and milling the pH was 9.3. No change in pH was measured after the PEG20M 

binder was added.

The slurry containing PEG8000 had a lower pH than the one with PEG20M. 

The PVAA-based slurry had a lowest pH of the slurries tested at 8.5. This may be

'Polyglycol PI200, Dow Chemical Company, Midland, Mich.
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Figure 17: Effect of foaming on the rheology of a 38.45vol% solids alumina slurry. 

Binder level is 3.0% of a PEG20M/MPEG/PVA blend.
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Table VIII: Antifoam Evaluation.

Foam (vol%)

No antifoam 50

PPG1200- 1.7

Alcohol Alkoxylate*, mw=6000 23

Polyalkylene Glycol Ether*, mw=2990 29

Slurry contains 3.0% total binder consisting of

6 parts PEG20M, 3 parts MPEG5000 and 1 part PVAA.

Antifoaming agents were added at 0.2% levd.

‘Polygljrcol P1200, Dow Chemical Company, Midland, Mich.
^Tergitol MDS-42, Union CaiMde Chemicals and Plastics Co., Inc., Danbury, CT. 
‘Teigitol X*J, Union Carbide Chemicals and Plastics Co., Inc., Danbury, CT.

from the acetate groups.

4.4 Spray-Drying

The spray-dried granules produced in the Bowen spray-dryer were typically hollow 

or “donut-shaped” as show in Figure 18. Figure 19 shows a fractured granule con

taining irregular internal porosity from entrained air in the slurry. More typically, 

a single large pore was seen. The large pores were frequently filled with smaller 

granules when observed with an optical microscope. It appears that the SEM sam

ple preparation procedure (an air jet was used to displace loose pariirles before 

coating) removed these small particles.

TGA revealed that a weight loss equal to the PEG200 content of the PVA and 

PVAA slurries had occured during spray-drying. These slurries were reformulated 

to contain 3.0% PVA or PVAA and 1.0% PEG200 (3.0% binder rather than 3.0% 

total organics) and spray-dried at a lower temperature (see Table IV). No loss of



Table IX: pH of Alumina Slurries.

pH

No Binder 9.3

PEG20M 9.3

PEG8000 8.8

2 PEG20M/1 PEG8000 9.4

2 PEG20M/1 MPEG5000 9.5

+PVAA (PEG first) 9.5

+PVAA (PVAA first) 9.3

+PVA (PEG first) 9.2

+PVA (PVA first) 9.4

Plasticized PVA 9.3

Plasticized PVAA 8.5

Binder content is 3.0%.
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Figure 18: Scanning electron micrograph showing typical spray-dried granules con

taining 3.0% PEG20M.

Figure 19: Scanning electron micrograph showing the internal structure of a frac

tured granule containing pores from entrained air in the slurry.
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PEG200 occured at the lower temperature. No loss of binder during spray-drying 

was evident for the PEG20M based systems at the higher temperature settings.

Granule size distributions of the spray-dried material followed the log-normal 

distribution and can be described by a geometric mean a, and a geometric standard

deviation a-g. Log-normal parameters for granule size distributions on a mass basis
I

are shown in Table X. With few exceptions values for <r„ are between 1.90 to 2.00. 

The system containing PEG has a somewhat wider distribution. The PEG20M 

system at higher solids loading also had a wider distribution. One of the systems 

containing PEG and PVA had a narrower distribution.

Mean granule size increased with binder content for granules containing PEG20M. 

Systems containing PVA were somewhat coarser than those containing PVAA. 

PEG20M alone had a larger mean size than PEG20M blended with PEG8000 or 

MPEG5000. PEG8000 had the smallest mean size of the compositions tested. While 

it was not possible to measure slurry viscosity in the range of shear rates appropriate 

to spray-drying (10® to 10® s“') with the concentric cylinder viscometer (limited to 

1200 8"^), a general relationship with slurry rheology was still evident: mean gran

ule size increased with slurry viscosity measured at 1022 s~^. Empirical equations 

to predict droplet size distributions usually contain surface tension terms. These 

slurries contained a range of surface active materials, and thus had a range of ap

parent surface tensions that were not accounted for in this work and may account 

for deviations from the general trend. No models were found in the literature to 

account for the width of the distribution.

Fill density, vibrated density and flow rate are in Table XI. Flow rate is on a 

volume basis and densities are as a percentage of theoretical, corrected for binder. 

Bulk density of granulated material is the product of the granule density and the 

packing efficiency of the granules. For log-normal powders with the same geometric 

standard deviation, packing efficiency is expected to be the same regardless of mean
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Table X: Log-Normal Parameters for Granule Size Distributions.

Binder

1% PEG20M 75 1.97

2% 83 2.00

3% (1st run) 90 1.98

3% (2nd run) 101 1.96

5% no 2.03

3% (50%sol) 71 1.84

PEG8000 61 1.94

2 PEG20M/1 PEG8000 78 1.93

2 PEG20M/1 MPEG5000 74 1.93

+PEO 92 2.39

-fPVAA (PEG 1st) 73 1.91

-t-PVAA (PVAA 1st) 73 1.91

+PYA (PEG Ist) 92 1.96

-t-PVA (PVA 1st) 109 1.79

3%PVA-M%PEG200 106 1.89

3%PVAA+1%PEG200 80 2.08

2.55%PVA 89 1.99

2.55%PVAA 74 1.93

Binder level is 3.0% unless noted.
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size for all but the finest powders. Thus bulk density can be used to estimate granule 

density.

The PEG based systems had higher densities than the PVA and PVAA based 

systems. Thus it can be surmised that with PEG denser granules were produced. 

The material containing PEG8000 had the highest vibrated density of the powders 

containing 3.0% binder, followed by the PEG20M/PEG8000 and PEG20M/MPEG 

blends. Addition of PVA to the blends lowered density a bit further, while addition 

of PVAA did not. Vibrated density of granules containing PEG20M alone was 

among the lower of the PEG based systems.

Both fill and vibrated density decreased as PEG20M level increased. This is due 

to the increasing binder volume fraction. Table XII shows that the pore fractions 

are almost the same for these bulk powders, indicating that volume of the binder 

accounts for most of the differences observed in density. The increased binder 

volume reduces the packing efficiency of the powder within the granules, lowering 

granule density.

On a volume basis the highest flow rates were obtained from material containing 

plasticized PVAA and the PEG/MPEG/PVAA blend. The lowest flow rates were 

I seen from granules containing 5.0% PEG20M, PVA (without plasticizer), and the

; PEG20M/MPEG blend with added PVA or PEO. Material prepared with 3.0%
i
[ PEG20M in different spray-dryer runs had different flow rates, depending on mean 

i granule size. Differences in flow may be due to differences in granule geometry 

and/or granule adhesion when the granule sizes are constant. Here differences are 

: believed to be largely influenced by granule size considerations.

58



Table XI: Bulk Properties of Spray-Dried Granules.

Flow Rate Fill Dens Vibr Dens

(ml/min) (%) (%)

1%PEG20M 35.2 33.1 39.3

2% 42.0 32.0 37.0

3% (1st run) 40.0 31.5 35.6

3% (2nd run) 32.4 31.4 34.9

5% 32.5 29.5 33.0

50%sol 31.3 33.2 37.8

PEG8000 37.9 32.2 37.8

2 PEG20M/1 PEG8000 43.1 31.2 36.1

2 PEG20M/1 MPEG5000 42.9 31.8 36.4

-hPEO 38.0 30.5 34.7

-HPVAA (PEG 1st) 46.6 31.8 36.1

-f-PVAA (PVAA 1st) 46.6 31.5 35.9

-t-PVA (PEG 1st) 36.2 31.2 35.4

-l-PVA (PVA 1st) 32.4 30.8 34.7

3%PVA-hl%PEG200 42.8 25.5 29.2

3%PVAA+1%PEG200 46.8 29.2 32.9

2.5.5% PVA 43.3 29.8 33.6

2.55% PVAA 40.5 30.2 34.4

pooled std dev 1.14 0.2

Binder level is 3.0% unless noted.
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Table XII: Fill and Vibrated Density for Spray-Dried Granules Containing 

PEG20M.

Fill Density Vibrated Density

Powder Binder Pores Powder Binder Pores

vol% vol% vol% vol% vol% ▼ol%

1% PEG20M 33.1 1.23 65.7 39.3 1.46 59.2

2% 32.0 2.37 65.6 37.0 2.74 60.3

3% 31.4 3.49 65.1 34.9 3.88 61.2

5% 29.5 5.46 65.0 33.0 6.11 60.9
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14.5 Compaction and Sintering

■ Sintering behavior of compacts prepared from granulated material is highly depen- 

■dent on green microstructure developed during compaction. Thus in order to more 

■fully evaluate compaction behavior, green and sintered density data are considered 

■together.

|4.6.1 Comparison of PEG20M, Plasticized PVA and Plasticized PVAA

rPigure 20A shows a compaction diagram for spray-dried powders containing 3.0% 

PEG20M, 3.0% PVA plasticized with 1.0% PEG200 and 3.0% PVAA plasticized 

with 1.0% PEG200. The range of pressures tested is in the transition from stage II 

to stage III compaction behavior.

Green density is highest at each compaction pressure for the powder containing 

PEG20M, followed by the plasticized PVAA, with lowest density obtained from the 

powder containing plasticized PVA. At high pressure, the density of the compacts 

containing PVA approached that of those containing PVAA, but at low pressures 

the difference is large.

Similar behavior was observed for the sintered densities (Figure 20B). However, 

the densities obtained with PVAA were close to those obtained with PEG20M. 

When pressed above 30 MPa, no significant difference was observed between the 

two. Using PVA yielded lower sintered densities, only approaching the other two at 

the highest pressure tested.

Figure 21 shows sintered density plotted against green density. For a given green 

density, highest sintered density was obtained for the material containing PVAA. 

The lowest was obtained from PEG20M, with PVA in between. If the possible 

effects on sintering of impurities from the binders are assumed to be minimal, this 

indicates that the matrix density of the compacts containing PEG20M is highest of 

the three, followed by PVA with PVAA having the lowest. This is consistent with
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Figure 20: Compaction diagrams showing (A) green and (B) sintered density of 

i compacts pressed from spray-dried granules containing 3>0% binder.
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granule densities predicted from vibrated density data. Shrinkage data (Figure 22) 

further supports this conclusion. Shrinkage is lower for the compacts containing 

PEG20M at all compaction pressures because matrix density is higher. Compacts 

containing PVA and PVAA have the same shrinkage when pressed at pressures above 

50 MPa, because matrix densities are the same. The lower sintered densities seen 

with PVA are due to some larger pores in the green compacts than are present with 

PVAA. At lower pressures, compacts containing PVAA have a higher shrinkage due 

to lower matrix density. The difference in green density between compacts prepared 

with PEG and with PVAA is due to a difference in matrix density. The lower green 

density from PVA is a combination of low matrix density and large pores.

4.6.2 Effect of PEG20M Content

Figure 23 shows the effect of PEG20M content of green and sintered density. Green 

density decreased linearly as binder level was increased. This type of behavior 

has been reported by Beckers[50] and by Frey[51] . This may be due to the volume 

occupied by the binder and/or the increased yield pressure of the granules containing 

more binder.

Sintered density reached a maximum at 2.0% PEG20M and decreased at higher 

levels. Beckers[50] reported a similar maximum sintered density at 0.5% PVAA in 

an alumina system®. The maximum sintered density corresponds to the maximum 

yield stress observed in the slurries at 2.0% PEG20M and attributed to half mono- 

layer coverage of adsorbed polymer in Section 4.3. Below this level, compaction 

is hindered by insufficient polymer for internal lubrication. At higher binder con

centrations the lower sintered density reflects the lower green density and supports 

the argument that the lower density is due to the higher granule yield pressure. At 

higher binder levels, the total volume of large pores is greater, resulting in lower 

"Zschimmei k Schwarz PA-4G PVAA in Alcoa A16-SG Alumina
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Green Density (%)

Figure 21: Densification during sintering of alumina compacts containing 3.0% 

binder.
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Figure 22: Shrinkage of alumina compacts containing 3.0% binder.
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Figure 23: Effect of binder level on (A) green and (B) sintered density of compacts 

pressed from spray-dried granules containing PEG20M binder.
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Mtersd deadly. In grannie, with lower yield strength, these Urge pores are reduced 

in size more easily during pressing.

4.5.3 PEG Blends and Additives

Tables XIII shows green and sintered density data for compacts containing PEG20M, 

PEG8000 and PEG blends. Material containing PEG20M pressed to the same green 

density as that containing PEG8000, but sintered to a higher density. This indi

cates that a lower total volume of large pores was present in the system containing 

Che linking group. PEG blends did not significantly affect green or sintered density.

■ Addition of PVA or PVAA resulted in lower green density, but did not hurt sintered 

^ density. This may indicate that the additional porosity in the green state consisted 

^ of small pores that closed during sintering. Another factor may be the increased 

impurity level caused by the higher ash content of the PVA or PVAA. The order in 

[ which the polymers were added to the slurry does not show any significant effect.

Material containing PEG blended with PEG pressed well, but had a low sintered 

I density due to bloating during sintering.

4.5.4 Lubrication and Die Release

Green and sintered density data must be considered in sets pressed and sintered 

together. Specimens pressed from the same powder on different days resulted m 

slightly different green and sintered densities. Possible causes ot these differences 

are variations in machine settings, room temperature and lubrication procedures. 

Figure 24 shows a compaction diagram comparing powder containing 3.0% PEG20M 

pressed with different die lubrication. Higher green densities were obtained when 

the die was lubricated with a heavy coating o£ stearic acid or oleic acid than with 

a Ught coaling ol oleic acid. The effect o£ lubrication is especially evident in the 

sintered data. As shown in Figure 25, a maximum sintered density is obtained £rom



Table XIII: Compaction and Sintering of Spray-Dried Powders.

A. Effect of the Linking Group.
Green Density Sintered ] Deiisity

(g/cm®) (%)* (g/cm®) (%)

PEG20M 2.315 56.0 3.841 96.5

PEG8000 2.316 55.6 3.812 95.8

B. Effect of PEG Blends.

PEG20M 2.380 57.6 3.870 97.2

2 PEG20M: 1 MPEG5000 2.382 57.6 3.837 96.4

2 PEG20M: 1 PEG8000 2.371 57.4 3.859 96.9

n F.ffprt of Additives at 10% of Binder Weight.

2 PEG20M/1 MPEG5000 2.344 56.8 3.827 96.2

-l-PolyOx WSR-N-10 2.331 56.3 3.752 94.3

+PVA 205 (PEG First) 2.301 55.6 3.826 96.1

-1-PVA 205 (PVA First) 2.298 55.6 3.822 96.0

-1-PVA 75-15 (PEG First) 2.304 55.7 3.823 96.0

-l-PVA 75-15 (PVA First) 2.308 55.9 3.813 95.8

D. Comparison with PVA and PVAA

3.0% PEG20M 2.314 56.0 3.743 94.1

3.0% PVA w/ 1.0% PEG200 2.178 52.4 3.069 90.7

3.0% PVAA w/ 1.0% PEG200 2.249 54.0 3.722 93.5
----------- ------- -------------- --------
* Corrected for binder

Compacts were pressed at 51 MPa from powder stored at 51% RH.
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a lower green density for compacts pressed in a well lubricated die. The ability of 

the powder to slide with respect to the surface of the die punch appears to influence 

the sintering behavior of these disk shaped specimens, by allowing more uniform 

stress distribution during compaction.
AU Ihe PEG based systems at 3.0% binder had good die release. Die release 

was very good at 5.0% PEG20M, fair (required more lubricant) at 2.0% and poor 

(surface cracking) at 1.0%. Plasticised PVA and PVAA showed excellent die re

lease. Compacts pressed without binder could not be removed from the die without

fracture.

4.6 Green Strength
Green strengths of compacts prepared with PEG20M, PEG8000, plasticised PVA 

and plasticised PVAA are plotted on a probablUty of failure graph in Figure 26. 

Mean values and standard deviations are included in Table XIV. The mean green 

strength from PEG20M is considerably higher than that of PEG8000. This 80% 

improvement is attrihuted to the more amorphous structure of PEG20M due to 

presence of the linking group. The amorphous structure makes the polymer less 

brittle. Mean strength of PVAA Is considerably higher than that of PVA. PEG20M

[alls between the two.
Work by Mosser[15) found that PVA‘ produced a higher green strength than 

PVAA' at 1.0% binder in spray-dried alumina. Here, PVAA produced higher 

ilrengths than PVA when each was plasticised with PEG200 and also in the ma

terial containing 2.55% PVA or PVAA from which the plasticiser was lost during 

ipray-drying. This difference may he related to the particular grade of PVAA used 

to the binder content of the material. The influence of the plasticiser on strength

^Elvanol 75-15 

®Elvanol 20-30
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Figure 26: Effect of die lubricution on deusiiicalion of aluiuina compuclB containing 

3.0% PEG20M.
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Figure 26: Probability of failure diagram showing green strength distributions of

alumina compacts with 3.0% binder.



is difficult to evaluate here due to the difference in organic contents, but it is worth 

noting that 3.0% plasticized PVA had a higher strength than 2.55% PVA with the 

plasticizer removed while the opposite occured in the case of PVA A.

Figure 27 shows the effect of PEG20M content on green strength. Strength 

increases linearly with binder content between 2.0 and 5.0% binder. At 1.0% binder, 

valid strength data was not obtained since cone cracks occured from laminations 

in the compact formed during compaction. The 2.0% binder level was seen to be 

significant from the slurry data as the point where half monolayer coverage of the 

adsorbed binder occured. Here, green strength is limited by poor compaction below 

that level.
Unlike density, variations between data sets were small for strength data. Mean 

green strength for 3.0% PEG20M from combined data was 980 kPa with a standard 

deviation of 60 kPa.

Blending PEG8000 or MPEG5000 with PEG20M did not change the green 

strength. Addition of PEG to the PEG blend had no effect on green strength. 

Addition of PVA and PVAA each increased the strength. Statistically, the change 

observed with PVA was not significant but addition of PVAA had a larger increase. 

In the case of PVAA, the order of addition of the polymers to the slurry infiuenced 

strength, with a higher value obtained when the PEG was added first resulting in 

a 20% improvement over the strength of the PEG/MPEG blend.

This increase in strength from added PVAA is related to the complex formation 

observed when polymer solutions were prepared. The order of addition may alter 

the adsorption of the polymers onto the powder. It was expected that the addition 

of PVA or PVAA first would serve to anchor the PEG to the powder and yield 

more favorable results since PEG was not expected to strongly adsorb. However, 

no such effect on performance was observed with PVA and the opposite effect was 

seen with PVAA. In the case of PVA, the complex seen in the aqueous mixture was
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Figure 27: Effect of PEG20M binder level on green strength of compacts.
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not easily redispersed. In the powder, such a complex may form on the powder 

surface, forming a coating with no added benefit to the performance of the system. 

Possibly when the PEG adsorbs first, addition of PVAA forms a more active surface 

coating, while the PEG shields the effect of PVAA when PVAA is adsorbed first.

Table XIV: Green Strength of Compacts Prepared from Spray-Dried Powders.

Green Standard

Strength Deviation

(kPa) (kPa)

PEG20M 980 60

PEG8000 530 40

2 PEG20M/1 PEG8000 950 60

2 PEG20M/1 MPEG5000 970 50

-l-PEO 980 40

-l-PVAA (PEG First) 1160 80

-fPVAA (PVAA First) 1060 40

-hPVA (PEG First) 1020 50

-1-PVA (PVA First) 1020 50

2.55% PVA 780 30

2.55% PVAA 1370 40

Plasticized PVA 840 42

Plasticized PVAAj------------------------------------
1260 50

Binder content is 3.0wt% unless noted.
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4.7 Thermolysis

Thermal analysis is commonly performed at a heating rate of 10°C/minute. How

ever, heating rates used in the industrial processing of ceramics are commonly much 

slower, frequently in the range of 2-3°C/minute. In order to accurately judge binder 

removal, TGA was run on compacts at 2.5°C/min. Attempts to perform DTA on 

compacts were unsuccessful, possibly because of poor contact between the thermo

couple and specimen.

4.7.1 DTA

Figure 28 compares DTA of PEG binders in alumina powder heated at 10°C/min. 

All curves have an endothermic peak at about 60°C from melting the polymer. For 

PEG8000 and PEG20M two broad exothermic regions are present- one between 170° 

and 290° and another between 290° and 400°. Each of these appears to be composed 

two or more smaller overlapping peaks. The first exotherm was reported by Al- 

bammerrai et al [28] for degradation of PEGs in air, and attributed to oxidative 

degradation of the polymer. Their data were only reported up to 300°C.

The relative heights of the two groups of overlapping peaks are about the same 

for PEG8000 while the first group is much higher for PEG20M. Within the first 

group, the second peak is higher for PEG8000 while the first peak is much higher 

and shifted to a lower temperature for PEG20M.

When an antioxidant was added to PEG20M, the first group of exotherms was 

suppressed and higher temperature reactions were favored. The initiation step 

for degradation can be either chain-end reactions or chain scission beginning with 

hydrogen abstraction by oxygen. The presence of oxygen in the chain makes PEG 

more susceptible to degradation than polymers with only carbon in the backbone. 

Antioxidants function in two ways: by decomposing hydroperoxides, thus preventing 

degradation and by quickly terminating chain reactions by reaction with radicals.
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Figure 29 shows higher temperature DTA data for PEGs in alumina. Between 

900° and 1000°C some peaks were observed which were not reproducible. At 925°C 

a large exotherm was seen in the material containing PEG8000. An endotherm was 

observed at that same temperature for one sample of alumina containing PEG20M 

and an exotherm was observed at OGO^C for a second sample of the same material.

o peaks were observed during cooling, when the antioxidant was present or for the 

<>.lumina powder without binder.

The alumina used for this work was a reactive grade and contains 0.5wt% MgO. 

Reactive aluminas are not phase pure o-alumina. Up to 10% other phases may 

be present[52]. A number of polymorphs of alumina have been reported[53]. The 

peaks observed between 900° and 1000°C may be from transformations of these 

polymorphs. And PEG may play a role in their formation.

4.7.2 TGA

When PEG20M alone is heated in air at 2.5°C/min, most of the weight loss occurs 

in a single step as shown in Figure 30. The last 8% of weight loss may be the the 

loss of linking group. In a compact, initial weight loss is very large, and is followed 

by a period of slower weight loss. In a thin compact (“substrate”) weight loss is 

more gradual than the thick compact and occurs at a higher temperature. In the 

thick compact heat from the exothermic reaction goes to propagate the reaction, 

while in the substrate, heat is more easily dissipated.

Figures 31 and 32 show TGA of 3.0% PEG20M in alumina comparts heated 

at 2.5° and 10°C/min. At the slower heating rate, the onset of weight loss is 

much sharper, and the shape of the curve more complex, and more descriptive of 

thermolysis. Figures 33 and 34 show similar data for PVA. In this case the shapes 

of the curves are almost identical, with the curve shifted to higher temperature at 

the faster heating rate.
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PEG thermolysis is a free radical process[25]. In air the initiation step is cre

ation of a radicals by hydrogen abstraction from the chain. This may occur in the 

chain or at the ends. Once radicals are present, the polymer can “unzip” from 

further reaction to oxygen. Once initiated, the reaction is highly exothermic and 

self propagating in the presence of oxygen.

Weight loss during thermolysis of PVA occurs over a much broader temperature 

range in two stages. First hydroxyl and hydrogen sidegroups are eliminated in 

an endothermic reaction leaving a conjugated hydrocarbon, which degrades at a 

higher temperature in an exothermic reaction[5]. Maximum rate of weight loss as 

indicated by the derivative (dw/dt) is much lower for PVA than for PEG at the 

2.5°/min heating rate.

Figure 35 shows TGA of PEG8000 in compacts heated at 2.5°C/min. The 

difference between PEG8000 and PEG20M is the linking group. A 20% difference 

is observed in the magnitude of the dw/dt peak, relating to the rate of weight loss. 

PEG20M decomposes at a slower rate. The reason for this difference is unclear since 

DTA data indicated that lower temperature reactions were favored in PEG20M, 

Figure 36 shows TGA behavior of a compact containing 3.0% binder consisting of 6 

parts PEG20M, 3 parts MPEG5000 and 1 part PVAA. The behavior is essentially 

the same as that of PEG8000.

The effect of the antioxidant is shown in Figure 37. Onset temperature is 50°C 

higher and maximum rate of weight loss is 20% lower than PEG20M without the 

antioxidant, but still higher than PVA. For components with a thick cross-section, 

thermolysis would be improved by addition of the antioxidant by lowering the max

imum rate of gaseous product formation.
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5 Summary

PEG20M was evaluated as a binder for ceramic dry pressing systems using equip

ment and procedures appropriate to model real manufacturing conditions. Perfor

mance of a system depends on interrelated materials properties at each stage of 

processing. This evaluation covered properties throughout the processing system: 

solution and hygroscopic behavior, slurry rheology, spray-drying performance, com

paction, strength, binder thermolysis and sintering. Two commonly used grades of 

polyvinyl alcohol in plasticized systems, of the type frequently used in the ceramics 

industry for this type of system were chosen for comparison.

PEG20M WM readily soluble in water and produced solutions with lower viscos

ity than solutions of PVA or PVAA commonly used in ceramic processing. Blending 

PEG20M with other PEGs lowered viscosity further. Addition of PVA, PVAA or 

HEC resulted in formation of polymer complexes and phase separation. In the case 

of HEC, a pseudoplastic and thixotropic mixture was obtained.

PEG20M and spray-dried material containing PEG20M were hygroscopic. At 

high relative humidities, the polymer continued adsorbing atmospheric water until 

a solution was formed. At low relative humidities, equilibrium was reached within 

several hours to a few days.

The lower solution viscosities of PEG20M corresponded to lower slurry viscosi

ties than were obtained using PVA or PVAA. The influence of small additions of 

PVA and PVAA were small with respect to viscosity, but large in the case of PVAA 

with respect to foaming.

The rheological behavior of PEG-based slurries fit the Casson equation. The 

Casson yield stress, related to polymer bridging between particles, was found to be 

a function of binder level, with a maximum at 2.0%. Literature sources indicated 

that this maximum corresponds to half monolayer coverage of adsorbed polymer. 

A yield stress was not observed for a straight-chained PEG. The linking group in
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PEG20M may act as a hydrophobic group.

Viscosity ratios of the slurries and initial binder solutions were lower than pre

dicted, indicating that PEG20M was depleted from the liquid phase due to adsorp

tion onto the powder.

Slurries were spray-dried and granules were characterized. In general, granules 

were donut shaped. PEG20M produced granules with higher bulk density than for 

PVA or PVAA. This was due to higher granule density from PEG20M.

Granules containing PEG20M compacted to higher green densities at lower pres

sures than PVA or PVAA. Sintered densities were similar to those obtained from the 

material containing PVAA and much higher than those from PVA. Shrinkage dur

ing sintering of the compacts containing PEG20M was lower than those containing 

PVA or PVAA reflecting the higher granule density.

With increasing PEG20M level, green density decreased. Sintered density de

creased after a maximum at 2.0% binder. PEG blends and added PVA and PVAA 

had a small influence on compaction and sintering.

Green strength of compacts containing PEG20M was lower than those containing 

PVAA, and higher than those containing PVA. PEG20M produced a much higher 

green strength than PEG8000, probably due to the lower degree of crystallinity of 

the PEG20M. PEG blends did not lower green strength. Addition of PVAA to a 

PEG blend raised the green strength. The sequence of binder addition in the slurry 

was seen to influence green strength in the case of the PEG/PVAA blend.

PEG degraded at low temperatures in an exothermic reaction. In a compact, 

weight loss was accelerated. Thermolysis was more gradual for PEG20M than 

PEG8000. Addition of an antioxidant slowed thermolysis further. However, ther

molysis of PVA was still much slower than PEG due to the two-step nature of the 

reaction.
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6 Conclusions

The following conclusions are drawn from the results of this thesis:

6.1 Solution and Slurry Behavior

1. Aqueous PEG20M solutions at a given concentration have a lower viscosity

than solutions of the type of PVA or the type of PVAA that are commonly 

used in ceramic processing. Slurry viscosity is also lower when PEG20M is 

used. /

2. A PEG/PVA interaction was observed and the degree of hydrolysis of PVA 

played a role. Effects of these interactions were seen as phase separations 

in aqueous mixtures and as foaming in slurries. The effect on viscosity was 

small.

3. HEC blended with PEG produced a concentration dependent thixotropic and 

pseudoplastic rheology in aqueous solution.

4. A concentration dependent yield stress was observed in alumina slurries con

taining the linked PEG20M, but no yield stress was observed with the linear 

PEG8000. The difference was concluded to be due to the hydrophobic nature 

of linking group. The maximum yield stress observed at 2.0wt% polymer was 

concluded to corresponded to one half surface adsorption site coverage.

5. A concentration dependent foaming was observed in alumina slurries con

taining the linked PEG20M, but no foaming was observed with the linear 

PEG8000. The difference was concluded to be due to increased surface activ

ity due to the linking group.

6. Alumina slurries containing PEG20M were modeled most effectively by the 

Casson equation. The Bingham equation described high shear rate behavior.
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A combination of two Herschel-Bulkley equations was required to completely 

describe the observed behavior, one for low shear rates and another for high 

shear rates.

7. The viscosity ratio of alumina slurries containing PEG20M decreased as the 

PEG20M concentration increased from 1.0 to 5.0wt%. This behavior can be 

expected when depletion of the polymer from solution occurs due to adsorp

tion.

6.2 Compaction and Sintering Behavior

1. Green densities obtained from compaction of spray-dried granules containing 

the more amorphous PEG20M were the same as those were the same as those 

from the linear PEG8000.

2. Densification during sintering was improved when compacts were pressed us

ing the more amorphous PEG20M. This improvement can be explained by a 

smaller volume of large intergranular pores in the green microstructure.

3. Compacts containing more PEG20M binder had lower green density, which 

resulted from higher granule yield strength or from higher binder volume.

4. A maximum was seen in the sintered density at a PEG20M binder level cor

responding to the maximum yield stress seen in slurry rheology.

5. Addition of a small amount of PVA or PVAA to PEG lowered green density 

but no difference was observed in sintered density.

6. The green and sintered densities of compacts prepared using PEG20M were 

higher than those of compacts prepared with plasticized PVA. An explanation 

for this difference is that the compacts that contained PVA had a larger volume 

fraction of large pores that persisted after sintering.
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7. Higher green density was obtained during compaction from spray-dried mate

rial containing PEG20M than from plasticized PVAA. Sintered densities were 

about the same. It was concluded that the difference in green density was due 

to pores -that were small enough to close during sintering.

8. The green and sintered densities of compacts prepared in a well lubricated die 

were higher than those from a lightly lubricated die. An explanation of this 

difference is that more uniform stress distributions were obtained when the 

powder could more easily move in relation to the die surface.

6.3 Green Strength

1. Green strength of compacts was improved using the more amorphous PEG20M.

2. The green strength of compacts containing PEG20M was higher than that of 

compacts containing plasticized PVA and lower than that of compacts con

taining plasticized PVAA.

3. Above 2.0% PEG20M green strength increased as binder level increased. Be

low that level laminations were present in compacts as a result of the limited 

strength. The 2.0% binder level was significant as the level of one half mono- 

layer coverage of the polymer on the powder in the slurry.

4. Adding a small amount of PVAA to PEG improved green strength. The 

sequence of binder addition during slurry preparation influenced the magni

tude of the increase in strength, probably due to the formation of a polymer 

complex.
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«
.4 Thermolysis of PEG Binders

1. Thetmid degradation of PEG in air was an exothermic process that occured 

rapidly at a low onset temperature.

2. In a compact, the thermolysis of PEG was different than for the bulk polymer. 

Compact geometry infiuenced rate of thermolysis. In a thick compact, weight 

loss was aceelerated by the exothermic reaction.

3. Weight loss daring thermolysis of PEG was more rapid than weight loss during 

thermolysis of PVA.

4. Weight loss during thermolysis of the Unked PEG proceeded at a slower rate 

than the linear PEG.

5. An antioxidant slowed weight loss of PEG by suppressing the initial exother

mic reaction.
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7 Future Work

This thesis suggests several topics for future research in the area of organic process

ing additives for ceramics.
Tht levd of binder adsorption rraa ob«,r*ed to inSuence the performance of 

the material thronghout the proceasing system. It would be useful to identify the 

mechanisms of adsorption of linear and linied PEGs at the solid/liquid Interface in 

aqueous suspensions of alumina and other ceramic powders. Further investigation 

could also be done as to how the binder level inBuences performance of the sintered 

ceramic in areas such as sintered strength and reliability, thermal properties or

electrical properties.
The phase separation observed between mixtures of aqueous solutions of PEG 

and PVAA shows promise as the foundation for a ceramic binder system. It would 

be useful to characterize the phase separations that were observed in the PEG/PVA 

system and the PEG/PVAA system and to determine what role they play m the 

adsorption process. Other polymer/polymer interactions which may benefit or hurt 

binder performance could also be identified. One such system that was identified 

in this thesis is the PEG/HEC system.
Further work in the area of binder thermolysis for PEG systems could include 

analysis of the gaseous products, binder/surface interactions and microstructural 

evolution as the reaction proceeds. Thermolysis of the PEG/PVAA system could 

be more fuUy studied. Additional work could also be done in the use of antioxidants

in ceramic additive systems.
Bused on the performance of PEG20M in dry pressing systems, PEG20M and 

PEG-based binder systems could be evaluated in other types of ceramic processing 

systems such as extrusion, tape casting or thick film applications.
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