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ABSTRACT 

Stereodeposition is a freeform fabrication technique which accomplishes the computer-
controlled, layerwise buildup of an object through direct placement of a fluid which 
rapidly solidifies. Current materials compatible with stereodeposition include functional 
ceramics and metals, engineering polymers, and composites. The key to this flexibility is 
stereodeposition's ability to operate under a wide range of liquid-to-solid transformation 
rates. Understanding and controlling the material parameters involved in the liquid-to-
solid transition is critical, as solidification ultimately impacts the precision and quality of 
the final object. 

A model of the liquid-to-solid transition has been developed in which a bead spreading 
on a curved surface is followed as a series of state "snapshots", whereby an applied force 
produces an incremental bead motion in an increment of time. This approach differs 
fi*om most liquid spreading models, but allows flexibility in the time and geometry 
dependence of forces associated with a solidifying stereodeposition liquid. The model 
predicts bead contact angle as a flmction of time based on initial liquid properties (surface 
tension, viscosity, yield strength) and the solidification strategy employed, namely 
rheology control, mass transfer, or thermal transfer. Three parameter groupings are 
identified: a, which controls final contact angle, p, which controls spreading rate, and 5. 
which controls amount of liquid transformation occurring during spreading. 

To validate the model, dynamic measurements are performed on the spreading of slurries 
of silica particles in various liquids. The model is found to predict the early stage of 
spreading (< 5 s) under one of the two proposed boundary conditions, and is shown to be 
equivalent in the limit to the more traditional dynamic wetting models employing an 
energy rate balance. An explanation is presented for the failure of the model to 
accurately predict the final contact angle for highly shear-thinning slurries. 

The results of the model are applied to operational stereodeposition systems. Placement 
on a graphical representation of the a, P, and 6 parameter space provides insight as to 
how the initial liquid conditions, modified by solidification strategies, will impact the 
ultimate freeforming characteristics such as object resolution, flaws, and gaps; from this, 
potential modifications can be identified. 



I. INTRODUCTION 

The promise offered by Solid Freeform Fabrication (SFF) techniques is truly exciting; 

the ability to create a functional part from a computer model without the need for molds, 

presses, or machining. As opposed to "traditional" numerical control fabrication (e.g. 

milling, routing), SFF is an additive process. The basic operation of any SFF system 

consists of slicing a 3-D computer model into thin cross sections, translating the result 

into 2-D position information, and using this data to control the placement of solid 

material. The process is repeated for each cross section and the object is built up one 

layer at a time (Figure 1.1). There is a great deal of enthusiasm both for the current use of 

these techniques as a means of rapid prototyping and for their future as general additive 

manufacturing processes to reduce the cost of low production runs and create materials 

and components which could not be produced by traditional means.' 

Methods for solid freeform fabrication have developed rapidly over the last few years. 

The commercial realizations of these techniques were originally limited to the production 

of engineering moclcups and prototypes due to material limitations of the low molecular 

weight polymers then compatible with freeforming. Material development for these 

systems has extended the range of compatible materials to include ABS, polycarbonate, 

and nylon, enabling prototypes with limited flmction.^-' The current commercial focus is 

Figure 1.1 Solid Freeform Fabrication (SFF) process. 
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on rapid tooling, whereby the SFF system produces either soft metal tooling for low run 

injection molding, or epoxy negatives used to create ceramic investment casting molds. 

Research is now largely focused on adding metals, ceramics, and engineering 

thermoplastics to the range of material options to enable the creation of functional objects 

directly from a SFF machine. Beyond this, the additive nature of solid freeform 

fabrication offers great promise for producing materials which carmot be manufactured 

using traditional bulk processing methods. These include materials with complex internal 

voids, functionally gradient materials, and the othenvise diffusion-limited chemical 

processing of exotic material systems which mimic biological processes.® 

Among the three broad categories of possible SFF systems, stereodeposition techniques 

are the most flexible for the production of a wide range of materials. Stereodeposition 

accomplishes the layerwise buildup of an object through the direct placement of a fluid 

which rapidly solidifies. Current materials compatible v^th this technique include 

functional ceramics and metals, engineering polymers, and composites with controlled 

fiber placement. The key to this flexibility is stereodeposition's ability to operate under a 

wide range of liquid-to-solid transformation rates; the only requirement is that a material 

be dispensed as a fluid and then undergo sufficient solidification to support the next 

cross-sectional layer. 

The liquid-to-solid transition is currently accomplished by either solidification of a 

thermoplastic upon cooling from a melt (Fused Deposition) or by polymerization 

combined with rheology changes which occur as solvent rapidly evaporates due to the 

large amount of surface area introduced during the dispensing process {Reactive 

Stereodeposition). The first generation of stereodeposition techniques had selected 

material systems with object precision and ease of operation as the driving goal. This has 
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led to the extrusion of thermoplastic materials with a high viscosity (1000-10000 ops) or 

to systems with an initial solidification rate < 1 s. The more interesting end of the 

spectrum for expanding the range of compatible materials, however, is systems with low 

viscosity and low reaction rates combined with significantly higher shrinkage. 

In extending the use of stereodeposition from thermoplastics and other high-solidification 

rate materials, it is necessary to understand how the liquid-to-solid transition of a material 

system of interest impacts the freeforming process. Initial liquid properties (surface 

tension, viscosity, yield strength), deposition parameters (fluid pressure, orifice size, 

deposition speed, time between paths and between layers), and solidification rate 

(polymerization characteristics, amount/volatility of solvent, permeability) all impact the 

precision and quality of the final object. Understanding the effects of these material 

parameters is thus of great interest in directing the design and modification of a material 

system of interest to make it compatible with stereodeposition techniques. 

This dissertation presents the results of an effort to model the initial deposition and 

solidification stages in stereodeposition techniques. The goals of this effort were: 1) to 

identify critical material parameters and their impact on stereodeposition process 

characteristics such as object flaws, gaps, and final resolution; and 2) to produce a 

predictive tool for the development of new material systems compatible with 

stereodeposition techniques. It is hoped that the results of this effort will provide a 

sufficient foundation to reduce the amount of required empirical exploration and speed 

the development of new and novel materials, allowing stereodeposition techniques to 

reach their promised potential. 
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2. BACKGROUND 

2.1 Solid Freeform Fabrication 

2.1.1 Current Techniques and Materials 

Current solid freeform fabrication systems can be categorized into stereolithography, 

lamination, and stereodeposition techniques, differentiated by whether a supply material 

comprising the bulk of the final object is selectively solidified (stereolithography) or 

deposited directly onto the previously created surface in a self-supporting arrangement as 

2-dimensional sheets (lamination) or as individual 1-dimensional beads 

(stereodeposition). A secondary distinction among stereolithography systems is whether 

energy or a secondary component material (e.g. a binder or catalyst) is delivered to 

solidify the supply material. To extend the range of material options, either liquid or 

particles can be used as the supply material, with particles generally requiring some form 

of post-processing. Finally, solidification of the object can occur through removal of heat 

(thermal) or through a chemical solidification process (reaction, diffusion) triggered by 

light, heat, or the addition of a secondary chemical component. This topography is 

outlined in Table 2.1. 

Energy Delivery Systems: Liquid Techniques 

The original stereolithography system was a laser-curing process, in which a He-Cd or 

Argon-ion laser is used to selectively photopolymerize patterns in a thin layer of liquid 

monomer.^ A variation on this technique is masked-lamp curing,® where a patterned 

mask is prepared and laid in the path of light from a lamp, allowing an entire cross 

section to be polymerized at a time. Once a single cross section is built, a new layer of 

resin is applied to the top surface and the process is repeated. 
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Table 2.1 SFF topography. 
PROCESS TYPE DELIVERY MATERL\L SOLIDIFICATION TECHNIQUE 

SYSTEM FORM METHOD 

Thermal N/A 
Liquid 

Diflusion/Reaction Stereolithography ' 

Energy 
Thermal Selective Laser 

Sintering'® 

Particlcs 
Diffusion/Reaction Particle 

Stereolithography" 
Stereolithography 

Thermal Inkjet TP bindert 

Particles 
Diflusion/Reaction 3-D Printing 

Material 

Thermal N/A 
Liquid 

Diflusion/Reaction Inkjet Catalystt 

Lamination Material Sheet/Particles Thermal (Adhesion) Laminated Object 

Modeling 

Thermal Fused Deposition of 

Ceramics''* 
Particles 

Diflusion/Reaction Reactive 

Stereodeposition'^ 
Stereodeposition Material 

Thermal Fused Deposition 

Modeling'' 
Liquid 

Diflusion/Reaction Shape Deposition 

Modeling'® 

t indicates possible system, but not yet developed. 

Parts produced by stereolithography of photopolymers have extremely good resolution, 

defined as the thickness of an individual layer; resolution is often limited by the 

precision of the CAD drawing rather than the process itself. In a typical run, the layer 

thickness is 100-150 fim and each layer takes about 1 minute to form, giving a time of 

about 1 day to make a 20 cm part. This method is widely used for prototypes, and more 

recently to produce sacrificial patterns for ceramic investment casting molds.' 

The original materials for stereolithography were multifimctional acrylate monomers 

which form cross-linked resins. Initial UV exposure results in rapid solidification, but a 
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relatively low degree of total cure; a significant amount of curing continues after light 

exposure, boosted by a local temperature rise associated with the laser spot.'" 

Polymerization continues over a period of days after initial laser exposure and is assisted 

through post-curing operations involving additional thermal, ultrasound, or UV 

exposure.'® A lack of controlled post-curing can lead to warpage and curl in the final 

object. Photopolymerizable epoxies" have been recently made commercially available. 

These epoxies offer better mechanical properties as well as lower shrinkage and thus 

lower object distortion. Post-curing for epoxies is more critical than for the acrylates in 

order to achieve polymerization of uncured internal liquid and increase the amount of 

cross linking. 

To extend the range of material options for these systems, it is possible to bind particles 

selectively within each layer through photopolymerization, then use standard firing 

techniques on the resulting greenbody to achieve a dense final object. Ceramic objects 

have been produced by photopolymerizing acrylamide monomer binders in highly-loaded 

ceramic slurries of up to 50 volume percent silica, alumina, and hydroxy apatite 

suspensions." A key challenge is preparing slurries which have optical properties 

sufficient to achieve a reasonable depth of cure (~200nm). Cure depth is inversely 

proportional to the square of the refractive index difference between the particles and the 

suspension medium, potentially limiting material choices. Particle loading is also a 

challenge, as high loading both reduces cure depth and increases slurry viscosity, which 

must be sufficiently low to allow for self-leveling of the liquid bath (<3000 cps). As the 

processing of ceramics requires a high volume percent of particles in the greenbody to 

achieve full densification, there is clearly a tradeoff involved with using particles as the 

bulk material in this solid freeform fabrication technique. 
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Energy Delivery Systems: Particulate Techniques 

An alternative to joining particles through photopolymerization of a binder is to sinter the 

particles. Selective Laser Sintering (SLS),'°-° developed at the University of Texas in the 

mid-1980s and commercialized by DTM corporation,-' uses a CO, laser to scan over a 

thin layer of heated powder, fusing particles together in the required 2-dimensional cross 

section. Once the pattern is complete, a piston supporting the powder cake is lowered by 

one layer thickness, a new layer of powder is spread evenly over the previous one by a 

roller, and the process is repeated. Layer resolution for this technique is 75-250 (im at a 

build rate on the order of 5 times that of stereolithography. Resolution depends on 

particle size,-' but is generally significantly less than stereolithography. 

The duration of the laser beam at any powder particle is short, typically between 0.5 and 

25 ms,-- requiring that binding reactions be rapid. Objects have been successfully 

produced from polycarbonate,^ nylon,^ and glass-filled nylon composite particles,-^ which 

all fuse by temperature-induced viscous flow. This solidification process is seen in the 

sintering of amorphous particles by traditional means, and occurs at a rate proportional to 

the material surface tension divided by viscosity.-^ Melt viscosity for these polymers 

follows an Arrhenius relationship, dropping by a factor of about 2 for every 25 °C 

increase in temperature. Solidification rate is thus a function of temperature, occurring 

much faster than curing in stereolithography techniques. 

Careful control is required of laser intensity, scan speed, and pattern overlap to achieve 

sufficient bead-to-bead and layer-to-layer fusion without fully melting the particles and 

causing the object to slump.^" Thus the rates of powder sintering and heat U-ansfer for the 

material being fireeformed become important considerations in the success of this 
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technique; the need to remove the heat created by the laser can significantly effect object 

build time. 

One of the impacts of the rapid liquid-to-solid transition in selective laser sintering is the 

difficulty in producing fully dense objects. Polycarbonate is an attractive candidate 

material because of its strong temperature dependence of viscosity, yet it still achieves 

only approximately 60% of full density. Production of metal objects can be achieved by 

local melting and resolidification of particles, as opposed to viscous flow. This turns out 

to be quite challenging, however, due to low melt viscosities which allow surface energy 

affects to dominate the final geometry, creating a "balling" effect in single phase metals 

such as lead, tin, and zinc." To address this issue, a two-phase powder approach has been 

developed, in which a low melting point liquid wets and binds the particles of the higher 

melting point material. This has been used to produce Cu-Sn, Ni-Sn, Alumina-

ammonium dihydrogen phosphate, and alumina-boron oxide parts.---'' Density is 

improved by lowering the viscosity of the low melting point material, but is still in the 

40-70% range. 

Metal and ceramic parts have also been produced by substimting 5-15 volume percent of 

a polymer for the low melting point phase.-- Metal or ceramic particles are generally 

coated in a small amount of polymer such as polymethylmethacrylate (PMMA) or a latex 

emulsion, which is fused during object build; the polymer is later removed in a burnout 

phase and the particles sintered at high temperature.-^ Metals such as nickel, iron,-® and 

copper-based alloys" have been successfully fi-eeformed as part of an effort to produce 

tooling using this technique. Alumina parts have been produced-* using 0.5 - 2 jim 

powder spray-coated with PMMA. These parts, too, achieve low green densities (35%) 
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and sinter to only 50-60% density under pressureless conditions. It is possible to raise the 

final density by infiltrating the resulting particle matrix with metal or colloidal silica.-'-^' 

Material Delivery Systems 

As opposed to polymerizing or melting a binder through the addition of energy, particles 

can be selectively bound by the addition of a secondary material. The process of Three-

Dimensional Printing,'- developed at MIT, uses ink-jet nozzles to print a stream of binder 

onto a powder bed. This binder is either a latex emulsion or colloidal silica,^- which 

solidifies upon solvent removal. Alternatively, a photopolymerizable polymer may be 

used as the binder, which solidifies upon application of light." Unbound powder remains 

in place during the build to support overhangs and island structures and is later sloughed 

off. The resulting object is a greenbody which can then be sintered using traditional 

methods. Resolution for this technique is similar to that of stereolithography, 100-

ISO^im. 3-D printing has the potential for significantly higher total throughput than other 

techniques through use of multiple nozzles." 

3-D printing has been used to prepare metal^^ and ceramic greenbodies,^® including 

stainless steel powder bound by an aqueous acrylic copolymer emulsion^' and alumina 

bound with colloidal silica.^^ As there is flexibility in both the particle supply material 

and binding material, this process has been used to produce unique graded 

microstructures and objects with complex surface textures (see Section 2.1.2). 

A key limitation which is shared with selective laser sintering is the low green density of 

objects produced by 3-D printing. All powder bed techniques will have an inherent 

amount of interstitial voids between particles, initially on the order of 60 volume percent. 

In the process of selective laser sintering, these voids must be displaced by material flow 

from the particles; there is a tradeoff between material flow and solidification resulting 
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from heat transfer. In 3-D printing, interstitial voids are filled by an additional material, 

and the competition becomes capillary penetration vs. solidification resulting from mass 

transfer (the removal of solvent). 

Binders used in 3-D printing require both a low viscosity and a surface tension which 

provide for complete wetting of the particles. The velocity at which the binder enters a 

cylindrical pore with radius r is given by:'^ 

-- rvcos0 
V= . , (1) 

4Tjh 

where y and t] are the surface tension and viscosity of the binder, respectively, 0 is the 

contact angle that the fluid makes with the side of the pore, and h is the depth to which 

the liquid has penetrated. Here, as in selective laser sintering, y/T] is the parameter 

grouping which controls the solidification rate, although solidification in this case 

involves liquid penetration rather than particle sintering. 

Stainless steel objects produced using 3-D printing were 64% dense after firing," while 

alumina greenbodies only achieved 33-36% theoretical density and could not be fiilly 

densified without isostatic pressing.^- In this technique, too, infiltrants including bronze 

or colloidal silica have been introduced as a post-processing step to increase the final 

density of objects. Another technique employed is to increase the initial density of the 

powder bed to roughly 50 volume percent by building the bed from a series of layers of a 

sprayed slurry containing ultra fine alumina powder in isopropyl alcohol.Greenbodies 

produced in this manner sintered to fiill density under pressureless conditions. 
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Lamination 

Lamination techniques involve the automated positioning, cutting, and fusing of 2-

dimensional patterns in thin sheets of material. Helisys, Inc. represents the commercial 

leader in this area with their Laminated Object Modeling (LOM) system.^® In the Helisys 

system, a sheet of polyethylene-coated paper is laid on the surface and heated under 

pressure to melt the polyethylene and fuse it to the previous layer. A laser then cuts the 

required pattern in this sheet and chops the waste material into small pieces in a process 

called decubing. This method has traditionally been limited to paper, foam, and plastic 

materials and thus was used to prepare models rather than functional prototypes, but 

recent efforts have expanded the material choices to include those typically found in tape 

casting processes (e.g. ceramics). 

Current research involves the manufacture of alumina'and SiC-'' ceramic parts from 

modified tape casting formulations, as well as glass/epoxy composites and SiC/SiC 

ceramic matrix composites.^' The use of metal injection molding feedstocks to create 

flexible tapes for this technique has recently enabled the production of 316 stainless steel 

infiltrated with bronze*'- as well as Fe-Ni alloys and tool steels.-*^ 

Stereodeposition 

Stereodeposition is the broad category of Solid Freeform Fabrication techniques that 

accomplish the layerwise buildup of an object through the direct placement of bulk 

material in the form of droplets or thin beads. All stereodeposition techniques involve 

writing a path of fluid material, which rapidly undergoes a transformation to a solid. This 

transformation can occur by cooling, removal of solvent, or a catalyzed chemical 

reaction; the only requirement is that initial solidification provide sufficient strength to 
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support the next cross-sectional layer. Post-processing can later be performed on the 

object as a whole to achieve final properties, such as completion of polymerization or 

burnout of binder and sintering of ceramic particles. 

Typical ranges for resolution of objects produced by stereodeposition techniques are 50 

microns for thermoplastic parts produced by the ballistic deposition of small droplets to 

approximately 300 microns for ceramic objects produced by Fused Deposition 

Modeling.'-' Deposition systems may require a breakaway support material to produce 

overhangs, such as in the forming of a vertical cylinder with two horizontal arms (a toy 

soldier being one example). If the melt viscosity is high or the solidification rate is 

sufficiently rapid, however, it is possible to extrude material into space with no support 

and little sign of sagging.-'-'-^^ 

Objects have been produced from a spectrum of materials, including thermoplastics such 

as wax,^ nylon,-'® acrylonitrile-butadiene-styrene (ABS) and medical grade methyl-

methacrylate-acrylonitrile-butadiene-styrene (MABS),^ polyetheretherketone (PEEK), 

and polymethylmethacrylate (PMMA).-" By adding ceramic or metal particles to the 

thermoplastic and using the polymer as a binder, silicon nitride,'-' alumina,^-' and stainless 

steeH^ parts have been produced. Non-thermoplastic binders which solidify by chemical 

means have also been successfully demonstrated. Examples include alumina and silicon 

carbide particles bound with liquid acrylic monomers,-** and silica and borosilicate glass 

objects produced using sol-gel solutions as a binder.^-* 

Figure 2.1 illustrates the material range of objects produced by stereodeposition. 

Included are a carbon-fiber composite turbine blade (left in photo), a zircona oxygen 

sensor (upper left), and the Sandia National Laboratories Thunderbird logo prepared from 



Figure 2.1 Stereodeposition techniques have produced parts from a spectrum of materials. 

Hershey's chocolate (lower left). Stereodeposition techniques will be discussed 

extensively throughout the remainder of this dissertation. 

2.1.2 Fabrication of NovellVIaterials 

"First generation" solid freeform fabrication systems were developed as best matches of 

materials-techniques-process characteristics, resulting in severe limitations in object 

properties. As was discussed in the previous section, there has been a rapid progression 

among all systems towards the production of a wider range of materials to create 

ftmctional objects by solid freeform fabrication. Research is beginning to focus on taking 

advantage of the layerwise nature of SFF techniques to produce non-homogeneous 

materials with complex internal voids and property gradients. Further out, solid freeform 

fabrication techniques have the potential to process novel structures which carmot be 

manufactured using traditional bulk processing techniques. These include controlled 
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porosity, complex composites, material property gradients, and the chemical formation of 

bulk components which would otherwise be limited because of the need to remove 

reaction products by diffusion. These more complex material systems naturally impose 

greater processing requirements on a freeforming system; it is likely that not every 

system will have the inherent capabilities to produce all of these potential products. 

All SFF techniques share the potential for non-machinable shapes such as complex 

surface textures or internal holes. 3-D printing techniques have been successful in 

producing objects with complex, fine-detail surface textures'" and injection molding 

tooling containing conformal cooling channels." Stereolithography techniques are 

slightly more limiting than stereodeposition for producing objects with internal voids 

because of the need to remove unsolidified material. Draining is limited by the same 

capillary forces associated with infiltration, thus the liquid surface tension and viscosity 

are again the key rate parameters, in this case for removal of unsolidified material. 

Stereolithography epoxies have a viscosity imder 200 cps, which is ten times less than the 

acrylate formulations; even so, it still takes on the order of hours to drain a finished 

stereolithography part roughly 20 cm per side. 

Complex material gradients are another SFF characteristic not achievable by standard 

forming methods. The layerwise nature of SFF manufacturing makes inter-layer (z-axis) 

gradients a possibility. 3-D printing can locally alter the binder composition. This has 

been used to produce zirconia-toughened-alumina (ZTA) ceramic objects with gradient 

microstructures resulting in unique directional properties in the bulk object.^'' Another 

application of an inter-layer gradient demonstrated by 3-D printing is drug delivery 

devices,5° in which a controlled medicine dose is printed into a powder matrix and altered 

between layers to produce a controlled time-release. 
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A radial gradient in the final object is more challenging for SFF systems, requiring intra-

layer material gradients. This compositional variation is not possible for traditional 

photopolymer systems, and is a difficult challenge for other stereolithography and 

lamination techniques, generally requiring complex material placement equipment. 

Because the bulk material is being placed, stereodeposition techniques offer the most 

inherent microstructure flexibility. By dispensing different slurries through multiple 

nozzles, it is possible to locally modify the entire matrix within any given layer to form 

unique composite materials (Figure 2.2). For example, a tungsten-alumina functional 

gradient part has been produced by depositing tungsten with increasing amounts of 

alumina through the use of a "Y" twinned feed." Producing this type of complex, 

continuous gradient generally requires careful matching of the rheology of the two feed 

materials and some sort of mixing in the extrusion outlet. 

Stereodeposition is unique among solid fireeform fabrication techniques in that chopped 

fibers in a liquid align during extrusion through the small orifice and ultimately follow 

the writing direction. Tensile bars of chopped carbon fiber in PEEK have been formed 

with the main deposition trajectory both parallel to the test direction and across the test 

direction, and have shown corresponding strength and stifihess anisotropics.''-' This 

Single Component Multi-Component or Precision Fiber Multi-Componen 
Slurry Fiber-Reinforced Placement Matrix 

Slurry 

Figure 2.2 Stereodeposition techniques allow local modification of material components to form 
unique composites. 
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feature could be extended to the control of the fiber direction to conform to local stress 

directions, at least in the x-y plane.® 

The formation of bulk components from chemicals in solution is currently limited 

because of the need to remove reaction products by diffusion.® A layerwise approach to 

chemical formation offers inherent advantages in this area, as the diffusion length is 

greatly reduced; diffusion products must only be removed from each layer during 

buildup, rather than diffuse from the bulk. The total time to diffuse material from an 

object built in a layerwise manner is thus a linear function of the number of layers rather 

than a ftmction of the square of diffusion distance. This opens the possibilities of using 

solid freeform fabrication as a manufacturing tool for larger components from chemicals 

in solution than is currently achievable. 

A direct application of this is in the area of biomimetic processing, utilizing mechanisms 

found in biological organisms such as the mineralization of tissues to produce unique 

materials and components. Current work in this area includes the mineralization of soft 

gels produced by a stereodeposition technique.® The long-term vision is to use solid 

freeform fabrication to produce an object with the complexity of bone; this involves the 

creation of objects with hierarchical structures, vastly different local mechanical and 

surface properties, and a complex internal structure with channels and interconnects for a 

network of nerves and tendons. 

Accommodating shrinkage is a key challenge in producing objects which undergo 

significant diffusion within a layer. Shrinkage may be very large for chemical 

processing, as in the evaporation of solvent to form a film. This imposes different 

constraints on freeforming systems than in the original systems involving curing of epoxy 

resins or solidification of thermoplastics, where shrinkage is only a few percent. Ideally. 
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shrinkage can be accommodated within each layer during the object build process. This 

requires careful control of the liquid-to-solid transition. The requirement, presumably, is 

that flow must be possible; as material solidifies, the new layer will become constrained 

and may crack due to further shrinkage. Slower solidification rates may ultimately be 

required to enable the chemical processing of materials on a layerwise basis. 

In the application of solid freeform fabrication to the chemical processing of materials, 

stereodeposition is the only type of technique which allows the direct placement of 

various liquids without requiring the bulk material to be in particle form. Further, these 

liquids can solidify or deposit material under a wide variety of reaction mechanisms and 

reaction rates, potentially involving significant diffusion. Under stereodeposition 

techniques, existing thin film technology such as sol-gel processing can be directly 

applied to layerwise manufacturing. 

The flexibility in both compatible materials and solidification rates makes 

stereodeposition techniques attractive for the future applications of freeform fabrication. 

The foundation for this material and solidification rate spectrum has already been 

demonstrated through existing stereodeposition techniques, which will be discussed in the 

follovidng Section. The wide spectrum of liquid-to-solid transition rates raises a number 

of diverse processing issues, however, which must be addressed if stereodeposition is to 

achieve its potential; these issues will be evaluated in Section 2.2.4. 

2.2 Stereodeposition Techniques 

As introduced previously, all stereodeposition techniques involve writing a path of a fluid 

material, which undergoes a transformation to a solid by cooling, removal of solvent, or a 

catalyzed chemical reaction. The realizations of these strategies are discussed in the 

following Sections. 
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2.2.1 Fused Deposition Modeling (FDM) 

The simplest method of rapidly transforming a bead from fluid to solid is through 

removal of heat. In the Fused Deposition Modeling (FDM) process developed by 

Stratasys, Inc./ a wax or low viscosity polymer in the form of a filament is melted and 

extruded along a pattern swept out by a 3-axis positioner, solidifying upon cooling 

(Figure 2.3). 

The original materials for FDM were selected by characteristics which produced the 

highest quality final objects.'* These material characteristics included strong interlayer 

bonds at or near their melting points and low distortion after cooling, as well as adequate 

fiexural modulus and strength to be formed into a filament, spooled, and used as a piston 

to pump material through the head, liquefier, and tip. Filament column strength is 

important because the maximum material flow rate is limited to the point at which the 

extrusion force equals the column strength of the incoming filament. 

It was observed in early exploration of materials that there is a fine balance between 

nMi-niFtamt't 

Figure 2.3 Deposition head for the Stratasys Fused Deposition Modeling 
System. 
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desirable feed material properties, which are often at odds with each other. A low melt 

viscosity was necessary for successful FDM, presumably because it allowed more flow 

during deposition, leading to both better inter-layer bonding and a finer object surface 

finish. The period of flow during deposition was initially extended by elevating the 

temperature of the surrounding environment, including the object being built. There is a 

tradeoff, however, with using smaller temperature differences between the melt and the 

object. Higher temperatures reduce the flexural modulus of the filament, making 

extrusion more difficult; additionally, the material remains soft after deposition, which 

can lead to slumping. A low melt viscosity combined with a rapid solidification rate was 

required to achieve objects which had acceptable strength and surface finish while 

maintaining their designed shape. Too rapid a solidification rate, however, lead to 

delamination and poor surface finish. 

The key to achieving a successful balance of properties was to select materials with a 

strong temperature dependence of viscosity, and to optimize the envelop temperature to 

provide for sufficient flow and interlayer bonding without allowing the object to slump. 

The materials selected for commercial use in the Stratasys system include polyolefin and 

polyamide wax formulations for use in investment casting processes,-* as well as 

acrylonitrile-butadiene-styrene (ABS) and medical-grade methyl-methacrylate-

acrylonitrile-butadiene-styrene (MABS) for direct production of components.^ These 

materials are fireeformed with a difference in tip vs. environment temperatures of 40-

150°C. 

Karis" has performed an extensive study of the temperature-dependent rheology of 

polymers for a similar stereodeposition technique. It was found that in typical glass-

forming polymer melts, the storage moduli increases smoothly as the melt temperature 
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approaches the material's glass transition temperature according to an exponential 

function of temperature. In crystalli2dng polymers, however, there is a sharp transition in 

moduli with decreasing temperature associated with the crystallization of the melt. This 

sharp transition provides the desired characteristics of low viscosities at deposition 

temperatures while ensuring rapid transformation after a sufficient period of flow. 

Crystallizing polymers were thus concluded to be the most promising materials for this 

type of stereodeposition technique. 

Advanced Ceramics Research, Inc. (ACR)"*^ has adapted the FDM process under license 

from Stratasys to a high pressure extrusion apparatus which is compatible with a variety 

of high molecular weight thermoplastic materials. The operation is similar to the 

Stratasys system, but the feed material is in the form of cylindrical feed rods, allowing for 

significantly greater extrusion pressures. Figure 2.4 shows the ACR extrusion head, 

which has been retrofitted to a Stratasys FDM system. A piston extrudes the feed 

Figure 2.4 ACR high pressure extrusion head. 
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material through a heated cylinder and a 23 gage orifice at operating pressures ranging 

from 0.5 to 4.5 kpsi and temperatures of 210° C to 420° C. The object is built up on a hot 

plate set to nominally 50 percent of the extrusion temperature (120 - 200° C), providing 

limited environmental temperature control. The effectiveness of this temperatiure control 

is reduced as the height of the object increases and heat transfer from the hot plate 

becomes insufficient to maintain a constant surface temperature. 

Parts have been fabricated from engineering thermoplastics such as polyetheretherketone 

(PEEK), polycarbonate and polymethylmethacrylate (PMMA). Composite objects have 

also been produced with fiber-filled grades of PEEK and polycarbonate. Additionally, 

polylactic acid/polyglutamic acid, a biologically resorbable copolymer, has been 

processed for possible uses in manufacturing biomedical implant devices.-" 

Because of the limited temperature control of the environment in the ACR system, the 

heat content of the newly deposited material must be sufficient to remelt a colder 

previous surface to allow for interlayer bonding. The melt temperature of these high 

molecular weight thermoplastics is approximately 200° C higher than current Stratasys 

materials, resulting in a much greater temperature drop upon dispensing and a much more 

rapid liquid-solid transition. 

During the build process, insulating plates can be placed on the hot plate around the 

object to form a higher-temperature envelop and maintain an elevated object temperature. 

Even so, the solidification rate increases with object height due to an increasingly cooler 

surface as the separation between the deposition surface and the hot plate increases. This, 

combined with the fact that the melt viscosity of the higher molecular-weight polymers is 

an order of magnitude greater than the Stratasys filaments, leads to significantly less flow 

for the ACR thermoplastics. The consequences of too rapid a solidification relative to the 
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melt viscosity are thus more noticeable in objects produced by the ACR technique. The 

reduced material flow has been observed to produce diamond-shaped gaps between 

individual beads, and can lead to poor inter-layer bondhig resulting in subsequent 

delamination." Additionally, the low material flow produces poor surface properties 

such as low resolution and noticeable surface roughness.'" 

2.2.2 Fused Deposition of Ceramics (FDC) and Metals (FDMet) 

By using the thermoplastic polymer as a binder for ceramic particles, the FDM process 

has been extended to produce ceramic and metal greenbodies in the Fused Deposition of 

Ceramics (FDC) and Fused Deposition of Metals (FDMet) processes. Agarwala et. al.^* 

have produced filaments from Si3N4 powder for use in the Stratasys system. Using a 

multicomponent thermoplastic wax binder and proprietary additives including plasticizers 

and dispersants, they have achieved particulate loadings of 55-60% in a filament which is 

compatible with the liquifying temperatures and pressures of the Stratasys system. 

Because of the high initial particle loadings, greenbodies freeformed from these filaments 

can be sintered to full density. PZT/polymer composites," WC-Co, and stainless steeH" 

filaments using similar binder formulations have also been explored. 

For the deposition of ceramics such as this, melt viscosity and filament stiffness become 

critical limitations. Because of the high loading requirements of ceramic processing, 

filaments prepared firom particulate compositions have high viscosities, which are similar 

to the ACR engineering thermoplastics and an order of magnitude higher than that of the 

FDM waxes.'" This requires a much greater column strength of the filament to push 

material through the dispensing tip. Particulate filaments with this great a column 

strength are brittle and lack the flexibility to be wound on a spool. As a result. 



Agarwala's group is limited to filament lengths varying from 8-12", which must be 

manually fed into the Stratasys machine during dispensing. 

ACR has produced ceramic parts using high molecular weight thermoplastics as a binder 

for ceramic particles which are cast into cylindrical feed rods, allowing higher pressure 

extrusion. This system has been used to produce alumina, zirconia, silicon nitride, and 

silicon carbide greenbodies. With the use of proper dispersants, feed rods for these 

objects obtained particle loadings averaging 50 volume percent. At these loadings, it was 

possible to sinter the resulting freeformed alumina and zirconia greenbodies to full 

density under pressureless conditions. 

Because these particulate systems have a higher melt viscosity relative to simple 

thermoplastics, yet similar solidification rates, the chance of flaws created by insufficient 

material flow is greatly increased. Besides the diamond gaps between paths previously 

mentioned, Agarwala has identified both surface defects such as "staircases" and internal 

defects such as sub-perimeter voids caused by the incomplete filling of the area inside the 

perimeter where the dispensing head makes a turnaround." They have also identified 

bonding problems due to substrate cooling, but much of this is eliminated during object 

sintering as long as delamination does not occur during the build process. 

2.2.3 Reactive Stereodeposition 

The technique of Reactive Stereodeposition was developed by the University of Arizona 

and ACR for the production of resin composites and for slurries of ceramic powders in 

polymer binders.''® " As opposed to softening and rehardening, initial solidification in 

reactive stereodeposition occurs by a gelation process involving chemical reactions or the 

mechanical interaction of particles. This initial gelation must occur rapidly to stop bead 

flow, on a time scale similar to that found in the FDM thermoplastics. Because the initial 
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viscosity of the dispensed liquid can be significantly lower than the melt viscosity of 

FDM waxes, however, the amount of material flow which occurs before gelation is 

generally much greater than that found in FDM. After initial gelation, polymerization 

continues at significantly slower rates than in the previously discussed stereodeposition 

techniques. 

The reactive stereodeposition process is illustrated in Figure 2.5 for the system developed 

at the University of Arizona. In this system, a liquid or particle slurry is dispensed 

through a syringe in a 2-D pattern. A sufficient binder polymerization rate is achievable 

by a catalyzed reaction during deposition. This, combined with rheology changes as 

solvent is removed, rigidifies the slurry sufficiently to support the weight of successive 

layers. Catalysis can be triggered by the activation of a component already present in the 

slurry. Depending on the type of polymer binder, the activation can be in the form of 

heat, light, or a change in pH. It is also possible to introduce a catalyst in a mixing 

chamber immediately before the slurry is deposited. 
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Figure 2.5. University of Arizona reactive stereodeposition system. 
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Reactive stereodeposition with the bulk material in the form of a highly-loaded 

particulate slurry is generally the least challenging form of this technique, as the particles 

prevent shrinkage and add strength to the dispensed bead. The stiffening of a highly-

loaded slurry achieved in the initial stages of reactive stereodeposition is similar to tape 

casting: a slurry leaves the nozzle in a fluid state, solvent evaporates as it spreads on the 

dispensing surface, and a final solids loading is achieved at which the slurry has become a 

stiff bead. The critical difference, however, is the rate at which a stereodeposition slurry 

must reach a gelled state through binder polymerization or mechanical interaction of the 

particles. After deposition, a brief period of flow, and initial gelation, the bulk object 

strength then increases as a function of increasing binder polymerization, which can occur 

over an extended period of time. 

The low liquid viscosity relative to FDM provides additional flexibility in deposition 

such as the ability to turn the dispensing valve on and off; this in turn allows for better 

control of material placement. Strategies can be introduced such as incorporating a small 

delay before dispensing head motion begins or shutting the valve off a short distance 

before the head stops to avoid the excess or insufficient material placement typically 

found in FDM techniques. The downside to the low viscosity, however, is the need for 

rapid initial transformation to stop material flow at a positive contact angle. 

Reactive stereodeposition has been used by Advanced Ceramics Research to produce 

alumina, zirconia, and silicon nitride parts from slurries containing ceramic powders 

dispersed in liquid acrylic monomers which are polymerized by dispensing on a heated 

surface.''® The solids loading is 50-60% for alumina and zirconia slurries at 200 poise. 

This loading produces parts with a green density sufficient to be sintered to full density 

under pressureless conditions. The silicon nitride slurries achieved a lower initial loading 
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and produced greenbodies which could only reach full density after isostatic pressing. 

Because of the low viscosity of the binder solution, achieving a highly loaded dispersion 

which is stable against agglomeration or settling is a key challenge. 

Reactive stereodeposition at low particulate loadings is also achievable, although 

shrinkage, cracking, and object slumping become problematic.-'^ Composite materials 

comprised of a matrix based on urethane acrylates reinforced by 4-30 volume percent 

silica powder or chopped carbon fibers have been successfully produced." The addition 

of fibers both reduces the total object shrinkage and adds toughness to avoid cracking. 

While the addition of fibers may at first seem to create a tradeoff between fiber loading 

and deposition properties, other work has found that the presence of fibers actually 

lowered the pressure required to extrude pastes of SiC fibers in AI2O3 powder in a 

hydroxypropylmethylcellulose binder;was attributed to the packing behavior of the 

fibers in the system. Epoxy resins with and without carbon fiber reinforcement have also 

been formed.-*^-^' 

As an example of a low viscosity, low solidification rate system where rheology control 

becomes critical to avoiding object slump, nylon objects have been produced based on a 

modified reaction injection molding (RIM) formulation.-"® This system involves the 

extrusion of liquid capro lactam, with sodium hydride as an initiator and an isocyanate 

accelerator. Only a small amount of reaction actually occurs during bead spreading to 

prevent flow; 8 wt. % of a hydrophobic fumed silica is added as a gelling agent.® After 

forming, parts are cured at 160-180°C to induce full polymerization. This occurs while 

parts are immersed in an oil bath to prevent oxidation. 

A system which is similar in flow and solidification rate characteristics to the nylon 

system has been developed for ceramic particles in an inorganic binder'-' (also see 
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Appendix 1). This system employs ethyl silicate (a partially condensed oligomer of 

tetraethoxysilane (TEOS)) as the binder. Ethyl silicate has previously proven useful in 

binding refractory powders through slip casting.®"-^^ Because gelation of this binder 

occurs at room-temperature with a minimum exotherm, there is less chance for the 

warpage due to localized temperature gradients that affect freeform fabrication systems 

such as stereolithography.^ In using a silicon alkoxide as a binder, the resulting Si-O-Si 

network will remain in the object throughout the drying and sintering processes, 

ultimately contributing approximately 3-10 volume percent of amorphous silica to the 

ceramic matrix. This results in a higher effective greenbody loading and fewer burnout 

problems during the sintering phase. 

The solids contribution of the ethyl silicate binder can be utilized to aid in the 

pressureless sintering of the ceramic greenbody. Amorphous silica has traditionally been 

u s e d  a s  a  c o m p o n e n t  t o  p r o m o t e  e i t h e r  v i s c o u s  o r  l i q u i d - p h a s e  s i n t e r i n g . T h e  

sintering liquid composition can be modified by the addition of other components directly 

into the liquid binder; this is achieved either by using dual alkoxide binders (e.g. 

Mg(Al(OEt)4)2) or a salt dissolved in the alkoxide solution (e.g. alumina or magnesia 

nitrates/acetates).®^-™ Examples of using silica-based sintering liquids that are compatible 

with ethyl silicate binders include the production of ceramics in the SiAlON system^'-^' 

and the liquid-phase sintering of Si3N4 with glass from the system A1N-Mg0-Si02." 

Slurries are prepared by ball milling 40-50 volume percent ceramic particles in a solution 

of 50 volume percent partially hydrolyzed ethyl silicate and water and 50 volume percent 

ethanol as a mutual solvent. These slurries are highly shear-thirming, with low shear rate 

(<1 s"') viscosities nominally 1000 poise, which is on the order of 100 times the viscosity 

associated with dispensing (shear rate > 10 s"'). The rapid viscosity increase after 
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deposition assists the initial rigidification achieved by the evaporation of ethanol during 

the deposition process (see Appendix 1 for an extended discussion of this system). 

Gelation of the binder is then triggered by the addition of water plus a base catalyst 

(NH4OH) through a spray of ammonia water applied to the surface, which creates a 

silicic acid. The hydroxyl groups in the silicic acid react with ethoxy groups or other 

hydroxyl groups, resulting in condensation of ethanol or water. Polymerization proceeds 

through condensation and the formation of siloxane bonds.®°^2.74-76 

Full curing takes 6-12 hours for an object with dimensions on the order of 5 cm, and is 

allowed to continue in the object as a whole by suspending the greenbody in a sealed 

container above a mixture of ethanol and ammonium hydroxide. This provides a wet. 

basic environment for the continuation of curing without drying. After curing is 

complete (approximately 24 hours), the environment is modified to allow for drying at a 

slow rate. This system has been used to produce silica, mullite, and fiber-reinforced 

borosilicate glass greenbodies with densities of nominally 45 percent.-'-' The silica and 

mullite greenbodies did not sinter to full density. The borosilicate glass greenbodies, 

however, were sintered to full density under pressureless conditions. 

2.2.4 Importance of Liquid-to-SoIid Transition for Process Control 

With the goal of using stereodeposition techniques over a wide range of solidification 

rates, it is necessary to understand how the characteristics of the liquid-to-solid transition 

impact the ability to fireeform a part, and what modifications can be performed to achieve 

acceptable results. 

"Acceptable results" in the layerwise processing of a part can be categorized by process 

speed (total build time, including material placement and pauses for curing, etc.). 

precision (accuracy, resolution of object dimensions), and quality (closeness to model. 
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final object properties). Quality includes many of the challenges discussed in Section 2.2 

and encompasses processing flaws such as material gaps or globs and object slumping 

(Figures 2.6 & 2.7). Speed, precision, and quality are all defined by the properties of the 

dispensed liquid combined with the solidification rate and the amount of shrinkage during 

solidification. 

The impact of key material system characteristics is evident throughout the fireeforming 

process fi:om the initial placement of a liquid in a discrete bead through the creation of a 

uniform layer and ultimately to a 3-D body. The liquid properties of interest are surface 

tension, viscosity, and yield strength. Solidification changes these properties at a rate 

determined by the solidification mechanism such as reduced shear rate, mass transfer, or 

thermal transfer. 

In the deposition of a one-dimensional liquid bead, the liquid properties and deposition 

parameters such as orifice size and extrusion pressure control the material volume flow 

Figure 2.6 Polycarbonate tensile test bar produced by FDM, illustrating rough surface and deiamination 
due to insufficient material flow. 



Figure 2.7 Slumping of objects produced by reactive stereodeposition of a silica slurry. 

rate, ultimately defining the maximum rate at which an object can be built. At any given 

material flow rate, there is a maximum speed at which the dispensing head can move to 

lay down uniform beads without creating gaps. Once a bead has been written, it spreads 

at a rate controlled by the liquid properties and modified by solidification rate until it 

stops at a final width determined by the contact angle. The contact angle thus defines the 

precision of the part in a direct tradeoff between path width and layerwise resolution 

(Figure 2.8 (a)). 

Also associated with contact angle is the surface roughness of the final part (Figure 2.8 

(b)). Stereodeposition systems will have an inherent surface roughness created by the 

spherical shape of the deposited bead. It is important to note, however, that in producing 

a solid, the outer surface (the circumference of a layer), may be written with more care 

than the interior of the layer. Hence line width is not necessarily the limiting factor to 

object build time. 

Clearly, solidification during bead spreading modifies the liquid properties and thus the 

final contact angle of a bead. Solidification rate also determines the magnitude at various 
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Figure 2.8 (a) Dependence of resolution on contact angle, (b) Resolution (h) and surface 
roughness (r2-rl). 

times of inter- and intra-layer forces, which dictate process parameters such as the time 

required between placement of adjacent beads (ti) and layers (ta) to prevent fixrther shape 

changes associated with surface tension-driven "balling" or "castling" effects and object 

slump. 

The allowable solidification rate or the overall rate at which material is deposited might 

be limited by other constraints as well. For example, in monomer-rich systems with poor 

thermal conductivity, rapid reaction results in adiabatic heating of the new layer.® Too 

rapid a reaction, in relation to the time to write a layer, can also result in poor bonding 

between individual deposition paths and between layers, leading to delamination. 

Another possible constraint is in maintaining a period of flow to accommodate shrinkage 

in each new layer as it forms. 

Because of the interrelation between material characteristics leading to various processing 

results, it is important to understand the effect of each parameter within a given 

stereodeposition process step, as well as the interrelation among all the steps in the end-

end liquid-to-solid transition. An understanding of the liquid-to-solid transition provides 

the foundation for evaluation of system-level issues such as build time vs. object 
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precision. This becomes even more critical as novel materials are explored. Production 

of these nevvf materials will likely require liquid properties and solidification rates outside 

the current operational envelop. Additionally, objects with continuous property gradients 

will require placement of liquids with continuously varying properties. 

A model of the liquid-to-solid transition will be presented in Section 3 which attempts to 

provide this understanding. The foundation for this model is found in traditional liquid 

spreading treatments, as well as in a closer look at the generalized methods for 

solidification found in stereodeposition techniques. These topics are the focus of the 

remainder of this Section. 

2.3 Liquid Spreading 

The spreading of a liquid onto a solid surface is a complex problem with important 

industrial consequences, and significant attention has been given to this problem. Much 

of this has been on the spreading of axisymmetric drops of liquids with constant 

properties on flat substrates. The spreading of a deposited bead in stereodeposition 

techniques involves a different geometry and the inclusion of both a liquid yield strength 

and non-constant liquid properties. The following Sections present a brief review of 

existing literature on equilibrium contact angle and the kinetic spreading of liquid drops. 

Time is a critical factor in the modeling of stereodeposition, as the liquid properties are 

likely changing during the spreading process. 

2.3.1 Equilibrium Contact Angle 

The spreading of a drop of liquid'is driven primarily by reductions in interfacial energies. 

A drop of liquid on a flat, rigid substrate will drive toward a sessile shape, stopping at an 

equilibrium configuration which minimizes the Helmholtz Free Energy of the system." 

For small drops, gravitational effects are often negligible and the equilibrium 
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configuration can be approximated by a spherical cross section, with a contact angle 

described by Young's Equation:^^ 

Y s v - r s L = Y L y ^ O s e  ( 2 )  

where ysv, YSL, and ytv represent the surface tension, or specific interfacial energy 

between the substrate-vapor (SV), the substrate-liquid (SL), and the liquid-vapor (LV), 

respectively, and 0 is the equilibrium contact angle, as shown in Figure 2.9. This 

equilibrium condition can be derived by several methods,^' including a global or local 

energy minimization or a global or local force balance. 

If a drop is placed on a solid surface, the contact angle prior to equilibrium is greater or 

less than the equilibrium contact angle, with the capillary imbalance leading to a 

spreading or constricting force of YLV(COS 0EQ - cos 0).®° When the liquid is on a non-rigid 

surface such as a gel or elastomer, local deformation may result near the SLV interface. 

This wetting ridge has a height that varies as YLV sin0eq/G, where G is the shear modulus 

of the solid.*' The effect of this wetting ridge, which has been experimentally observed 

for liquids spreading on an elastomer,*^ can be a dissipative energy sink as the wetting 

front moves. When the substrate is sufficiently soft, this sink may outweigh effects due 

to viscous dissipation, resulting in spreading kinetics independent of viscosity. 

Figure 2.9 Equilibrium contact angle, 0. 

SV 

YSL 
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2.3.2 Dynamic Wetting Studies 

Prior to reaching equilibrium, drop contact angle will change as a function of time 

determined by the viscosity of the fluid, which impedes flow and controls the rate of 

spreading. Most models of liquids spreading on solid surfaces use as a starting point the 

work of Frenkel,®^ which was developed to describe the coalescence of amorphous 

spheres during sintering. Frenkel suggested that the rate of sintering is controlled by the 

rate at which energy is gained by the reduction in surface area of the body. There are a 

number of analyses based on Frenkel's method, in which energy gained is the product of 

the surface energy and the reduction in surface area; energy is expended in the flow of a 

viscous body through shear motion within the liquid at a rate proportional to the square of 

the strain rate. By equating the rate of energy gained and energy lost, it is possible to 

calculate the strain rate, or the rate of shape change.^ 

For an incompressible fluid, the rate of energy expended takes the following form:®^ 

The velocity gradient used by Frenkel is a constant in each direction, and is twice as large 

vertically as radially to maintain a constant volume. For an incompressible liquid taking 

the shape of a constant volume cylinder that is deforming imiaxially, the velocity profile 

takes the following form (shown graphically as Figure 2.10): 

(3) 

(4) V = 

r dt 

This velocity profile and Frenkel's method are collectively referred to as the "bulk 

model" when used to describe a spreading drop. The resulting prediction for spreading 
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Figure 2.10 Velocity profile in right cylinder deforming uniaxially, as used in bulk model. 

rate, when the cylinder is mapped to a spherical cap, produces a constant spreading 

velocity proportional to the interfacial energy (y) and inversely proportional to the 

viscosity 

dr _ Y 

dt 6r\ 
(5) 

The ratio of interfacial energy to viscosity is also seen to control the rate of penetration of 

a liquid into an agglomerate or through a porous medium by capillary forces,®^ as shown 

in Equation (1). 

Zosel®* studied the wetting kinetics of liquid drops on solid surfaces. Contact angle and 

radius measurements were performed with a series of liquids: polydimethylsiloxanes 

(PDMS) with different molecular masses, solutions of polyisobutylene (PIB) in decalin. 

and solutions of polyacrylic acid m water, covering a wide range of concentrations. 

These liquids had constant surface tensions, but viscosities which varied over several 
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orders of magnitude. The curves of contact angle and drop radius vs. time could be 

superimposed to a master curve by plotting them against: 

y 
t (6) 

nR 

where (RQ) is the radius of the initial droplet. Zosel's conclusions, in agreement with 

Equation (5), are that the early stage of the wetting process is determined only by the 

properties of the wetting liquid, namely surface tension (y) and viscosity (r|). Denesuk 

found similar results in studies of lead silicate liquid spreading on a gold substrate.®' 

The process of induced dewetting of thin films was also found to occur at a rate 

proportional to the ratio of surface tension to viscosity.®' The growth rate of dry patches 

induced by changing the equilibrium contact angle of poly(ethylenepropylene) on 

polystyrene and PMMA substrates was measured. Master curves were produced for both 

low equilibrium contact angles'" and large equilibrium angles.®' The radius r of the dry 

patch was found to vary linearly with time, independent of film thickness and given by: 

dr ky ^ 3 
- = —0c' (7) 
dt ri 

where 0e is the equilibrium contact angle and ^ is an experimentally determined 

numerical coefficient. 

For low contact angles, large velocity gradients exist at the solid-liquid interface and the 

contribution of viscous dissipation in the fluid near the interface to the rate of spreading is 

no longer negligible; in this situation the rate of spreading is no longer independent of 

drop radius. A widely applicable relationship is found in Tanner's Law, in which the 

velocity of the drop radius is proportional to the cube of the contact angle: 
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dr y IV 5 

Denesuk®^ has developed a model for drop spreading, which, while not predicting 

Tanner's law directly, effectively describes the kinetics of drops in the low contact angle 

range. In his "thin liquid model," the velocity profile within the spreading liquid takes 

the form of a Poiseuille distribution (Figure 2.11), with a parabolic magnitude and with 

the boundary conditions of zero velocity at the solid-liquid interface and a zero velocity 

gradient at the vapor-liquid interface: 

3 d r ^  -2 

^  2 d t  

- TT IT: 
+ 

h^ 
(9) 

Under the idealization of full wetting and negligible gravity, this produces an equation in 

which the velocity of the drop radius depends on the drop volume (V) and radius (r), as 

well as the surface tension and viscosity: 

dr 2yLv V-

dt 37t r| r 

Equations (5) - (10) are idealizations, which can be greatly in error for "real systems". 

Figure 2.11 Poiseuille velocity distribution, used in the thin film spreading model. 
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An example of this is interlayer forces from below such as the wetting ridge mentioned in 

the previous section, where the resulting energy dissipation may increase the spreading 

time by an order of magnitude.®- Other impacts of a non-ideal substrate include surface 

roughness" and mass transfer through capillary suction of the substrate which can 

dramatically impact spreading characteristics. Additionally, what may appear to be a bulk 

droplet may often contain significant regions which have a strong film character, whereby 

a "protruding foot" or "precursor film" region with high velocity gradients leads to slower 

than predicted spreading." 

2.4 Solidification Strategies 

From the discussion of stereodeposition systems presented in Section 2.2, it is clear that 

there is a spectrum of solidification rates, from 0 (relying on the stiffiiess of the deposited 

material alone) to extremely rapid. The following Sections (2.4.1 - 2.4.3) generalize the 

basic strategies used in stereodeposition techniques for depositing a material which must 

later support the weight of successive layers. These Sections are presented in order of the 

amount of transformation which occurs during the critical bead deposition and spreading 

stages, from slow to fast. 

2.4.1 Rheology Control 

It is possible to control the flow properties and stop bead spreading by control of the 

liquid rheology alone, without any significant mass or thermal transfer occurring during 

the dispensing and spreading processes. If the dispensed liquid has a sufficient yield 

strength or extremely high viscosity, it is possible to support the shape of a deposited 

bead and the weight of a number of successive layers for an extended period of time 

without any further solidification. In this case, polymerization of the binder can be 

performed as a separate step on the surface of an entire layer or, for smaller objects, after 
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the entire object has been freeformed. The extreme example of this is extrusion of a 

paste. 

As opposed to having an initially large liquid viscosity or yield strength, ''solidification" 

can also be achieved by taking advantage of the dramatic variation in shear rate between 

initial deposition and continued bead spreading. Because rheology is often a function of 

the liquid shear rate, significant liquid property changes can be realized by using a shear 

thiiming (pseudoplastic) liquid which forms a stable, positive contact angle with the 

previous layer. The rapid increase in viscosity which occurs as a pseudoplastic liquid 

spreads and recovers fi-om high deposition shear rates is in some ways analogous to the 

increase in viscosity as an amorphous material cools firom a melt. As the viscosity 

continues to rise, further liquid motion will occur at progressively slower rates. A 

dispensed bead will stop at some point where the driving forces for spreading have 

become low relative to the increasing liquid viscosity. 

The definition of a single "solidification poinf for a liquid with increasing viscosity 

depends on the physical situation. Continuing for a moment with the analogy of the 

cooling of an amorphous material, there are a number of points on the temperature-

viscosity plot used in glass technology to specify useful viscosity values which are 

associated with solidification." The points closest to the magnitude of applied forces 

found in the stereodeposition of a pseudoplastic liquid are the softening point and the 

"Einsink"point, which bound the glass working range, those temperatures corresponding 

to viscosities which permit the molding of the semi-solid glass into permanent shapes. 

The softening point is defined as that temperature at which a uniform fiber, 0.5-1.0 mm 

diameter and 229 mm long, elongates under its own weight at a rate of 1.0 mm/min when 

the upper 100 mm of its length is heated at a rate of 5° C/min. For a material with a 
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density of 2.5 g/cm^ the softening point thus measured corresponds to that temperature at 

which the viscosity is 10^"^ poise. The "Einsink" point is temperature at which a rod of a 

Pt-Rh alloy begins to sink into the glass under its own weight, corresponding to a 

viscosity of 10'' poise. The association of viscosity with some applied force in the 

definition of these points demonstrates that the "solidification", or effective rigidification 

of a pseudoplastic liquid in stereodeposition, will not be defined directly by a single 

viscosity value, histead, it will be necessary to include the spreading forces, resulting in 

the definition of "solidification" as an effective spreading cutoff at some low spreading 

velocity or strain rate. 

The reactive stereodeposition system described by Crockett and Calvert'^ uses a shear-

thinning, Bingham plastic liquid to combine the effects of a positive yield strength and a 

rapidly increasing viscosity during spreading, hi this system, a desirable amount of flow 

and a reasonable contact angle is achieved by the addition of a solvent to thin the liquid 

plus 1-2 volume percent of fumed silica.'^ Viscosities on the order of 100 cps during 

deposition under shear rates greater than 10 s"* allow for dispensing at 10 psi. The fluid 

viscosity then rapidly increases to greater than 10'* cps during the spreading, as the shear 

rates drops below 0.1 s"'. This allows a reduced spreading rate and sufficient yield to 

control the final contact angle. 

As was seen in the previous section, high initial liquid viscosity can lead to a lack of 

material flow, creating diamond-shaped flaws between individual paths. A reasonable 

goal, presumably, is to increase the liquid yield with a minimum additional impact on 

fluid viscosity. The goal of controlling viscosity and yield independently is also found in 

slip casting processes,'- and can be achieved through the use of deflocculants and other 

additives. 
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Slurry rheology is determined by the complex interaction of many parameters, including 

the polarity of the liquid media," the composition and surface characteristics of the 

ceramic powders*^ ''' and the size distribution and amount of powder added to the slurry.^' 

Rheological properties are especially sensitive to the state of particulate dispersion.'® 

Well dispersed slurries allow for a higher solids loading while still maintaining 

reasonable viscosity levels. Achieving a good dispersion often requires additives which 

reduce the tendency for particles to join together into agglomerates (flocculation). 

Particles may be deflocculated by two methods: 1) Repelling-charged double layers may 

be formed on particle surfaces, or 2) polymeric molecules may be adsorbed to the surface 

of particles to sterically inhibit close approach of surrounding particles. In aqueous 

slurries of oxide particles, deflocculation can sometimes be imposed by raising or 

lowering the pH with respect to the particle's isoelectric point (lEP), which causes surface 

charging. The addition of a low concentration of base or acid can enhance deflocculation 

by creating a charged double layer. An excessive presence of counter ions has the 

opposite effect, however. The excess ions act to compress the double layer allowing 

close approach of other particles.*^ 

The success of steric stabilization depends on the liquid media in which the polymeric 

deflocculant operates. Examples of deflocculants compatible with aqueous systems 

include polyelectrolytes such as poly(methacrylic acid) and poly(acrylic acid)."'® 

Ceramic powder in nonaqueous systems may be deflocculated by organic dispersants 

such as phosphate esters or Menhaden fish oil.''-'®^ Because of alumina's importance as a 

ceramic material and its use in slurry processing, alumina suspensions have been widely 

studied; a number of successful deflocculants for alumina have been characterized in 
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both aqueous and nonaqueous systems. Particulate loadings of greater than 50 volume 

percent are readily achievable with a well-matched deflocculant and carrier liquid. 

2.4.2 Mass Transport/Surface Effects 

Whereas control of a liquid's rheology can provide rigidification by a constant, positive 

liquid yield strength or increasing viscosity, mass transfer during the spreading process 

can increase the yield strength of the bead through the formation of a higher-strength 

layer at the bead surface which thickens as a function of time. This type of shell 

formation occurs in chemically reacting systems when diffusion is limited. The reaction 

may be triggered by a reaction with the atmosphere, or when there is a loss of solvent 

during deposition. In systems such as these, the polymerization reaction or mechanical 

strength increase due to particle interaction progresses inward at a rate fixed by the 

diffusion of material to or firom the surface of the dispensed bead.'°3 

Diffusion is driven by a gradient in concentration or capillary pressure, depending on the 

characteristics of the solidifying material, and restrained by the permeability of the liquid 

and solidifying material. Permeability is usually associated with a gas passing through a 

film and is expressed, for example, as cm^ gas at standard temperature and pressure 

passing per second through 1 cm^ of a membrane 1 cm thick when the pressure difference 

across the membrane is 1 cm of mercury.'"^ If a linear relationship exists between 

external concentration and a corresponding equilibrium concentration within the 

membrane, permeability can be expressed as the product of solubility (e.g. mol/1 per 

mol/1) and the more fundamental diffusion coefficient, which has units cm^s"'. 

A typical diffusion coefficient in liquid is 10"^ - 10"^ cm^s"', which corresponds to a 

diffusion length of 0.1 - 0.5 mm in a minute. Reasonable object build times are thus 

achievable if layers are under 1 mm and reaction is complete to the point of solidification 
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within one minute for a layer.® A layer thickness of under 1 mm also corresponds to the 

resolution generally desired for the production of an object by stereodeposition, so 

material diffusion should not be the limiting factor to the success of stereodeposition 

techniques. The exception of this, however, is if a low permeability skin forms on the 

surface of the bead during deposition, effectively blocking further mass transport. 

Skin formation is also an issue in both the production of thin polymeric films or coatings 

and in traditional ceramic processing. The drying of waterbome paints is found to 

proceed in two stages, an initial stage with a fast and constant evaporation rate and a 

second stage of slow diffusion-controlled evaporation.If the initial stage is fast 

enough, there is the potential for skin formation, as is often observed in the spray drying 

of droplets containing suspended or dissolved solids.In these cases, as the particle 

dries, the thickness of the skin increases, resulting in an increase in the resistance to mass 

transfer. In ceramic processing, skinning can occur in tape casting"" "° and in sol-gel 

systems'"^ under conditions of rapid solvent removal, and in the slip casting of highly 

compressible cakes with a flocculated particulate structure.'" 

Initial mass transfer rates are potentially very large in stereodeposition, as there is an 

enormous increase in surface area in a very short time. The impact of this is that liquids 

in stereodeposition have an increased potential for forming low permeability skins. The 

permeability of a typical skin is on the order of 10"^ cm^s"', reducing the diffusion length 

to 0.025 mm in a minute and greatly reducing solidification rate (thus increasing total 

object build time). 

In the reactive stereodeposition system described by Crockett and Calvert," elastic skins 

formed readily in slurries of silica in sodium silicate solutions and in ethyl silicate which 

had been fully hydrolyzed by water at 0.01 molar HCl (pH 2.2) for 24 hours."- In both of 
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these cases, initial solvent removal from the surface was sufficient to cause the formation 

of a thin elastic outer layer which greatly reduced further solvent removal. 

Even if a skin does not form, the liquid properties under conditions of mass transport are 

likely to change during bead spreading. Significant changes in viscoelasticity, 

p e r m e a b i l i t y ,  a n d  s u r f a c e  t e n s i o n  w e r e  f o u n d  f o r  t h e r m o s e t t i n g  w a t e r b o m e  c o a t i n g s a n d  

for sol-gel solutions,"^ "'' leading to significant property gradients through the films. 

In addition to diffusion occurring from the surface of the deposited bead to the 

environment, there is also the possibility for mass transfer between layers, which can 

have a significant impact on bead spreading. If the surface of the previously deposited 

layer is dry, capillary forces can draw liquid out of the new bead from below with a 

driving gradient which can be larger than the gradient for diffusion acting on the surface. 

This effect has been seen in the reactive stereodeposition system discussed previously, 

where beads stopped spreading rapidly when dispensed on the dry surface of the 

previously deposited bead."- Similarly, a chemical gradient between consecutive layers 

can draw liquid into the new bead, potentially increasing its liquid content and prolonging 

the spreading process. 

2.4.3 Thermal Transport/Bulk Effects 

The highest rate of solidification occurs due to rapid thermal transport, such as is found in 

the solidification of a thermoplastic from a melt in Fused Deposition Modeling. Thermal 

diffusion is generally fast enough to change the bulk properties of the liquid appreciably 

during deposition and bead spreading. Although skin formation may occur, it will not 

reduce the rate of further solidification in the same way as a skin will effectively block 

fiirther mass transfer under conditions of mass transport. Thus heat transfer is likely to 

occur continually, at a rate proportional to the material's thermal conductivity and 
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temperature drop between the interior and the surface of the deposited material. Heat 

transfer can occur both to the surrounding environment from the surface of the new bead 

and between layers as temperatures equalize and interlayer bonds are created. Depending 

on the deposition environment, the interlayer heat transfer is likely to provide the most 

rapid initial thermal transfer. 

The cooling of a liquid through thermal transport can increase either the viscosity of the 

bulk liquid or the yield strength of the liquid, depending on the mechanism of 

solidification. As was discussed as an analogy in Section 2.4.1, amorphous materials do 

not have a distinct solidification point, but rather undergo a dramatic increase in viscosity 

as heat is removed. For most network glasses"^ and glass-forming polymer melts," this 

temperature dependence of viscosity follows the empirical Arrhenius formula: 

=  ( 1 1 )  

where T is temperature, in degrees Kelvin. As heat is transferred to the surrounding 

envirorunent and the melt temperature drops, the viscosity continues to rise and further 

spreading occurs at progressively slower rates. A dispensed bead will stop at some point 

where the driving forces for spreading have become low relative to the increasing liquid 

viscosity. This is similar to what occurs as the viscosity increases in a pseudoplastic 

liquid, as discussed in Section 2.4.1. 

In depositing crystallizing polymers, cooling firom a melt should result in the formation of 

a higher-strength solidified layer at the bead surface, which increases in thickness inward 

at a rate fixed by thermal transport to the surface of the bead. The formation of a shell 

through thermal transport thus increases the yield strength of the bead during spreading as 

a fiinction of time. This is similar to what occurs as the yield strength increases in a 
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liquid under the conditions of mass transport, as discussed in Section 2.4.2. The diffusion 

rates for thermal transport are likely to be significantly greater than seen in mass transport 

systems, however. In practical thermoplastic (FDM) systems, the diffusion rates are large 

enough that relatively constant liquid properties are observed until a sharp increase in 

yield strength occurs at a distinct point, stopping further material flow." 
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3. DEPOSITION MODEL 

As discussed in Section 2.2, the essence of stereodeposition is to deposit a fluid with a 

yield point which then spreads and undergoes a property change to become a load-bearing 

solid. Figure 3.1 illustrates these process steps: 

(a). Deposit a fluid with a yield point... The yield point can initially be 
zero. This step depends on the relationships between liquid properties 
and dispensing parameters and determines the initial bead 
characteristics (cross sectional area) and stability of the deposited bead 
(likeliness of developing gaps). 

(b). ...which spreads and undergoes a property change... The process 
goal is to have a fluid which transforms to rigid after a period of flow, 
controlled by the liquid properties and solidification rate. This step 
determines the final contact angle of the dispensed bead. 

(c). ...to become a load-bearing "solid". Solidification is required to 
support intra-layer forces (determined by the liquid properties) and 
inter-layer forces (the weight of successive layers). This step 
determines the time required between deposition of successive beads 
(ti) and successive layers (t2) to avoid object slumping, depending on 
the solidification rate and liquid properties. 

The liquid-to-solid transition and resulting final contact angle is a complex function of 

many variables. These can be categorized into initial liquid properties (surface tension, 

viscosity, yield strength), deposition parameters (fluid pressure, temperature, orifice size, 

deposition speed, time between roads and between layers), and solidification rate 

(polymerization characteristics, amount/volatility of solvent, permeability). Complicating 

(a) (b) (c) 

Figure 3.1 Stereodeposition process steps. 
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matters is the fact that many of these properties are not constant and are in fact 

interrelated. Viscosity, as discussed in the previous Section, is often a strong fimction of 

shear rate or temperature, and is thus determined by deposition parameters as well as the 

liquid surface tension. 

3.1 Initial Deposition and Bead Cross Sectional Area 

The deposition step defines the volume flow rate of liquid material, the bead cross-

sectional area, and the stability of the dispensed bead. This step involves the relationship 

between liquid properties and dispensing parameters. Figure 3.2 (a) shows the geometry 

and dispensing parameters involved in laying down a bead of liquid. Stereodeposition 

shares with other freeforming techniques a relationship between write speed and cross-

sectional path area, with the boundaries for successful operation defined by the 

characteristics of the material. For stereodeposition, the bead cross sectional area {A) is 

related to the flow rate (0) by the deposition speed (5): 

i' 
2W' 

2W' 

T 
A h 

(a) (b) 

Figure 3.2 (a) Deposition parameters, (b) Fluid cross section at dispensing tip. Deposition direction into 
page. 
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Once the material leaves the dispensing tip, conditions for bead stability during writing 

impose a limit to the head speed. As speed is increased, bead cross-sectional area is 

reduced (Figure 3.3); this is beneficial if the desire is best object resolution, which 

requires a small bead cross sectional area. There is a limit, however: above a certain 

speed (equivalent to a minimum cross sectional bead area), the bead will tear, producing 

gaps in the final part. 

The minimum achievable area at the maximum head speed is a similar geometry to the 

problem of an axisymmetric liquid bridge,"® which defines a minimum slendemess ratio 

of a drop of liquid suspended between two rods which are slowly moved apart. Applied 

to the geometry shown in Figure 3.2 (b), the tip height above the surface (h) divided by 

the contact width of the deposited bead {2W) must be below a height limit on the order of 

71 to remain stable. The resulting area must thus meet the follov^ang condition to avoid 

the creation of gaps in the bead during dispensing (see Appendix 2 for preliminary 

experiments and discussion): 

Besides affecting the object resolution, bead cross sectional area is a key parameter in 

determining the contact angle during spreading (see next Section). An additional impact 

of bead cross sectional area is the ratio of bead surface area to volume, which affects 

71 S 
(13) 

S =.5S S2 = 2S 

ii_i - " 

Figure 3.3 Relationship between dispensing speed and bead cross-sectional area. 

/ A^ ~.5A 
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diffusion, and thus bead solidification rate. Immediately after deposition, the bead will 

be pulled toward a sessile cross section due to the surface tension of the liquid. This 

force is counteracted by the yield strength of the liquid. Assuming a circular cross section 

of the bead immediately after deposition, the bead surface area-to-volume ratio (S.A.A^) 

is: 

Smaller bead areas thus have larger relative increases in surface area, which becomes 

important when mass transfer contributes to solidification. 

It should also be noted that during dispensing, the velocity of flow drops dramatically. A 

typical stereodeposition system operates at flow rates of nominally 0.01 cc/s through a 1 

mm diameter orifice, resulting in a linear fluid velocity of 1.3 cm/s. This motion through 

the small diameter orifice produces shear rates on the order of 25 s"'. It will be seen in 

Section 5, however, that after initial bead spreading, the shear rate of the liquid rapidly 

drops off to very low values (on the order of 0.1 s"'). This shear rate change of over two 

orders of magnitude can greatly effect the viscous properties of a shear-thinning liquid; 

thus the liquid viscosity during dispensing can potentially be quite different than the 

viscosity during spreading. 

3.2 Bead Spreading 

The approach to modeling the spreading and solidification of a deposited bead will be to 

follow the process as a series of state "snapshots", in which an applied force produces an 

incremental motion of the bead in an increment of time. This approach, combined with 

the 2-dimensional nature of the bead geometry and a linearization of the fluid velocity 

(14) 
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gradient, allows for flexibility in both the time dependence of the liquid yield strength and 

the effect of depositing onto the curved surface of the previous layer. It will be shown in 

Section 6 that this "local force" method is equivalent to Frenkel's method in the limit of a 

fully wetting liquid with 0 yield strength spreading on a flat surface. Further, the linear 

velocity profile used in this model will be shown to be quantitatively similar to the thin 

film model presented in Section 2.3. 

A number of approximations are used m this model. The affect of gravity is assumed to 

be negligible; this is a reasonable approximation as the capillary limit of deposited beads 

is on the order of 1 mm for most stereodeposition materials, which is above the desired 

resolution for this process. A more daring approximation is that beads are deposited onto 

a smooth, hard surface. This idealization is necessary to enable a simplified system 

which lends itself to comparison with experimental data. The impact of this idealization 

will be lower for thermoplastics which solidify rapidly than for slower-reacting systems 

which may still have a relatively soft surface onto which the next bead is deposited; the 

affect of a non-rigid surface such as a gel or elastomer was discussed in Section 2.3.1. 

The bead area during spreading is constant, which assumes zero bead shrinkage; this is 

the case in systems such as highly-loaded ceramic slurries. Liquid surface tension is 

assumed to be constant throughout the spreading process; this may not be true for a 

reacting liquid, but is a reasonable approximation for many stereodeposition material 

systems. A final approximation is in isolating the system such that a single bead spreads 

on a single lower bead which has a fixed, spherical geometry. This would only occur in 

an actual system under a "dam" build strategy, where a number of stacked individual 

beads of the exterior of an object are dispensed before the interior is filled. 
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3.2.1 Bingham Model 

Figure 3.4 shows the geometry of a bead spreading on a curved surface. The bead is 

modeled as an infinite rectangular tube of a homogeneous Bingham plastic material with 

a solid-liquid interfacial area and cross-sectional area equivalent to the actual bead. The 

effect of this interfacial area mapping is illustrated in Figure 3.5, which shows that actual 

bead height is reduced in the mapping, with the effect becoming lesser at low bead 

contact angles. 

The rheology of a Bingham plastic material is given by: 

T-Ty =118 (15) 

hi this equation, T is the shear stress imposed on the liquid, XY is the liquid yield stress, r\ 

is the plastic viscosity, and 6 is the shear rate, or liquid velocity gradient. The rheology 

of the model liquid is described at any given instant by Equation (15), with viscosity and 

yield strength allowed to increase as a result of shear rate changes plus solidification due 

to either thermal or mass transfer. The liquid is acted on by a variable force, which is a 

function of the changing contact angles associated with bead spreading. 

The force will produce a shear stress in the liquid which depends on the selected 

boundary conditions. In applying boundary conditions to this model, two choices result 

2W 

R 

F(0) 

H-W-

Figure 3.4 Spreading model based on a bead of infinite length and rectangular cross section with a 
Bingham plastic rheology. 
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Figure 3.5 Cross section of rectangular tube mapped on to a stereodeposition bead with equivalent solid-
liquid interfacial and cross-sectional areas. 

in linear relations and provide realistic physical descriptions of the system. These 

candidate boundary conditions are shown in Figure 3.6. Figure 3.6 (a) illustrates a liquid 

with a free surface; this is a set of boundary conditions similar to the thin film model 

presented in Section 2.3.2. At larger contact angles associated with the start of the 

spreading process, however, the bead cannot truly be considered a thin film, i.e. it will not 

have a width which is infinite relative to its height. In this case, the liquid velocity 

gradients will likely be greater than predicted by a free surface boundary condition. 

Models of spreading drops have introduced a "reduced height" or "spreading foot" to 

better describe the system; an alternative which is more useful in the model presented in 

this dissertation is the boundary conditions illustrated in Figure 3.6 (b), where both the 

top and the bottom of the liquid bead are constrained at any given instant. These two sets 

of boundary conditions will be developed in the following Sections. 

3.2.1.1 Free Surface Boundary Conditions 

If the liquid has a boundary condition of zero velocity at the solid-liquid interface and is 

unconstrained at a free surface at h (Figure 3.6 (a)), the resulting velocity profile of liquid 

in the spreading bead will be similar to that derived for the thin film model. This profile 
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Figure 3.6 Boundary condition options for spreading model, (a) Free surface, (b) Constrained surface. 

is shown in Figure 3.7. The bulk bead represented by a rectangular cross section will 

move horizontally at the average velocity in the liquid, which occurs at h/2. With W 

equal to 1/2 the bead contact width and the maximum velocity at height h defined as 

the relationship between shear rate (8) and bead velocity is given by: 

The shear stress acting on the liquid is due to the interfacial tension and is a fimction of 

geometry (/ is the length of the dispensed bead): 

The relationship between bead height and width is fixed by the fact that the liquid is 

assumed to be incompressible: 

(16) 

2 Contact Area 2Wl 

F(0) 
(17) 

(18) 

Substituting Equations (16)-(18) into (15) results in an equation for the incremental 

increase in bead radius per incremental unit of time: 
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Figure 3.7 Velocity profile in the spreading liquid for free surface boundary conditions. 
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3.2.1.2 Constrained Surface Boundary Conditions 

If the velocity profile is modified such that it is zero at both the liquid-solid imerface and 

the liquid-vapor interface, the bead spreading may visualized as a shear stress acting on a 

Bingham plastic material between two infinite plates, with the applied stress acting to 

pull the plates together. While this may be more of a mathematical construct than an 

actual physical situation, it does accommodate the fact that there are likely to be larger 

velocity gradients in the material, contributing to more viscous dissipation, than was 

accounted for by the set of free surface boundary conditions. 

Figure 3.8 illustrates this set of alternative boundary conditions. Each 1/4 of the original 

block of material will be acted on by half of the shear stress, acting over half the height. 

This results in the following relation: 

' 'T - TY^ 

h/2 

AW 

^ At 
(20) 

x=W 

Which modifies Equation (19) by a factor of 1/4: 
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Figure 3.8 Constrained surface boundary conditions and resulting velocity profile. 

AW^I 
At J x=W 

I  A r F (0) ^ 
R -T^-2TY(T)W 

32ri WH I ^ 
(21) 

3.2.2 Force Balance 

The next step in the modeling process is a force balance performed at the edge of the 

spreading bead (Figure 3.9). The driving force for spreading at any given time, F, 

depends on the interfacial tensions of the slurry liquid and the contact angles of the 

spreading bead: 

F^) 

1 
= Y 

LV 

\ 
Y sv Y sL 

COS(j) -cos(0 + (()) 
LV 

(22) 

For the case of a fully wetting bead, which should occur in the spreading of a liquid on a 

self-similar substrate; 

Y sv Y SL = 1 (23) 

LV 

SjL is obtained from the geometrical relationships: 

W = R(|) (24) 
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Figure 3.9 Force balance performed at the edge of the spreading bead. 

Substituting these equations back into Equations (19) or (21) and non-dimensionalizing 

yields an equation for the incremental change in the angle determining the arc of the 

curved surface over which the bead has spread per incremental unit of time. For the free 

surface boundary conditions described by Equation (19) this becomes: 

and for the constrained surface boundary conditions (Equation (21)) this becomes: 

The relationship betw^een the bead contact angle (0) and (j) is determined by geometrical 

constraints, where r is the radius of the spreading bead at any given time: 

(25) 

(26) 

rsin(0 + ({)) = R sin (j) (27) 

(28) 
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Solving the two above equations for R/r and equating produces a fixed relationship 

between 0 and 

^^^•-fcossj ^^ + (|)-sin(j)cos(j) =0+ (j>-sin(0+ (j))cos(9+ (j)) 

Using Equation (29) with either of the Equations (25) or (26), the change in bead contact 

angle as a function of spreading time can be fully described. 

3.3 Solidification Cases 

Equations (25) & (26) cannot be solved analytically and thus requires a numerical 

solution. The model can be simplified, however, by looking at the solidification rate 

regimes discussed in Section 2.4. These regimes were set by solidification strategy, 

specifically rheology control, with no appreciable liquid yield strength changes during 

spreading, mass transport, with moderate solidification rates resulting in only surface 

property changes, and thermal transport, with fast solidification rates effectively 

changing the bulk properties of the liquid during spreading. These cases will be handled 

individually in the following Sections. 

3.3.1 Rheology Control 

The simplest case of Equations (25) or (26) occurs when the yield strength of the liquid is 

constant and no property changes occur during the spreading process. This is the 

situation which occurs in the slowest reactive stereodeposition systems. The bead will 

continue to spread at a rate controlled by surface tension, viscosity, and bead geometry. 

It will stop at a final contact angle occurring when A(j)/At = 0: 

(cos(t)-cos(0+(|))) 2XYR 
^ 7 = (30) 

^ YLV 
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If viscosity varies with shear rate. Equation (30) still defines the equilibrium 

configuration of the bead, but the time to reach this final contact angle and the shape of 

the curve predicted by Equations (25) or (26) must be modified by introducing a variable 

viscosity which is a fimction of shear rate. Note, however, that the initial high shear rate 

in bead spreading only lasts a short time, when the contact angle is high and A(j)/At is 

large. This time is on the order of 0.1 s for a typical stereodeposition bead width and 

geometry. When A(t)/At reaches some smaller value, the low shear rate viscosity will 

dominate the rate of continued bead spreading. In this case, the bead spreading solution 

may be treated as a step function, with a constant average viscosity associated with high 

shear rates used in Equations (25) or (26) until a given value of A(j)/At is reached, 

followed by an average viscosity associated with the low shear rates of continued 

spreading. 

In stereodeposition systems which stop spreading due to high viscosity rather than liquid 

yield strength, the equilibrium configuration specified by Equation (30) may never be 

achieved. As described in Section 2.4.1, "solidification", or effective rigidification of a 

pseudoplastic liquid through a dramatic increase in viscosity, will not be defined directly 

by a single viscosity value, but rather must be associated with the applied spreading 

forces. For real systems, the result is likely to be an effective spreading cutoff at some 

very low spreading velocity or strain rate. In this case, Equation (30) may be modified to 

produce a working definition of solidification, in which further bead motion is not 

possible past some non-zero, low value of A(j)/At. For the free surface boundary 

conditions specified by Equation (25), the final bead configuration would be given by: 

solidincation (31) 
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and for the constrained boundary conditions given by Equation (26), the final bead 

configxiration would be: 

In these cases, the magnitude of the viscosity and of the spreading forces are a part of the 

equiUbrium configuration, and the bead will stop spreading at some larger value of (j) than 

predicted by Equation (30). 

3.3.2 Mass Transport 

Under conditions of moderate diffusion rates, the yield strength of the liquid is increased 

in a surface shell during spreading, without changing the bulk properties of the liquid. 

This occurs in systems which chemically react with the atmosphere during dispensing or 

when there is a loss of solvent from the surface. In this case, the bulk viscosity remains 

constant, but the bead yield strength increases with time due to the formation of a "shell" 

which increases in thickness (Figure 3.10). The steady state solution for diffusion in 1 

dimension can be used as a first order approximation of the time dependence of shell 

thickness. Assuming the permeability of the bulk interior is much larger than the 

permeability of the surface shell, the thickness of the shell (5) is directly related to 

diffusion of material and is thus a function of t"^: 

In this equation, the thickness of the shell is determined by the permeability of the 

solidifying shell (P) and the driving force for mass transfer (AC). The driving force for 

mass transfer is either a concentration gradient or capillary pressure gradient, depending 

on the characteristics of the solidifying material. 

solidincation (32) 

s = [2PACt]2 (33) 
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Figure 3.10 Under conditions of mass transport, liquid yield strength increases with time 
due to the formation of shell which increases in thickness as material diffuses to the 
surface. 

The yield strength of the bead increases over time from the initial value of the liquid 

iTrxiquid), based on the shell thickness and the strength of the solidifying shell (Ty.soiid)'-

At sufficiently high evaporation rates, the permeability in the shell can rapidly drop to a 

point at which further mass transfer is effectively prevented. Although the shell in this 

case (actually a skin as described in Section 2.4.2) has minimal thickness, liquid yield 

strength is likely to change to a higher, constant value for the duration of spreading. 

Mathematically, this case can be handled in a maimer similar to that presented in the 

previous subsection for a variable viscosity; Equations (25) or (26) can be solved as a 

step fimction, with a new value of bead yield strength introduced after some small time. 

(2PACt) 
"^¥.5011(1 "^Y.Uquid ) (34) 

this means that final contact angle now depends on time: 

cos({)-cos(6 + (()) 2XYR (2PACt) Yjolid 

(35) 
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3.3.3 Thermal Transport 

If diffusion is fast enough, the bulk properties of the liquid change appreciably during 

spreadmg. This will generally be the case with solidification due to thermal diffusion, 

such as occurs in the cooling of a thermoplastic from a melt (FDM). A way to treat this 

case mathematically is to define a "gel time" at which the viscosity and/or yield increases 

dramatically. At this point, further spreading is effectively stopped at an equilibrium 

contact angle greater than would occur by liquid properties alone. In this situation, the 

initial liquid properties would determine the spreading rate, and the gel time would 

determine the cutoff point, and thus the final bead contact angle. 

If thermal transport is controlled such that solidification is sufficiently slow (i.e. there is a 

small temperature difference between the deposition and object temperatiires), it may be 

possible to treat solidification in a manner suggested by one of the two previous Sections, 

depending on the characteristics of thermally solidifying material. In the cooling of an 

amorphous material from a melt, viscosity will increase during the spreading process, and 

the system may be treated in a similar manner to a shear-thirming slurry as described in 

Section 3.3.1 (Rheology Control). For materials which crystallize upon cooling, a solid 

shell is likely to form on the surface and move inward; thus the yield strength of the 

material will increase over time as described in Section 3.3.2 (Mass Transport). 

3.4 Parameter Groups 

A number of parameter groups can be identified from the spreading model presented 

above. In the absence of property changes, the final contact angle of a deposited bead is 

controlled by the dimensionless strength parameter, a: 

X y R  a = 
YLV 

(36) 
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The rate of bead spreading is controlled by the rate parameter, 3, which has units of s ': 

„ n R 
P = (37) 

YLV 

Note that this second parameter grouping is the same as that which controls the rate of 

amorphous material smtering, capillary penetration of liquids, and dynamic wetting of 

drops, as discussed in Section 2. 

Because of its use in rheology control discussions, it is also useful to introduce the ratio 

of these two parameters, a/p, which is known in rheology as the index of plasticity: 

a Ty 
•r = — (38) 
P n 

The parameter which controls the diffusion-related property changes of a liquid during 

solidification is the strength diffusion coefficient, 5, which has units of s'"^: 

g^(2PAC)5 

R 
'•Y.solid _ ^ 

V Y ' 
(39) 

Finally, bead spreading is dependent on the bead cross-sectional area and substrate radius, 

represented by the dimensionless bead geometry parameter, X 

_A 
^ = ̂  (40) 

Using these groupings, the full solution to bead spreading under the set of fi-ee surface 

boundary conditions is: 
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A(|) 

At 
Lh. 
8<|)P 

cos(|)-cos(0 + (j)) 
-2a 1 + 

bV-

(41) 

with a similar form for the constrained surface boundary conditions resulting from 

Equation (26). The full bead spreading solution thus involves a 3-dimensional material 

"parameter space" of a, AVp, and 6. 
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4. EXPERIMENTAL 

4.1 Experiment Design 

4.1.1 Experiment Goals 

Experiments were performed to validate the deposition model by testing a series of 

liquids spanning the parameter space developed in Section 3 and independently 

evaluating: (1) bead spreading as a function of time for the simple case of zero mass and 

thermal transfer, and (2) the impact of mass transfer on simple bead spreading. 

Experiments were designed to validate the model for the low viscosity (< 1000 cps), low 

yield strength (< 5 Pa), low transformation rate (> 10 s) end of the stereodeposition 

parameter space. A secondary goal of this set of experiments was to define the boundary 

between "slow" and "fast" transformations, in order to evaluate the applicability of the 

model when extended to the faster liquid-to-solid transitions found in Fused Deposition 

Modeling. 

4.1.2 Model System 

The system studied was a simplification of the reactive stereodeposition system 

developed by the author and John O'Kelly (see Appendix 1): highly-loaded ceramic 

slurries of silica particles in an inorganic binder and solvent liquid. This was selected as 

the model system because it has rheological behavior which provides a reasonable 

approximation of a Bingham liquid with a yield point over the shear rate ranges found in 

dispensing and in bead spreading. Additionally, because these are highly loaded slurries, 

shrinkage is minimized and can be neglected. Ethyl silicate has a surface tension similar 

to that of ethanol, and has an extremely low vapor pressure on its own, allowing for 

variation in mass transfer firom 0 to quite rapid by the addition of ethanol. Because these 

slurries were found to be highly shear-thinning, experiments were also performed on 
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slurries of glycerol with and without silica particles, which behaved as Bingham plastic 

fluids over the entire range of experimental shear rates. 

Experiments were performed with bead dimensions below the capillary limit for these 

slurries, allowing the affect of gravity to be neglected. The capillary limit is defined as: 

For a typical value of YLV = -023 N/m (ethyl silicate) and density of 2.4 g/cc, this limit is 

0.8 mm. 

4.1.3 Experiment Matrix 

To test the model, slurries with a range of a, P, and 5 values were prepared by varying 

slurry surface tension, viscosity, yield, and amount of solvent. Two values of X were 

obtained by performing all tests on beads with two different cross sectional areas. 

Control parameters were particle loading, milling time, and ethanolrethyl silicate ratio. 

Establishing and controlling the range of slurry parameters required a detailed 

understanding of the rheological properties of the slurries. Thus a parametric rheology 

study was performed first and is presented as a separate set of results (see Section 5.1). 

Two values of surface tension were used, resulting from the selection of ethyl silicate 

(0.023 N/m) and glycerol (0.06 N/m) as the slurry liquids. Both of these liquids were 

found to completely wet the borosilicate glass rods used as the dispensing substrate for 

the experiments. Viscosity was controlled by varying particle loading and milling time. 

Slurry yield strength was highly dependent on the properties of the slurry liquid. 

capillary limit (42) 
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Table 4.1 Experimental slurry matrix. 

Slurry Liquid Loading 
(vol. %) 

Viscosity 
(visual) 

Yield 
(N/m') 

Surface Energy 
(N/m) 

A ETS 35 LOW 2-3 .023 

B ETS 37 MED 2-3 .023 

C ETS 39 HIGH 4+ .023 

D 50:50 
ETSrEtOH 

35.5 HIGH 4+ .023 

E EtOH 35 HIGH 4+ .023 

F Glycerol 0 LOW 0 .06 

G Glycerol 19 HIGH 2 .06 

Seven slurry formulations spanning the desired parameter range for dispensing were 

empirically developed by examining the rheology of slurries in various liquids at various 

particle loadings (Section 5.1). Table 4.1 presents the target properties and required 

particle loadings for these slurries. Because slurries of silica in ethyl silicate and ethanol 

are highly shear thirming, single viscosity values were insufficient to describe their 

behavior. To provide a meaningful comparison between these slurries and the glycerol 

slurries, loadings were selected which seemed to flow the same when a large amount of 

fluid was gently stirred or tipped in a container. 

4.2 Slurry Preparation 

The ceramic particles for the slurries were crystalline quartz (SiO,) particles, average 

diameter 5 ^m^. This powder was dried in an oven at 250°C for a minimum of 48 hours 

to remove surface water, then allowed to cool in air for no more than 10 minutes before 

slurry preparation. Liquids were either 100% ethyl silicate (polydiethoxysiIoxane)^\ 

^ 99.5% silica, Alfa Chemicals. 
ETS-40. United Chemical Technologies 
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100% ethanol distilled to remove water, a 50:50 volume mixture of ethyl silicate and 

ethanol, or pure glycerof . As part of the rheology exploration, 0.014 micron fumed 

silica^ was added to some slurries to further adjust their rheology. 

Slurries were prepared by measuring the required volume of particles by weight (2.65 

g/cc) into 250 ml polypropylene bottles. 50 cc of slurry were prepared for rheology 

measurements, 30 cc for dispensing experiments. 10 alumina beads were added to the 

bottles as milling media, and the slurry was rolled on a ball mill at 80 rpm for 12, 24, 36, 

48, or 100 hours. 

Because of the lower particle loadings, glycerol slurries could be successfully mixed 

without milling. This was performed by hand with a stir rod, adding about 20 % of the 

total volume of particles at a time and mixing until the slurry appeared to be 

homogeneous. 

4.3 Rheology Characterization 

4.3.1 Viscosity Measurement 

Viscosity was determined over a range of shear rates using a Brookfield model DV-lIl 

programmable rheometer equipped with the small sample adapter and spindle set SSA 

16/8R. This combination allows for a viscosity measurement range of 48 - 1.2x10® cps. 

The required 4.2 ml sample size was measured by weight (according to the calculated 

density, which varied for each slurry). Viscosity measurements were taken following a 

speed ramping program to approximate the conditions of dispensing. This program 

involved shearing the liquid at 100 rpm for 10 s between each measurement, then 

^ 99+% ultrapure, Alfa Chemicals 
H 99.8% funed silica, Aldrich Chemicals. 
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reducing the speed to the test rpm value. The test rpm value was held for 30 s to 5 

minutes to allow for equilibration, with the lower rpm values requiring longer times to 

reach equilibrium. Table 4.2 shows the times and rpm values used. 

The Brookfield rheometer provided measurements of apparent viscosity and shear stress. 

The shear stress data was plotted against shear rate, with the slope taken as the plastic 

viscosity required by the model. Because of the shear thinning nature of the ethyl silicate 

and ethanol slurries, 2 shear rate ranges were selected to determine "average" viscosity 

values over applicable ranges. These were the shear rate range associated with 

dispensing, 3.5 - 17 s"', and the low shear rate range tj^iical of continued bead spreading, 

0.09 - 0.17 s"'. Least squares linear fits of the shear stress vs. shear rate data were taken 

as the average plastic viscosity. 

4.3.2 Yield Stress Calculation 

On the shear stress vs. shear rate plot, the 0-shear rate extension of a linear curve fit 

through the lowest shear rate points was taken to be the liquid yield stress. In the 

ethanol-based slurries at higher particle loadings, shear stress reached a minimum at low 

Table 4.2 Viscosity measurements and equilibration times. 

Spindle rpm Shear Rate (1/s) Equilibration Time (s) 

0.1 0.03 5 min 

0.3 0.09 2 min 

0.6 0.17 1 min 

0.8 0.23 45 s 

1 0.29 30 s 

1.5 0.44 30 s 

3 0.87 30 s 

6 1.74 30 s 

12 3.48 30 s 

30 8.7 30 s 

60 17.4 30 s 
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shear rates and then increased toward zero. In these cases, the liquid yield stress was 

taken to be the lowest shear stress value before the upturn. In an actual bead spreading 

event, as the shear rate drops, the shear stress in the liquid will continue to drop until it 

reaches this niinimum value, at which point further motion stops. Thus the minimum 

shear stress value is representative of the actual zero-shear rate value, or the liquid yield 

stress. 

4.3.3 Surface Tension Measurement 

Surface tension measurements were performed using the Wilhemy plate method by a 

Cahn Dynamic Contact Angle Analyzer. A borosilicate glass slide was immersed in the 

slurry liquid at an immersion rate of 64 jim/s to a depth of 10 mm. Force measurements 

from the receding portion of the test were taken and surface tension calculated by 

software. 

4.4 Bead Spreading Measurements 

Motion control and slurry placement was provided by an Asymtek model 402 benchtop 

fluid dispensing system (Figure 4.1). This unit provides an x-y travel area of 12" x 12" 

and z travel of 3.5" with a step resolution of .001" in all axes. The maximum head speed 

is approximately 12 inches/sec. 

Dispensing was controlled by a simple pressure on/off valve connected to a 5 cc syringe. 

When the valve is open, the syringe is pressurized with nitrogen gas to a pressure in the 

range of 5-40 psi controlled by a panel-mounted regtxiator. Control of head motion and 

valve on/off commands was accomplished via software written in C. Slurries were 

dispensed onto a 2.5 mm radius borosilicate glass rod at a head speed of 4 inches per 

second (Figure 4.2). The surface of this rod was cleaned before each measurement by 

wiping with ethanol. Two bead cross sectional areas were dispensed for each slurry. 
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?«V motion ai?cs dispensing syringe 

Figure 4.1 Asymtek model 402 benchtop fluid dispensing system. 

dispensing syringe 
dispensing tip 

gl̂  rod 

Figure 4.2 Dispensing set-up. 
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0.08 mm" and 0.32 mm^. The smaller cross sectional area was established as roughly the 

cross sectional area of the dispensing tip, with the larger area a multiple of the small area 

which was still under the bead's capillary limit. These bead cross sectional areas were set 

through control of the material flow rate by adjusting the dispensing pressure. Target 

flow rates in grams per second were calculated based on the desired bead cross sectional 

area, the head speed, and the density of the material: 

Flow rate was measured by dispensing the slurry into a weigh boat for 15 s and weighing. 

Bead width was observed as a function of time by a video camera viewing from the 

underside of the rod, which was ground flat (Figure 4.3). The camera was an ELMO 

Bead Cross Sectional Area (mm") = 
Flow Rate (g/s) 1 

Density (g/mm ) Head Speed (mm/s) 
(43) 

Dispensing 
Syringe & Tip 

Slurry 
Bead 

Grou 

Glass 
Rod 

Camera Ground & 
Polished 
Surface 

Figure 4.3 Borosilicate glass substrate. Dispensing direction into page. 
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CCD Color Camera model MN401X with a focal length of f = 16 mm which produced a 

magnification of 124X on the 14 inch monitor used in the experimental setup. This 

provided a full screen field range of nominally 2 irmi x 2.2 mm. The output of the camera 

was recorded on S-VHS tape. 

A video measuring system provided a screen overlay of a timer that had a 0.01 s 

resolution. After the beads were dispensed, the video was reviewed frame-by-frame, with 

bead width measured by the video measuring system or direct measurements on the 

screen surface with a ruler. In either case, measurements were calibrated by a test video 

in which the camera was focused from below on a stationary dispensing tip of known 

diameter. At 30 frames per second, bead width measurements were provided every 0.033 

s, as tracked by the timer (Figure 4.4). 

4.5 Static Contact Angle Measurements 

For comparisons to the bead measurements, the static contact angle of slurry drops was 

Figure 4.4 Video output of bead width and time. 
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measured visually using a Rame-Hart Model 100 Goniometer. 10 |aL drops of test 

slurries were deposited by a micropipet onto borosilicate glass slides. The contact angle 

was determined by aligning crosshairs to the bead edge and reading angle measurements 

off a scale. Both visible edges of each drop were measured and averaged to give a single 

value of contact angle for each drop. Three measurements were performed in this manner 

and averaged to give the reported contact angle value for each slurry. 
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5. RESULTS 

5.1 Slurry Rheology 

The rheology of the slurry systems used in the experiments is presented in Figures 5.1 -

5.18. The viscosity of the ethyl silicate, ethyl silicate/ethanol, and ethanol slurries 

depended more on shear rate than the glycerol slurries, as can be seen by the magnitude 

of the slope of shear rate vs. apparent viscosity at shear rates above 1 s"' in Figure 5.1. 

This plots the apparent viscosity as a function of shear rate for example slurries in the mid 

range of loading (20 or 35 volume % silica). Apparent viscosity (r|J expresses the 

liquid's total resistance to shear, thus it is higher when the yield stress (Xy) is higher but 

decreases v^th increasing shear rate (y): 

n a = T i p + y  ( 4 4 )  

2 10"^ 

1^1.5 10'' 
A 

(A 

I 1 10"^ > 
C 0) 
h. 

Q. 

< 5000 

0 
0 2 4 6 8 10 

Shear Rate (1/s) 

Figure 5.1 Apparent viscosity of various slurry liquids. 
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Figure 5.2 Plastic viscosity of various slurry liquids. 

In this equation, T|p is the plastic viscosity, which should be constant for a true Bingham 

plastic. Figiire 5.2 plots the plastic viscosity as calculated based on the value determined 

to be the yield stress of each slurry. Note that for glycerol, the plastic viscosity is nearly 

constant for shear rates > 0.5 s"'. The other slurries show both pseudoplastic behavior 

(plastic viscosity decreasing with increasing shear rate), and a sharp drop-off in viscosity 

at lower shear rates (0 - 2 s"') seen in the ethanol-based slurries. 

5.1.1 Ethyl Silicate Slurries 

Shear stress is plotted against shear rate in Figure 5.3 for slurries of silica particles in 

ethyl silicate at a number of particle volume fractions. The low shear rate range of this 

same data is expanded in Figure 5.4. Note that for shear rates below 1 s"', these slurries 

are consistent with the approximation of a Bingham plastic, with an increase in both the 
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plastic viscosity (the slope of Figure 5.4) and liquid yield point (the intercept of Figure 

5.4) as loading is increased. Figures 5.5 and 5.6 quantify this relationship between 

particle loading and viscosity and yield, showing the calculated viscosity for high shear 

rate (3.48-17.4 s"'), moderate shear rate (0.44 - 3.48 s"') and low shear rate (0.09 - 0.17 s ") 

ranges and the liquid yield as a function of particle loading. Note that there is nearly an 

order of magnitude increase in the values of viscosity between the high and moderate 

shear rates, and another order of magnitude between the moderate and low shear rate 

viscosity values. 

5.1.2 50:50 ETS:EtOH Slurries 

The variation of shear stress with shear rate for slurries of silica particles in a liquid 

comprised of 50 volume percent ethyl silicate and 50 volume percent ethanol is shown in 

Figures 5.7 and 5.8. Viscosity and yield stress is shown as a function of particle loading 

in Figures 5.9 and 5.10, respectively. Note that the total shear stress at any given shear 

rate and any given loading is higher in the 50% solution than in the 100% ethyl silicate 

slurries. This can be seen in Figures 5.9 and 5.10, in which both the magnitude of the 

points and the slope of the viscosity and yield relationships with increased particle 

loading is greater than for ethyl silicate. 

Also of interest is the flattening of the shear stress curve at shear rates below 0.4 s ' and 

loadings above approximately 35%. The fact that shear stress is less dependent on shear 

rate at low shear rate values indicates possible particle interaction in the slurry at low 

shear rates, creating a low shear rate structure with a fixed yield strength. 

5.1.3 Ethanol Slurries 

The variation of shear stress with shear rate for slurries of silica particles in 100% ethanol 

is shown in Figure 5.11 and 5.12. The low shear rate plot (Figure 5.12) shows even less 
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dependence of shear stress on shear rate than seen in the 50:50 ETS:EtOH slurries, 

consistent with particle interaction at low shear rates. As with the 50:50 ETS:EtOH 

slurries, this begins at a loading of about 35 volume percent silica and becoming dramatic 

at higher loadings. Viscosity and yield stress is shown as a function of particle loading in 

Figures 5.13 and 5.14, respectively. 

5.1.4 Glycerol Slurries 

Figure 5.15 - Figure 5.18 presents the rheology of glycerol-based slurries. These slurries 

are far less shear thinning than the ethanol-based slurries, showing noticeable shear 

thiiming only above 20% loading. This behavior continues in the low shear rate range 

(Figure 5.16), where the approximation of a Bingham plastic holds. The relationships 

between viscosity (Figure 5.17) and yield (Figure 5.18) vs. particle loading show a more 

rapid increase in these values with increasing particle loading beginning between 20 - 25 

volume percent silica particles. 
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Figure S.3 Rheology of ethyl silicate slurries at various particle loadings, full shear rate range. 
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Figure 5.4 Rheology of ethyl silicate slurries at various particle loadings, low shear rate range. 
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Figure 5.6 Yield stress of ethyl silicate slurries as a function of sluny particle loading. 
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Figure 5.7 Rheology of 50:50 ethyl silicateiethanol slurries at various particle loadings, full shear rate range. 
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Figure 5.8 Rheology of 50:50 ethyl silicateiethanol slurries at various particle loadings, low shear rate range 
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Figure 5.9 Viscosity of 50:50 ethyl silicate:ethanol slurries as a function of slurry particle loading for 
various shear rate ranges. 
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Figure 5.10 Yield stress of 50:50 ethyl silicate:ethanol slurries as a fiuiction of slurry particle loading. 
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Figure 5.11 Rheology of ethanol slurries at various particle loadings, fiill shear rate range. 
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Figure 5.12 Rheology of ethanol slurries at various particle loadings, low shear rate range. 
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Figure 5.13 Viscosity of ethanol slurries as a function of slurry particle loading for various shear rate ranges. 
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Figure 5.15 Rheology of glycerol slurries at various particle loadings, ftdl shear rate range. 
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Figure 5.16 Rheology of glycerol slurries at various particle loadings, low shear rate range. 
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Figure 5.17 Viscosity of glycerol slurries as a fmicdon of sluny particle loading for various shear rate ranges. 

E 

c 
>s 

2 O 
> 

100 
Glycerol, unmilled 

0 25 30 5 10 15 20 
Loading (% silica) 

Figure 5.18 Yield stress of glycerol slurries as a fiinction of sluny particle loading 



100 

5.2 Bead Spreading 

5.2.1 Experimental Data 

The rheological properties of the slurries used in bead spreading experiments is presented 

in Table 5.1. Because of the shear rate-dependence of the ethyl silicate and ethanol-based 

slurries, there are two shear rate ranges of interest for bead spreading — that associated 

with the deposition and initial spreading (3.48 - 17.4 s"') and the bulk of the remainder of 

spreading (0.09 - 0.17 s"'). The value of the correlation coefficient for the curve fit of the 

initial spreading viscosity is also presented in Table 5.1. The correlation coefficient gives 

an indication of how close the data points are to a linear fit; a value of 1 would indicate a 

constant viscosity over this range of shear rates. These values are thus a quantitative 

measure of die closeness of a slurry to the Bingham plastic rheology assumed by the 

spreading model. There is no correlation coefficient associated with the final spreading 

viscosity, as this value was taken firom an extension of a linear fit through the lowest two 

data points. 

Figure 5.19 - Figure 5.22 present the raw experimental data on bead width as a function 

of time. Figures 5.23 - Figure 5.26 present the calculated bead contact eingle (0) as a 

function of time, found by solving Equation (29) for 9 with the additional relationship 

between bead v^dth (W) and the angle determining the arc of the glass rod substrate over 

Table 5.1 Rheological properties of slurries used in bead spreading experiments. 

Slurry Viscosity, initial spreading Correlation Viscosity, final spreading Yield 
(shear rate = 3.48 - 17.4 s ') Coefficient (shear rate = .09 - .17 s ') 

A 0.24 .995 12.5 2.4 
B 0.3 .996 13.5 2.5 
C 0.47 .995 13.5 4.7 
D 0.52 .963 7.0 3.9 
E 0.15 N/A 4.3 5.6 
F 1.6 .999 1.6 0 
G 3.18 .998 3.5 0.9 
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which the bead has spread ((ji, shown graphically in Figure 3.6): 

W = 2Rsin(t) (45) 

The time axis of these plots has been shifted as required to normalize all data to an initial 

contact angle of 45 degrees (bead cross sectional area = 0.08 mm^) or 60 degrees (bead 

cross sectional area = 0.32 mm*). The values of contact angle stop changing at 

approximately 3 s for ethyl silicate slurries A, B, C. Slurries D and E (which contain 

ethanol) reach a final contact angle much more rapidly, at 0.1 and 0.2 s, respectively, for 

the small bead area and 0.2 and 0.4 s, respectively, for the large bead area. The glycerol 

slurries, F & G, continue to spread and did not reach a final contact angle within the time 

period of the measurements. 

The final contact angle increases with increasing slurry yield, as would be expected. The 

shape of the curves is dramatically different between the shear-thinning slurries A-E and 

the non-shear-thinning slurries F & G, although within a given set, the shape of the 

spreading curve is consistent with decreasing slope with increasing slurry viscosity. 
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Figure 5.21 Bead spreading data. Cross sectional area = 0.32 mm^ full experimental range. 
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5.2.2 Model Predictions 

To compare the model to experimental data for bead spreading, comparative plots of 

contact angle vs. time are presented for representative slurries, and two predicted values 

are evaluated. These values are: 1) the averaged slope of bead contact angle over time, 

as represented by the value for the change in contact angle over 5 s, and 2) the final bead 

contact angle. Predicted values were prepared under each candidate boimdary condition 

and evaluated for the various conditions established by the experiments, i.e. two bead 

cross sectional areas, and slurries with both constant and with shear-dependent 

rheological properties. A final evaluation is the impact of mass transfer on bead 

spreading for slurries containing solvent. 

Contact angle as a function of time as predicted by the spreading model, using the 

rheological values of the experimental slurries, is plotted in Figures 5.27 - 5.34. 

Spreading data for the shear-thirming Slurry B (37% silica in ethyl silicate, rihigi, shear raic = 

0.3 Pa»s, ri,o„ shear raie 1^.5 Pa.s, Ty = 2.5 Pa) at a bead cross sectional area of 0.08 mm' is 

compared to predicted values in Figure 5.27. The two predicted curves are from the free 

siuface boundary conditions and the constrained surface boundary conditions, as 

represented by equations (25) and (26), respectively. A similar set of comparisons is 

presented as Figure 5.28, for the non-shear-thinning glycerol Slurries F & G. Slurry F is 

the unloaded glycerol slurry, with t] = 1.6 Pa*s and Xy = 0 Pa; Slurry G is loaded to 19% 

silica particles and is mildly shear thinning, with rihigh shear rate = 3.18 Pa.s, Hiow shear rate = 3.5 

Pa.s, and ty = 0.9 Pa. 

This sequence of plots is repeated for beads with a cross sectional area of 0.32 mm" in 

Figures 5.29 and 5.30. Comparison data for slurries which did not contain solvent is 

presented as Tables 5.2 and 5.3. Model predictions vs. experimental data for the change 
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Table 5.2 Change in bead contact angle over 5 s, model predictions vs. actual. 

Slurry Bead Change in Change in % Change in Contact % 
Area Contact Angle Contact Angle Difference Angle (deg, Difference 
(mm) (deg, calculated (deg, predicted predicted under 

from spreading under free constrained 
data) surface BC) surface BC) 

A 0.080 16.9 19.0 12.4 17.0 0.6 
A 0.319 21.0 27.0 28.6 22.3 6.2 
B 0.081 14.0 17.5 25.0 15.0 7.1 
B 0.318 21.0 26.5 26.2 22.3 6.2 
C 0.083 12.5 13.6 8.8 11.7 -6.4 
C 0.304 13.8 20.2 46.4 15.6 13.0 
F 0.088 25.0 36.4 45.6 29.0 16.0 
F 0.312 N/A 50.0 N/A 42.2 N/A 
G 0.081 20.1 31.0 54.2 23.5 16.9 
G 0.336 32.2 44.8 39.1 35.0 8.7 

in bead contact angle over 5 seconds is compared in Table 5.2 for the free surface and for 

the constrained surface boundary conditions. The final contact angle of the three ethyl 

silicate slurries is compared in Table 5.3; final contact angle predictions are the same for 

both sets of boundary conditions. 

To prepare the data for the shear-thirming slurries (A-E), a step function was introduced 

in a marmer suggested in Section 3.3.1. Two curves were prepared for these slurries, 

representing the viscosity calculated for shear rates consistent with deposition and with 

final spreading. The curve prepared from die viscosity value associated with final 

spreading was fit to the experimental data point at 1 second, then brought back to the 

intercept with the initial (deposition) viscosity curve to produce a composite curve. The 

glycerol slurries (F & G) used a single viscosity value for each model prediction. 

The fact that predicted spreading is consistently faster than the actual spreading results 

can be seen by examining Figures 5.27 through 5.30 and Table 5.2. This is especially 

true for predictions resulting from the free surface boundary conditions, in which the 

change in contact angle over 5 s differs from experimental data by 8.8 - 54.2%. The 
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Table 5.3 Final bead width and contact angle, model predictions vs. actual. 

Slurry Bead Area Final Width Final Width Final Angle Final Angle % 
(mm) (mm. (mm. (deg, calculated) (deg, predicted) Difference 

measured) predicted) 
A 0.080 0.95 1.14 28.2 20.1 28.7 
A 0.319 1.54 1.96 38.2 24.2 36.6 
B 0.081 0.92 1.12 30.6 20.6 32.7 
B 0.318 1.52 1.93 38.9 24.9 36.0 
C 0.083 0.89 0.93 32.6 29.7 8.9 
C 0.304 1.34 1.54 46.5 36.5 27.4 

model is also less successful for the beads with a larger cross sectional area under these 

boundary conditions. The constrained boundary conditions do a better job of 

quantitatively predicting the spreading characteristics for the entire range of slurries, 

differing from 0.6 -16.9% and are less sensitive to bead cross sectional area. 

Model predictions for Slurries A-C, F, and G are presented in Figures 5.31 - 5.34 using 

the constrained surface boundary conditions. Predictions for Slurry E at 0.08 mm" cross 

sectional area and Slurry D are not included, as experimental data show that these slurries 

stopped spreading at a contact angle greater than the range covered by the plots. These 

figures are to be compared for shape and general trends with Figures 5.23 - 5.26 

(experimental data). 

The data in Table 5.3 shows that for the shear-thinning slurries, the model predicts a 

greater final bead width, corresponding to a smaller final contact angle, than was found in 

experiments. The magnitude of this error was 8.9 - 36.6%, and was consistently greater 

for the larger bead cross sectional area. Data for the final contact angle of the glycerol 

Slurries F & G was unavailable, as these slurries spread to a point where the bead edges 

could not be accurately measured. Note that in Figures 5.27 and 5.29, the slope of the 

spreading curve is extremely shallow past 0.5 s, indicating very slow spreading to the 

point of nearly stopping at low shear rates. 
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Table 5.4 Final contact angle of slurries conaining solvent and impact of 5 on model predictions. 

Slurry Bead Area Final Angle Final Angle Final Angle Time to Final Angle 
(mm) (deg, calculated) (deg, predicted. (deg, predicted. (5=0.5) 

5=0) 5=0.5) 

D 0.082 51.4 24.7 47.2 0.35 s 
D 0.323 59.0 30.3 52.2 0.4 s 
E 0.070 27.5 29.3 34.4 0.03 s 
E 0.230 35.4 35.6 49.2 0.1 s 

Comparison data for the final contact angle of solvent-containing Slurries D & E is 

presented in Table 5.4, with model predictions prepared under the constrained surface 

boundary conditions. Slurry D contains 35.5% silica in ethanolrethyl silicate, with ti^jgi, 

shearratc = 0-52 Pa.s, Tj^hearrale = 7.0 Pa.s, and Ty = 3.9 Pa. Slurry E (35% silica in ethanol). 

is significantly less viscous than Slurry D at high shear rates and more shear-thinning, 

with Tjhigh shear rate = 0-15 Pa-s, and = 13.5 Pa.s; it has a larger yield strength than 

Slurry D, with Xy = 5.6 Pa. Two angles are presented, as predicted using a strength 

diffusion coefficient, 5, of 0 and of 0.5 s'"^. 

Note that the model predictions match experimental results for Slurry D when 5 is 

approximately 0.5 s'"^. This same 5 yields final angle predictions which are much greater 

than actuals for Slurry E. In addition to containing solvent, these slurries are strongly 

shear-thinning, and final contact angle predictions may initially be expected to succeed or 

fail consistent with the other shear-thinning slurries in Table 5.3. Because Slurries D & E 

stopped spreading after very short times, however, only the high shear rate viscosity 

value was required to describe the entire spreading process. Thus while it can be argued 

that the shear-thinning nature of the slurries contained in Table 5.3 could have an impact 

on the final contact angle, shear-dependence should not be a factor in the final contact 

angle predictions for Slurries D & E. In fact, the final contact angle for Slurry E appears 

to be well described by the model with a 5 of 0, which is interesting considering that this 

slurry has a higher concentration of solvent than Slurry D. 
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6. DISCUSSION - PART 1, MODEL VERIFICATION 

6.1 Slurry Rheology and Rheology Control 

As seen in Figures 5.23 - 5.26, liquid rheology clearly has an enormous impact on the 

bead spreading characteristics. The impact of pseudoplastic behavior (shear thinning) 

extends not only to different flow characteristics between dispensing and spreading, but 

also cannot be ignored during the spreading process itself. In preparing or evaluating a 

liquid for stereodeposition, rheology must be understood as a function of shear rate. 

As discussed in Section 2.2, pseudoplastic behavior has been empirically established as 

beneficial for stereodeposition systems; shear thinning allows for low pressure 

dispensing and a period of rapid initial flow while shear rates are still high, followed by a 

rapid increase in viscosity, effectively stopping further spreading. This behavior is 

quantified by the sharp change in slope for pseudoplastic Slurries A-E seen in the contact 

angle plots of Figures 5.23 - 5.26. 

Pseudoplastic behavior does not always occur, however, in the case of highly loaded 

slurries. Dilatant behavior, or shear thickening, was observed for slurries of silica in 

deionized water. These slurries appeared fluid at extremely high loadings compared to 

the ethyl silicate and ethanol slurries, with 60 volume percent slurries flowing readily 

when poured from the milling container. When shear rates were increased, however, 

such as occurred when the spindle was inserted into a slurry sample for the rheology 

measurements, these slurries became nearly impenetrable, with a rubbery solidness. This 

material could not be dispensed through a small orifice at reasonable dispensing 

pressures. 

Figure 6.1 indicates the reason for this, showing the rheology of slurries produced from 

water and water with 10 percent ethanol. Note the very different shear stress / shear rate 
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relationship from Figure 5.3. Note especially the large change in viscosity between 57 
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Whereas the behavior of slurries at high and moderate shear rates greatly affects the 

ability to successfully dispense a fluid in stereodeposition, the behavior at extremely low 

shear rates greatly effects the spreading process at lower contact angles or longer 

spreading times. The ethanol and ethanol/ethyl silicate slurries at the higher loadings 

showed a distinct uptum in shear stress at low shear rates (Figures 5.8 and 5.12). This 

likely indicates particle interaction at low shear rates, resulting in a higher apparent yield 

stress or "gel strength" occurring after a period of rest (or extremely low shear). The 

impact of this thixotropic behavior, where the rheology is no longer independent of time, 

may be an increase in yield strength with time for a slurry which otherwise has no mass 
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or thermal transfer occurring. This would result in a cutoff in spreading as the shear rate 

drops below some critical value. 

6.2 Bead Spreading 

The data presented in Section 5.2.2 shows that under the constrained surface boundary 

conditions, the model predictions in the early stage of spreading agree well with 

experimental values for slurries which do not involve mass transfer during spreading. 

Taken over the first 5 s of spreading, the model predicts contact angle changes within 

nominally 6-7% of the experimental values and a maximum error of less than 17%. The 

predictions for the final contact angle of shear-thiiming slurries, which under the model 

are independent of slurry viscosity or the selected boundary conditions, do not agree with 

experimental values as well, differing by as much as 37%. 

The focus of the following Sections will be to explore this region where the model is less 

successful at describing observed behavior. Model results will be evaluated with respect 

to more traditional spreading models in Section 6.2.1. This will be achieved through 

comparisons to energy dissipation derivations for a similar geometry. In Section 6.2.2, 

measured slurry properties controlling the final contact angle will be verified by 

comparison to the measured static contact angle of a drop of slurry liquid. Once the 

foundation for the model is shown to be valid, an explanation for the final contact angle 

discrepancy of shear-thirming slurries will be presented based on the problem of defining 

solidification for a highly viscous liquid, as discussed in Sections 2.4.1 and 3.3.1. 

Finally, the effect of mass transport on the spreading of slurries D & E will be briefly 

discussed. 
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6.2.1 Comparison with Energy Dissipation Spreading Models 

It will be instructive to compare the model presented in this dissertation with the results 

of Frenkel's method performed for a bead geometry. This will be accomplished by 

evaluating a bead with 0 yield strength spreading on a flat surface and assuming each of 

the various candidate velocity profiles and boundary conditions, i.e. those associated with 

the "bulk model", the "thin film" (Poiseuille distribution), and the linear velocity profiles 

suggested by the boundary conditions used in this model and as shown in Figures 3.7 and 

Referring back to Section 2.3.2 and Equation (3), the starting point for Frenkel's method 

is equating the rate of energy gained by reduction of bead surface area to the rate of 

energy dissipated through viscous flow. The total Hebnholtz energy of 1/2 of a spreading 

bead under negligible gravity is: 

This term will be the same for each flow field evaluated. The energy dissipation term 

depends on the flow field assumed by the boundary conditions; the bulk model will be 

evaluated first and shown to be invalid for describing the spreading of a stereodeposition 

bead. 

3.8. 

with the time derivative equal to: 

(47) 

The velocity profile associated with the bulk model and applied to a bead geometry is: 
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V. = X dW 

W dt 
(48) 

and: 

y dh V = - —— 
^ h dt 

(49) 

Introducing the constraint of constant bead cross sectional area: 

1 dh 1 dW 

h dt ~ " W dt 
(50) 

the viscous dissipation term becomes: 

dt f 4-
liquid  ̂

av, TiAirdwy 

~ wH dt dx dy 
(51) 

Equating Equation (47) with Equation (51) for a fully wetting liquid results in an 

equation for bead edge velocity: 

dW 

dt 
YLV 

(52) 

Thus the velocity of a spreading bead under the bulk model is six times as fast as a drop 

with an equivalent cross section (Equation (5)), and is constant, as opposed to decreasing 

with increasing bead radius. 

The spreading data presented as Figures 5.19-5.22 indicate a bead edge velocity which 

clearly decreases with increasing bead radius; this can be shovm by evaluating Figure 

6.2, which plots the spreading data for the non-shear-thinning slurries F & G as the log of 

bead radius vs. the log of spreading time. The slope (M2) and y-intercept (Ml) of linear 
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Figure 6.2 The log of bead radius vs. the log of time for slurries F & G. 

fits through these plots are presented in Table 6.1. These points show the exponential 

relationship between bead radius and time: 

log(W) = log(Ml) + M2 log(t) (53) 

W = Mlt^ (54) 

It is evident from the values of M2 that bead spreading does not occur at anywhere near a 

constant velocity (which would require M2 =1). The bulk model is thus unsuitable for 

Table 6.1 Curve fit values for Figure 6.2. 

Slurry Cross Sectional log(Ml) Ml M2 Correlation 
Area Coefficient 

F 0.08 -0.32 0.48 0.123 0.997 
F 0.32 -0.18 0.66 0.133 0.996 
G 0.08 -0.38 0.42 0.129 0.994 
G 0.32 -0.19 0.65 0.162 0.998 
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Figure 6.3 The log of spreading velocity vs. the log of contact angle for slurries F & G. 

describing bead spreading under this range of conditions. The fact that the exponent is 

not equal among these sets of slurries also indicates that bead spreading depends on both 

the bead cross sectional area (M2f, ^ M2f2) and on the yield strength of the liquid (M2gi 

^ M2 f , ) .  

Figure 6.3 plots the same spreading data for slurries F & G, this time as the log of the 

bead velocity vs. the log of the contact angle. This plot shows much more scatter than the 

previous plot, as instantaneous bead velocity was required to be approximated at each 

Table 6.2 Curve fit values for Figure 6.3. 

Slurry Cross log(Ml) Ml M2 Correlation 
Sectional Area Coefficient 

F 0.08 -0.19 0.65 3.70 0.928 
F 0.32 -0.74 0.18 4.03 0.947 
G 0.08 -0.84 0.14 2.42 0.899 
G 0.32 -0.78 0.61 3.59 0.985 

Log Spreading Velocity 
vs. Log Contact Angle 

— Slurry F, A = .08 tnrrf 

• - Slurry F, A = .32 mnf 

— ^ • Slurry G. A = .08 mn^ 

- - X - - Slurry G, A = .32 mn^ 
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point by AW/At. Taking the slope and y-intercept of this plot in a manner similar to 

above allows comparison of bead spreading data to Tanner's law (Equation (8)). 

An exponent of 3 would be required to obey Tanner's law; Table 6.2 shows a variation 

between 2.4 - 4. While it is difficult to separate out the effects of curved surfaces and 

liquid yield strength, the closeness of the exponential to a Tanner's law relation lends 

support to the idea that a velocity profile such as suggested in the thin film model or in 

the model presented in this dissertation is a more reasonable description of the system 

than the velocity profile given by the bulk model. These velocity profiles will be used in 

Frenkel's method applied to a bead geometry and compared in the following paragraphs. 

A linear velocity profile with the free surface boundary condition of zero velocity at the 

liquid-solid interface, as used in this dissertation and shown graphically as Figure 3.7, is 

given by: 

4Wy dW 

IT 

thus the rate of viscous dissipation is: 

^  4TiW-lfdwV^ 
=—lirJ fiy d t  ^ . .  

liquid 

Equating Equation (56) with Equation (47) for a fully wetting liquid produces: 

dW A-YLV 

It can be seen that for yield strength = 0 in Equation (19) and substituting (j) = 0 and 

cos(0) = 1-h/W = 1-(A/2W^) into Equation (22), Equations (57) and (19) are equivalent. 
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Thus the "state snapshot" approach used in this dissertation is equivalent to Frenkel's 

method in the limit and under conditions of a liquid with 0 yield strength spreading on a 

flat surface. 

Using the Poiseuille velocity distribution discussed in Section 2.3 (Equation (9)), the thin 

film model applied to a bead geometry produces, under conditions of full wetting: 

dW A'YLV 

This is the same result as for an axisymmetric drop (Equation (10)), as would be expected 

by the symmetry of the geometry. Note that the linearization of the velocity profile 

results in a factor of 0.75 between the free surface boundary condition used in this model 

and the Poiseuille velocity distribution of the thin film model applied to a bead geometry; 

a bead would spread slightly faster as predicted by the thin film model. As was shown in 

Section 5.2.2, however, the free surface boundary condition, and thus similarly the thin 

fihn model, indicates bead spreading which is consistently faster than the actual 

spreading data. 

To compare the spreading model under the set of constrained surface boundary conditions 

(shown graphically as Figure 3.8) with Frenkel's method for a bead geometry requires 

use of the following velocity profile: 

8Wy dW 
V..—— <59, 

With the dissipation integral performed over 1/4 of the bead volume and the gain in 

surface energy equal to 1/4 of the total bead energy, under negligible gravity and fully 

wetting conditions this produces: 
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dW 
(60) 

dt 32tiW' 

which is equivalent to Equation (21) for a flat surface and 0 liquid yield strength. 

A Poissuelle velocity profile with boundary conditions consistent with the flow of liquid 

between two plates is given by: 

Again, there is a factor of 0.75 difference caused by the linearization of the velocity 

profile in the model presented in this dissertation. The instructiveness of this 

linearization, however, is in maintaining an approximate velocity profile while allowing 

greater insight into the local force changes over geometry and time. The impact of this is 

evident in Figure 6.4, which compares bead radius as a function of time on a curved 

surface with and without a yield strength as predicted by the model presented in this 

dissertation to bead radius on a flat surface without a yield point, as predicted by the 

integral of Equation (60): 

(61) 

Which results in a bead spreading velocity of: 

dW A^YLV 
(62) 

dt 24tiW' 

(63) 
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Figure 6.4 Affects of curved surface and liquid yield strength on bead spreading predictions. 

6.2.2 Comparison to Static Contact Angle 

As was illustrated in Table 5.3, the final width of beads predicted by the model is 

consistently larger than those found experimentally. As the final, or equilibrium, width 

does not depend on viscosity and, in the absence of mass or thermal transfer, should be a 

simple equilibrium force balance given by Equation (30), this discrepancy is somewhat 

surprising. The material parameters associated with the equilibrium force balance of 

Equation (30) are the bead cross-sectional area. A, substrate radius, R, and the ratio of the 

liquid yield strength to surface tension., Xy/y. Because of the high level of confidence in 

the experimental measurements of A and R, it will be useful to focus on the last parameter 

group, Xy/y. In this Section, experimental values for X^/y are compared with those 
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determined by independent measurements of the static contact angle of a slurry liquid 

drop on a flat substrate. 

A force balance at the edge of a drop in equilibrium with a rigid substrate gives the 

following relationship: 

This is simply Young's equation v^th the addition of a yield strength term. For a liquid 

which would be fully wetting if not for it's finite yield strength, this reduces to: 

2(1-cos 0) TY 

Thus with a measured contact angle 0 and knowledge of the drop's radius R, it is possible 

to obtain an independent measurement of key parameters used in the bead spreading 

model. 

R can be determined by the initial volume of the drop. A spherical drop with radius R 

and drop height h has the following volume: 

Rsin0 
(64) 

Rsin0 YLV 
(65) 

V = j7th-(3R- h )  (66) 

with the drop height related to the radius by: 

h = R -(Rcos0) (67) 

this produces the required relationship between drop volume and radius: 
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V = ^(R-Rcos0)"(2R + Rcos0) (68) 

Using the measured contact angle and known drop volume, the drop radius can be solved 

for iteratively. Table 6.3 compares the ratio of Ty/y as determined by independent 

measurements of yield stress and surface tension, as described in Sections 4.3.2 and 4.3.3, 

respectively, and by static contact angle measurements manipulated as described above. 

The results differ slightly, but without any consistent pattern and without the magnitude 

to account for the nominally 30% difference between the predicted and actual final 

contact angles of a deposited bead. 

6.2.3 Solidification as a Rate Definition 

Given that: 1) under the constrained surface boundary conditions, the model is successful 

at describing the early stage of spreading, 2) the final bead contact angle should be 

predictable based only on a static force balance involving A, R and Ty/y given by 

Equation (30), and 3) the ratio of Xy/y as determined by independent measurements 

produces comparable values, an explanation is required as to why the shear-thirming 

slurries stop at a significantly greater than predicted final contact angle. This Section 

presents an explanation based on the difficulty of defining a single solidification point for 

a highly viscous material. 

Reviewing Figures 5.23 - 5.26, the experimental results of bead spreading, and Figures 

5.31 - 5.34, the predicted shape of the spreading curves under the constrained surface 

Table 6.3 Comparison of independent yield and surface tension measurements with those determined from 
the static contact angle of 10 mL drops 

Slurry Contact Angle Ty/y Ty/y Percent 
(static contact angle) (independent measurements) difference 

A 31 0.10 0.12 -16.7 
B 36 0.14 0.13 +7.7 

C 42 0.21 0.23 -9.5 
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boundary conditions, provides a likely answer as to why the final contact angles are 

larger than predicted. The flatness of the curve gives an indication of the long time which 

would be required if the bead were to actually reach the predicted equilibrium angle. For 

Slurry B, this time is on the order of I minute. It becomes reasonable to propose, then, 

that an actual spreading bead "falls off' the predicted curve at some low spreading rate. 

The flattening of the curves results from the fact that the magnitude of the viscosity of the 

shear-thinning slurries increases by nearly two orders of magnitude over the initial 

spreading process. In the first 6 data points (0.2 s), the linear shear rate of bead spreading 

is on the order of 10 - 50 s"'. Continuing with the example of Slurry B and referring to 

Table 5.1, the viscosity in this range is on the order of 300 cps. Within the next 6 data 

points, the shear rate drops to below 0.1 s"', and the slurry viscosity increases to 

approximately 13,500 cps. 

At this high viscosity, the problem becomes defining a single solidification point, as 

discussed in Section 3.3.1. The slow spreading rates after the rapid increase in viscosity 

likely allows for local force fluctuations, such as could be caused by the interaction of 

particles in these slurries. The result would be to effectively stop further spreading and 

cause the shear-thinning slurries to leave the predicted spreading curve. This falling off 

can best be understood as a rate at which further spreading becomes unlikely. Table 6.4 

presents the predicted final contact angles achieved at an arbitrarily low value of linear 

strain rate, e = 0.005 s"'. In this case, solidification is defined as the point at which the 

bead width drops below a 5% strain over 10s. Using this definition, the model predicts 

final contact angles which are in good agreement with experimental data. 

Note that defining the final contact angle with respect to a very low shear rate is similar 

to the definitions used in glass technology, as discussed in Section 2.4.1. In both cases. 
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Table 6.4 Final contact angle, model predictions at strain rate = 0.005 vs. actual. 

Slurry Bead Area Final Angle Final Angle % 
(mm) (deg, calculated) (deg, predicted Difference 

at E = 0.005 s ') 

A .080 28.2 28.8 -2.1 
A .319 38.2 33.5 12.3 
B .081 30.6 29.6 3.3 
B .318 38.9 34.4 11.6 
C .083 32.6 34.4 -5.5 
C .304 46.5 40.9 12.0 

solidification depends on the physical situation and occurs when the external forces have 

become low relative to the increasing liquid viscosity. External forces for a solidifying 

stereodeposition liquid are quantified by a low strain rate. 

This operational definition of solidification would be required for stereodeposition liquids 

which solidify by an increase in viscosity; this includes shear-thinning slurries and 

amorphous materials cooled firom a melt. It should be noted however, that the highly 

shear-thinning Slurries A-E used in these experiments all underwent "rapid" 

transformations. As suggested in Section 3.3.3 in context of thermal transport, these 

slurries could be without undue error described by initial liquid properties and a 

characteristic cutoff time corresponding to the sudden increase in viscosity, which in this 

case would occur at given shear rate rather than a given cooling time. 

6.2.4 Affect of Mass Transport on Bead Spreading 

One final area of interest fi^om the experimental results is the affect of mass transport on 

the spreading of slurries containing solvent. Referring back to Table 5.4, Slurries D & E 

reached their final contact angles extremely rapidly, with Slurry D reaching a final angle 

on the order of twice as large as predicted by the model without a diffusion term, and 

Slurry E reaching a final angle close to that predicted by the model without a diffusion 

term. The expectations were: 
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1) In the absence of any mass transfer. Slurry E would be expected to reach a 
higher contact angle in a shorter time than Slurry D, because of its greater yield 
strength and lower viscosity, respectively (Table 5.4, contact angle predictions; 
Table 5.1, rheological properties of slurries). 

2) Because Slurry E has a greater concentration of volatile solvent than Slurry D, 
diffusion should occur at a greater rate (Equation (33)). In the model, this 
would be represented by a larger required strength diffusion coefficient, 5, for 
Slurry E than for Slurry D. 

The results were unexpected, as Slurry E achieved a lower contact angle than Slurry D. 

and Slurry D required a larger 5-term in the model to fit it to the experimental data. 

These results can be evaluated independent of the shear-dependence of the slurries, as the 

shear rate was large over the brief time in which spreading occurred, thus the viscosity 

was reasonably constant. 

The strength diffusion coefficient required for Slurry D was 6 = 0.5 s'"^, while any value 

of 5 for Slurry E resulted in curve predictions which were further from the experimental 

data. With diffusion of ethanol in ethyl silicate liquid occurring on the order of 10"' 

cmVs, a value of 5= 0.5 s'"^ would require a ratio of slurry shell to liquid yield strength. 

'^v.soiiAY.uquid' Ofi the order of 20 (Equation (40)). While this order of magnitude may be 

reasonable for Slurry D, it is counterintuitive that the required strength diffusion 

coefficient should be 0 for Slurry E, which was subject to a larger concentration gradient. 

Although there is insufficient experimental data to reach any firm conclusions, a possible 

explanation is that Slurry E was subject to a skinning phenomenon. During the rapid 

increase in surface area associated with deposition, ethanol could have been removed 

from the surface to an extent that the particles in a thin surface layer of the slurry were 

compressed together, dramatically decreasing the permeability without changing the bulk 

strength of the bead. The net result would be a minimum impact on spreading. In Slurry 
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D, however, diffusion occurred slower, requiring ethanol to diffuse through the ethyl 

silicate liquid; in this case, the picture of a thickening shell was more accurate during the 

period of spreading. 

If a skirming phenomenon occurred, the implication is that, for this system at least, either 

low or very high amounts of solvent have a low impact on the strength diffusion 

coefficient, 5, and thus bead spreading. Moderate values of solvent, however, can greatly 

impact spreading; the effect of mass transport was to lower the time at which a bead of 

Slurry D stopped spreading by a factor of 5, from approximately I s to 0.2 s. 

6.3 Summary 

Part 1 of this discussion evaluated the bead spreading model with respect to experimental 

data. In Section 6.2.1, it was shown that the model derivation presented in this 

dissertation is equivalent in the limit to Frenkel's energy balance method, which has been 

successful in describing the spreading of liquid drops on flat surfaces. The traditional 

flow profiles associated with Frenkel's method were evaluated for a bead geometry. The 

bulk model predicts a constant bead velocity, which was shown to be invalid for a bead of 

stereodeposition liquid. The thin film model predicts decreasing bead velocity with 

increasing bead radius, as is seen in experimental data. The free surface boundary 

condition presented in this dissertation is a linearization of the velocity profile associated 

with the thin film model, differing in predicted spreading rate by a factor of 0.75. This 

set of boundary conditions, however, produces results for bead spreading which are 

consistently faster than seen in experimental data. 

The constrained surface boundary conditions produce model predictions for bead 

spreading which are 4 times slower than the spreading rate predicted by the fi:ee surface 

boundary conditions. Under these boundary conditions, predictions for first 5 s of 
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spreading are reasonable over the entire range of slurry rheologies used in the 

experiments. In spite of this success, the predictions for bead final contact angle are 

weak. In Section 6.2.2, values for slurry yield strength and surface tension were 

compared with independent measurements of the equilibrium configuration of a slurry 

drop. With confidence in all required parameters, and the final contact angle expected to 

be predictable based on a simple equilibrium force balance, the difference between model 

predictions and experimental data was surprising. An explanation was given in Section 

6.2.3 based on the difficulty of defining a single solidification point for a highly viscous 

material. An operational definition of solidification as the shear rate beyond which 

fiirther motion is unlikely produced predictions for bead final contact angle which were 

significantly closer to experimental data. 

Finally, in Section 6.2.4, the affect of mass transport on bead spreading was evaluated. 

An explanation was given for experimental results which seemed contradictory to 

expectations. A skinning phenomenon in the slurry containing a larger amount of solvent 

would explain why mass transport had a minimum impact on spreading. It was suggested 

that, for this system at least, either low or very high amounts of solvent have a low impact 

on the strength diffusion coefficient, 5, and thus bead spreading. Moderate values of 

solvent, however, can greatly impact spreading. 

One of the primary goals of this dissertation was to develop a model of bead spreading in 

order to determine the variables involved in the solidification of a stereodeposition liquid. 

This model has been demonstrated to provide a reasonable picture of what is occurring in 

the deposition and solidification stages of stereodeposition. With this foundation 

established. Part 2 of the discussion will apply the results of this effort to the bigger scope 

of operational stereodeposition systems. 



132 

7. DISCUSSION - PART 2, APPLICATION OF MODEL RESULTS TO 
STEREODEPOSITION SYSTEMS 

7.1 System Contact Angle 

In an operational stereodeposition system, the radius of the surface onto which a new 

bead is deposited will not be constant for each layer. After the first few deposited layers, 

the system will achieve a "system contact angle", where the newly deposited bead 

spreads until it's final radius equals the radius of the bead onto which it was deposited, as 

illustrated in Figure 7.1. Under these equilibrium conditions, the bead geometry 

parameter, X, is fixed by the other parameters a, p, and 5; this greatly simplifies analysis 

by eliminating one system variable. 

A simplified solution is possible for bead spreading when the number of deposited layers 

is sufficient to achieve an equilibrium value for the system contact angle. This is possible 

because the associated symmetry simplifies the geometrical constraint in Equation (29). 

With the substitution R/r = 1 into Equation (27), there is a simple relationship between 0 

and (|) at their final equilibrium values: 

0eq+2(|)^=7t (69) 

Substituting this back into Equation (29) and solving for R produces: 

Figure 7.1 A stereodeposition system contact angle is achieved after the first few deposited layers. 



R = 

1 
M 

vGeq +sin0^y 
(70) 

The parameter groups presented in Section 3.4 can now be expressed as: 

Strength Parameter, a: 

Rate Parameter, P: 

Strength Diffusion Coefficient, 6: 

a = XyVA 

LV 

P = nVA 

LV 

(71) 

(72) 

^ (2PAC)2 T'^Y.solid ^ 

X y  J  
(73) 

Bead Geometry Parameter, X: 

^ = 0eq +sin0^ (74) 

Because it depends only on the value of the system contact angle, X is no longer an 

independent variable, and can be solved directly at A(t)/At = 0 when 5 = 0 or iteratively if 

5 has some non-zero value. The fiill solution to bead spreading for a stereodeposition 

system which has achieved an equilibrium system contact angle is thus: 
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A({) 

At 

1 1 

~ 32.1, P 

(cos(t)-cos(0+<|))(sin0^ +0.q)' 
-2a 1 + -

5t ; / 
(sine^ +0^)^ 

(75) 

subject to: 

''sin© 
tan(|) 

+ cos0| (sin0jq+0^+(j>-sin(j)cos(t)) = 0+ <j)-sin(0+ (j))cos(0+ (()) 

7.2 Stereodeposition Parameter Space 

Figure 7.2 presents the system contact angle achieved by a stereodeposition fluid as a 

fimction of bead strength parameter, a. System contact angle is determined by the total 

bead strength at equilibrium, however, which is a fiinction of 5, and thus of total 

spreading time, /: 

System Contact Angle 

O tf) 
iS ® C £ 30 
O  O )  U 0) 
e"D 
1 20 

0 
0.1 0.2 0.3 0.4 

Bead Strength Parameter, a 

0.5 

Figure 7.2 System contact angle as a function of alpha. 
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Total Bead Strength = a l + 6t 
i (s in0«,+0«,) '  

7t 

2 

0 eg 
2 

(77) 

Although the spreading rate parameter p is not specifically referenced in this Equation, it 

is directly involved in total bead strength as it determines the total spreading time. 

Using the relationship between bead strength and system contact angle plotted in Figure 

7.2 as a non-linear axis, the entire three-dimensional stereodeposition parameter space 

can be presented on a single plot, as is done in Figure 7.3. 

Figure 7.3 may be used in place of a numerical solution to quantify the combined effect 

of all three parameter groupings on bead spreading time and final contact angle. Because 

of the dependence of equilibrium contact angle on spreading time, the solution for a given 

Stereodeposition Parameter Space 
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Figure 7.3 Stereodeposition parameter space. 
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set of a, p, and 5 values must be fovmd by iterative use of the chart. Using as an example 

a stereodeposition liquid with a = 0.2, P = 0.1, and 5 = 0.1, the iteration would begin by 

finding the bead strength / spreading rate intersect at t = 0, a = 0.2, p = 0.1. These values 

result a spreading time of approximately 10 s at a system contact angle of 30 degrees. 

Substituting 10 s and 30 degrees into Equation (77), the modified value for bead strength, 

which includes the affect of the strength diffusion parameter, becomes 0.25, 

corresponding to a spreading time of 7.5 s and a system contact angle of 34 degrees. This 

process of iteration is repeated until a single value is found for spreading time and system 

contact angle consistent with the values of a, p, and 5. For the above example, this value 

is a system contact angle of 31.5 degrees and a spreading time of 8.5 s. 

It is also possible to perform a second iteration on this chart for a variable p, to achieve 

approximate results for cases in which viscosity is not constant throughout the spreading 

process. For shear thirming slurries, P is a fimction of shear rate (as represented by 0), 

and for amorphous thermoplastics, p is a fimction of t. The iteration would be performed 

similar to the iteration for bead strength, whereby spreading rate is modified to a new 

value of P at each new contact angle value or time until a single value is narrowed in on 

for system contact angle and spreading time. 

7.3 Impact of Stereodeposition Parameters and Modification for Process Control 

With a quantified understanding of the stereodeposition parameter space provided by the 

bead spreading model and its application to stereodeposition systems, it is now of interest 

to revisit the processing issues outlined in Section 2.2.4. Specifically, processing issues 

such as resolution, castling, and "balling" will be evaluated with respect to the 

stereodeposition parameters a, p, and 5, or, in other words, a stereodeposition liquid's 

placement on the chart of Figure 7.3; this will be followed by a discussion of how each 
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solidification strategy described in Section 2.4 modifies this placement. The result of this 

discussion will be a better understanding of how to best modify a given stereodeposition 

system of interest to achieve acceptable processing results. 

A direct impact of a stereodeposition liquid's final placement on the parameter space of 

Figure 7.3 is the resulting object resolution and surface roughness, as was illustrated in 

Figure 2.3 of Section 2.2.4. Resolution, or layerwise thickness, and roughness, the 

difference between the outer and inner bead radii, are given by: 

Resolution = 2R cos (j) (78) 

Roughness = r(i - sin (j) ) (79) 

Typical values are shown in Table 7.1, which illustrates the tradeoff between layerwise 

resolution/roughness and line width, resulting from final contact angle. Achieving high 

Table 7.1 Resolution and surface roughness vs. Final bead width. 

Bead Cross Section Final Contact Angle Resolution Roughness Final Bead Width 
A = 0.2 mm* 5° 0.093 mm 0.001 mm 2.14 mm 

15° 0.161 0.0053 1.24 
25° 0.207 0.0113 0.957 
40° 0.259 0.0228 0.757 

A = 1 mm* 5° 0.21 mm 0.0023 mm 4.79 mm 
15° 0.36 0.012 2.76 
25° 0.46 0.025 2.14 
40° 

A = 2 mm- 5° 
15° 0.51 mm 0.017 mm 3.91 mm 
25° 

O O
 0.819 0.072 2.39 

A = 4 mm* 5° 0.42 mm 0.0046 mm 9.57 mm 
15° 0.72 0.024 5.53 
25° 0.93 0.051 4.28 O O

 1.16 0.102 3.39 
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resolution requires a low contact angle, at the expense of increased final bead width; a 

large bead width, in turn, can reduce the achievable amount of fine detail. The only 

option is to reduce the bead cross sectional area. This in turn changes the resulting 

contact angle and increases build time. 

Similarly, the resulting spreading time in Figure 7.3 is important in the design of a 

stereodeposition system. As outlined in Section 2.1.2, the fabrication of new and novel 

materials through stereodeposition may require careful solidification control. For the 

production of objects in which significant diffusion occurs within a layer, 

accommodating shrinkage is likely to require a period of flow for each layer. 

Figure 7.4 presents a schematic representation of Figure 7.3, in order to better visualize 

the impact of the parameter groupings a, P, and 5. The bead strength parameter, a, 

indicates a liquid's resistance to motion. It is in effect a ratio of the restraining force to 

Stereodeposition Parameter Space 

Extrusion o High Deposition Pressures 
o Large Contact Angle 

Viscousi 
Flow 

Mass Transport 

Thermal Transport 

Rheology. 
Control 

Low Bead btability 
o Castling | 
0 Balling 

Mass Transport 

Spreading Rate 
P(s,t) 

Figure 7.4 Stereodeposition parameter space schematic 
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the driving force for spreading, thus a large a represents a system similar to extrusion, 

where flow is limited. This is indicated in Figure 7.4 as the region at the top of the chart. 

The rate parameter, P, determines the system's spreading rate and response time, wdth a 

large (3 (high viscosity) indicating a slow-moving or "sluggish" system. This is seen in 

Figure 7.4 as the region to the extreme right of the chart. The rate parameter is equivalent 

to the rate control variable grouping in selective laser sintering (temperature-induced 

viscous flow) and three-dimensional printing (capillary penetration) processes (see 

Section 2.1.1). 

The ratio of a/p, defined as the index of plasticity, is a key parameter in itself, as it 

determines a liquid's susceptibility to instabilities in the deposition process. One 

example of how instabilities affect process results is the phenomenon of castling, wherein 

irregularities in deposited lines grow into large peaks and troughs in the course of 

forming multiple layers. This occurs under conditions of either low bead strength, a 

(bead tears easily), or high P (bead cannot respond to disturbances rapidly enough). Thus 

a low value of a/p can indicate the potential for problems with initial deposition. This is 

indicated in Figure 7.4 by the diagonal shaded region at the bottom of the chart. 

A related phenomenon discussed briefly in Section 3.1 and developed in more detail as 

Appendix 2 is the stability of a newly deposited bead. While a low viscosity is desirable 

to provide sufficient material flow and accommodate shrinkage v^thin each layer, too low 

a viscosity and/or yield strength relative to the liquid surface tension can create a situation 

where a dispensed bead breaks up into smaller sections. This "balling" is the same as was 

seen in the melting and resolidification of a single-component metal in the process of 

selective laser sintering. The conditions of low viscosity and/or yield strength relative to 

the liquid surface tension is again indicated by a low value of the index of plasticity, a/p. 
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Discussed in context of Figure 7.4, it becomes possible to identify how modification of a 

stereodeposition liquid's initial properties or controlling the liquid-solid transition using 

the solidification strategies outlined in Section 2.4 changes the resulting process 

characteristics. 

As seen in the discussion of existing stereodeposition systems (Section 2.2), modification 

of the initial liquid properties generally involves increasing the ratio of ct/b to avoid 

slumping. In the extreme, small objects can be built and supported entirely by the fluid 

without additional solidification. Note also that the bead cross sectional area has a great 

effect on the initial placement of a slurry in the parameter space of Figure 7.3 and 7.4. 

The fourfold increase in bead cross sectional area used in the experiments increased both 

a and p by a factor of two, moving the slurries toward the upper right of Figure 7.3 and 

7.4. Thus where doubling both a and p by modifying the liquid yield strength and 

viscosity, respectively, may be impractical, the same spreading results can be achieved by 

depositing a bead with cross sectional area four times as large. This vdll also have the 

system-level effects of a reduced object build time and lower object resolution. 

The arrows superimposed on Figure 7.4 indicate the effect of the three solidification 

strategies outlined in this dissertation. The time-dependent possibilities are: 1) viscosity 

as a flmction of shear rate (rheology control), 2) viscosity as a function of time (thermal 

transport), and 3) yield as a function of time (mass or thermal transport). Rheology 

control, by establishing a shear-thiiming slurry such that the viscosity increases during 

deposition, moves the liquid horizontally to the right. Mass transport, by increasing the 

yield strength in a surface shell, moves the liquid vertically upward during deposition. 

Thermal transport, by modifying the bulk properties of the liquid, moves the liquid 

toward the upper right of Figure 7.4. 
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Selection among these strategies is often a fimction of higher system-level issues. There 

is no single optimum for all stereodeposition techniques. As an example, a material 

system of interest which is initially very fluid (lower left of Figure 7.4), can be made 

compatible with stereodeposition through the addition of ftimed silica (increasing a) or a 

volatile solvent (increasing 5), moving the liquid upward on Figure 7.4. Alternatively, a 

higher molecular weight formulation, a thickening agent which increases the liquid 

viscosity without changing the liquid yield, or establishing a shear-thinning rheology will 

move the liquid toward the right. In this case, however, the benefits of low viscosity 

dispensing (low pressure requirements, the ability to turn the dispensing valve on and off, 

the ability to mix components immediately prior to dispensing) are lost. Additionally, a 

strategy which does not involve a rapid solidification rate may require unacceptably long 

wait times between layers. The ultimate decision will be a tradeoff, controlling process 

flaws while tailoring the material to the application, the economics, and the 

stereodeposition hardware. 
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8. SUMMARY AND CONCLUSIONS 

A model of the liquid-to-solid transition in Stereodeposition techniques was presented. 

The model follows a liquid bead spreading on a curved surface as a series of state 

"snapshots", whereby an applied force produces an incremental bead motion in an 

increment of time. This approach allows flexibility in the time and geometry dependence 

of forces associated with a solidifying stereodeposition liquid, and was shown to be 

equivalent in the limit to the more traditional dynamic wetting models based on the work 

of Frenkel and employing an energy rate balance. The model predicts bead contact angle 

as a function of time based on initial liquid properties (surface tension, viscosity, yield 

strength) and the solidification strategy employed, namely rheology control, mass 

transfer, or thermal transfer. Three parameter groupings were identified: the strength 

parameter, a, which controls final contact angle, the rate parameter, P, which controls the 

rate of bead spreading, and the strength diffiision coefficient, 5, which controls the 

amount of liquid transformation occurring during spreading. 

Dynamic bead width measurements were performed on the spreading of slurries of silica 

particles in various liquids and compared to model predictions prepared using two 

proposed boundary conditions. The free surface boundary condition is a linearization of 

the velocity profile associated with the thin film model of droplet spreading, differing in 

predicted spreading rate by a factor of 0.75. This set of boundary conditions, however, 

produces results for bead spreading which are consistently faster than seen in 

experimental data. The constrained surface boundary condition, which predicts 

spreading rates 4 times slower than the free surface boundary condition, was found to be 

the most successful at describing the behavior of the entire range of slurry rheologies 

used in the experiments. The shape and trends of the model predictions in the early stage 

of spreading are reasonable when compared to experimental values for slurries which do 
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not involve mass transfer during spreading. Taken over the first 5 s of spreading, the 

model predicts contact angle changes which vary from experimental results by 6-7%. 

with a maximum error of less than 17%. 

The predictions for the final contact angle of shear-thinning slurries, which is expected to 

be predictable based on a simple equilibrium force balance and independent of slurry 

viscosity or the selected boundary conditions, are quantitatively poor, however, differing 

from experimental data by as much as 37%. Values for slurry yield strength and surface 

tension were compared to independent measurements of the equilibrium configuration of 

a slurry drop, and found to be close enough to be unable to account for the error. An 

explanation was presented based on the difficulty of defining a single solidification point 

for a highly viscous material. An operational definition of solidification as the shear rate 

beyond which further motion is unlikely, 8 = 0.005 s"', produced predictions for bead 

final contact angle which were within nominally ± 12% of experimental data. 

Finally, the effect of mass transport on bead spreading was evaluated. An explanation 

was presented for experimental results which seemed contradictory to expectations. A 

skinning phenomenon in the slurry containing a large amount of solvent would explain 

why mass transport had a minimum impact on its spreading. It was suggested that, for 

this system at least, either low or very high amounts of solvent have a low impact on the 

strength diffusion coefficient, 5, and thus bead spreading. Moderate values of solvent, 

however, can greatly impact spreading. 

One of the goals of this dissertation was to develop a model of bead spreading in order to 

determine the variables involved in stereodeposition techniques. This was accomplished, 

with the model demonstrated to provide a reasonable picture of what is occurring in the 

deposition and solidification stages of stereodeposition. The other goal was to produce a 
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predictive tool for the development of new material systems compatible with 

stereodeposition techniques. This was accomplished by applying the model results to 

operational stereodeposition systems. Placement of a liquid system of interest on a 

graphical representation of the a, P, and 6 parameter space provides insight as to how the 

initial liquid conditions, modified by solidification strategies, will impact the ultimate 

fireeforming characteristics such as object resolution, flaws, and gaps; fi:om this, potential 

modifications can be identified. 

It is hoped that the results of this effort will provide a sufficient foundation to reduce the 

amount of required empirical exploration and speed the development of new and novel 

materials, allowing stereodeposition techniques to reach their promised potential. 
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APPENDIX 1 - U OF A REACTIVE STEREODEPOSITION SYSTEM 

Part 1, Materials and Hardware 

Baseline Process and Considerations 

A solid freeform fabrication system has been developed as part of a NASA project to 
demonstrate the feasibility of fabricating net-shape ceramics from lunar regolith. The 
ultimate goal of this effort is to enable the production of ceramic greenbodies of 
complicated shapes (e.g., pressure vessels, tubes, pipes) and replacement components 
(e.g., gears and bearings) from indigenous lunar resources without the need for molds or 
forms. In the system developed, a 3-dimensional computer model is sliced into thin 
sections and sent to a machine which deposits a slurry of ceramic powder in an alkoxide 
binder. The slurry hardens as it is dispensed, and the object is built up layer-by-layer. 
The final result is a fairly strong ceramic greenbody which can be fired to full density. In 
lunar applications, ceramic particles would be produced by grinding and sizing raw 
regolith, and the alkoxide binder could be made from the reaction of lunar metals and 
alcohol, which is liberated in the process and, hence, recyclable. 

The process steps and control parameters for each step are shown in Figure 1 and detailed 
in the following Sections. Specific challenges for this system include achieving a high 
slurry particle loading and acceptable flow properties of complex ceramic compositions, 
improving the resolution of individual dispensed layers, and achieving fiill density of 
final objects. 

Binder 
Solution 

Dispense 

Age/ 
Dry 

Sinter 

Slurry 

Object 
Model 

Control 
Parameters 

• Binder Properties 
• Solvent Properties 
• Solvent/Binder Ratio 

• Particle Characteristics: 
size, dist, surfoce area 

• Particle Loading 
• Slurry Viscosity 

• Cross Sectional Area 
• Rate of Solvent Removal 
• Rate of Binder Curing 

• Environment: pH 
• Drying Rate: T, Humidity 

Temperature Profile 
Composition Modification 

Possible 
Goals 

• Solution Stability 
• Rapid Transformation 
• Low Shrinkage 

• High Loading 
• Low Viscosity 
• Shear Thinning 

• High Resolution 
• Low Surface Roughness 
• Fast Build Rate 

• Avoid Cracking 
• Avoid Delamination 
• High Green Strength 

• Fully Dense Ceramic 
• Polymer Removal 

Figure 1 Reactive Stereodeposition process steps and control parameters. 
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Binder 

Metal-alkoxides are an appealing binder candidate for the production of ceramic objects 
through reactive stereodeposition. Alkoxides are a family of inorganic polymers which 
react with water to form a continuous ceramic network in the process of gelation. Silica 
Alkoxides are the paradigm example of this type of polymer; they are familiar and well-
studied systems which are used extensively to create thin glass/ceramic films in sol-gel 
processmg. 

In using a silica alkoxide as a binder, the resulting Si-O-Si network will remain in the 
object throughout the drying and sintering processes, ultimately contributing 
approximately 3-10 volume % of amorphous silica to the ceramic matrix. This results in 
a higher effective greenbody loading, produced by a material which promotes either 
viscous or liquid-phase sintering and thus helps enable pressureless sintering of the 
ceramic object. Additionally, because gelation is a room-temperature curing process, 
there is less chance for warpage due to localized temperature gradients.®^ There will also 
likely be fewer burnout problems during the sintering phase. 

Upon drying the gel, the resulting "xerogel" structure contains 50-70% extremely fine 
pores, in the range of l-50nm, and a specific surface area often exceeding 100 m^/g.s' 
Because of the very fine pore size, drying of a gel monolith without cracking is difficult 
unless special precautions such as extremely slow drying rates or techniques like 
hypercritical drying are used. This difficulty is significantly reduced when particles are 
added to the monolith. In the reactive stereodeposition process, the gel serves to bind 
particles together rather than act as a matrix. As a result, the inherent strength due to the 
high particle loading effectively eliminates bulk greenbody cracking if the drying rates 
are reasonable (approximately 1-2 days). 

The reactive stereodeposition process employs ethyl silicate as a binder. Ethyl silicate is 
a partially condensed oligomer of tetraethoxysilane (TEOS) which has previously proven 
useflil in binding refiractory powders through slip casting.®°-^\ Ethyl silicate results fi-om 
the partial hydrolysis of TEOS followed by condensation of water and ethanol to form 
higher molecular weight species." When a typical commercial solution of ethyl silicate 
is heated to the point of decomposition, the residual silica is approximately 40% of the 
original weight, compared to approximately 28% residual silica in TEOS. The higher 
silica content of ethyl silicate should result in superior binding qualities. Additionally, 
because less ethanol is chemically bound to the silica, a smaller amount of material needs 
to diffuse out of the part at higher temperatures, reducing stress during sintering which 
could otherwise cause cracking. 
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A typical commercial ethyl silicate solution* has the formula; 

(H5C20)3SiO-[(H5C20)2SiO]2-OSi(OC2H5)3 (1) 

Upon addition of water and a suitable catalyst (acid or base), a silicic acid (R-SiOH) is 
formed. The silicic acid contains hydroxyl groups which can react with ethoxy groups or 
other hydroxyl groups, resulting in condensation of ethanoi or water. Polymerization 
proceeds through condensation and the formation of siloxane or Si-O-Si bonds as 
follows 

Hydrolysis of ethoxy group to produce silicic acid: 

R-Si(OC2H5)3 + H2O -> R-Si(OC2H5)2(OH) + HOC2H5 (2) 

Condensation of ethanoi: 

R-Si(OC2H5)2(OH) + R-Si(OC2H5)3 -> 

R-Si(0C2H5)20Si(0C2H5)2-R + HOC2H5 (3) 

Condensation of water: 

R-Si(OC2H5)2(OH) + R-Si(OC2H5)2(OH) -> 

R-Si(0C2H5)20Si(0C2H5)2-R + H2O (4) 

Where R = (H5C20)3Si0-[(H5C20)2Si0]2 

Continued condensation leads to an increase in the density of Si-O-Si crosslinks between 
polymers until eventually gelation occurs, at which point the solution is no longer fluid. 
Two types of gels are possible. Acid catalyzed reactions favor the formation of linear 
chains, which are uniformly distributed as a network in the resulting gel. Base catalyzed 
reactions favor the formation of highly crosslinked colloidal particles, which condense 
into a colloidal gel.^'*-'® 

Using ethyl silicate as a binder imposes two key limitations on the reactive 
stereodeposition process. First, deflocculants must be compatible with non-aqueous 
systems to produce acceptable slurry rheologies. A second, more significant limitation is 
in producing "pure" ceramic compositions. Unlike organic polymers, which bum out 
during the sintering process, a small percentage of residual silica remains in the 
composition during sintering. This compositional limitation, however, is compatible with 

* United Chemical Technologies, Inc. (ave. molecular weight 600-620 g/mol). 
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the requirements for a wide variety of electrical packaging applications, including the 
production of mullite (3Al203»2Si02) and cordierite (2Mg0«2Al203*5Si02). 

Reactive stereodeposition using an ethyl silicate binder is also applicable to the 
production of structural ceramics, both in the creation of fiber or particle-toughened 
ceramic matrix composites and ceramic alloys. While the many technical structural 
ceramics are non-oxides such as SiC or Si3N4, oxide sintering additives including silica 
are generally required to achieve dense ceramics under pressureless sintering conditions. 
This has led to the development of a number of silicon nitride ceramic alloys. A common 
example is the SiAlON system,^'-^^ which requires the presence of a small amount of 
silica and is thus compatible with ethyl silicate binders. 

Another example of compositional control is the liquid-phase sintering of Si3N4 with 
glass from the system A1N-Mg0-Si02.''^ In this case, the Si02 from the ethyl silicate 
combines with AIN during sintering, producing additional Si3N4 and alumina. The 
alumina in turn reacts with MgO to produce refractory Mg-Al-spinel (m.p. 2135°C) at the 
grain boundaries during post sintering cooling or upon heat treatment; the final object 
should have very good bulk strength and reasonable fracture toughness at elevated 
temperatures. 

For use in reactive stereodeposition, binder solutions are prepared by adding an excess of 
water (3:1 molar ratio) to an ethyl silicate + ethanol solution. The ethanol is required 
both as a mutual solvent for water and ethyl silicate, which are immiscible, and as means 
for initial solidification of the slurry upon deposition. The ethyl silicate will nominally 
be in a 1:1 volume ratio with ethanol. The dilution of ethyl silicate by ethanol controls 
both the rate of gelation and the green strength of the fabricated object ~ parts with a low 
ethyl silicate content will be correspondingly weaker in the green state, due to the lower 
density of inter-particle bonds. A small amount (1-2 wt%) of deflocculant compatible 
with ethanol is added to this liquid to allow for the addition of greater than 50 volume % 
ceramic powder. Successfiil deflocculants for this system include organic dispersants 
such as phosphate esters or Menhaden fish oil.''-"'^ 

Slurry 

To create a ceramic slurry, dry oxide powders are added to the binder solution. The 
volume ratio of these components is defined by a tradeoff between ease of dispensing and 
rate of slurry rigidization. Reactive Stereodeposition requires the slurry to be fluid 
enough to deposit at low pressures (5-20 psi), yet harden sufficiently once on the surface 
to support the weight of successive layers. Additionally, it is desirable to achieve the 
highest particulate loading possible for improved densification during sintering. Thus the 
slurry's theological properties, and especially the impact of shear thinning, become 
driving criteria for slurry development. 
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Dry silica powder* consisting of 5)im and smaller particles is added and the slurry is 
mixed on a bail mill for 48 hours. During this time, the slurry thins significantly as 
agglomerates break down. 

The following is an example of a slurry loaded to 50 vol. % particles: 

42.27 g ethyl silicate 

3.74 g water 

33.92 g ethanol 

231.2 g silica powder 

•The binder consists of 52.9 wt% ethyl silicate. (50 vol. %) 

A key challenge with any freeform fabrication technique for ceramics, as with ceramic 
processing in general, is the ability to sinter a greenbody to full density under pressureless 
conditions. The ability of a ceramic greenbody to fully densify during sintering depends 
greatly on the material composition and the size of the particles and pores in the 
greenbody." Because of this, ability to sinter is intimately tied to slurry preparation: the 
pore size ultimately results from the particle size distribution and the state of 
agglomeration in the slurry. Agglomeration, in turn, is largely dictated by the 
composition of the particles in the slurry. Ability to sinter and slurry preparation must 
thus be viewed together when developing ceramic materials which are compatible with 
reactive stereodeposition. 

This intimate connection will necessarily require a number of trade-offs. For example, 
opposing optimal particle size distributions are suited for forming and for firing: a wide 
particle size distribution is desirable for a highly loaded slurry, but better fired properties 
(reduced sintering time and minimum exaggerated grain growth) result from a narrow 
particle size distribution."" "" 

Aside from particle sizes and green density, sintering can be assisted by altering the 
ceramic composition in the slurry to promote activated, liquid phase, or viscous 
sintering.®"' In activated sintering, a second solid phase contributes to rapid interparticle 
bonding. Liquid-phase sintering requires the addition of other components in small 
amounts (<5 wt %) which assist the sintering process by the formation of a small amount 
of a low-viscosity silica-based liquid phase at high temperatures. The liquid promotes 
rearrangement, dissolution and reprecipitation of the primary particles to produce a fully-
dense object. Closely related is the process of viscous sintering, where densification is 
achieved by the flow of a viscous phase into the pore space of the object. 

* Stored in an oven at 200°C to ensure dryness. 
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Dispensing 

For dispensing, the slurry is placed in a pressurized syringe mounted on the head of an 
Asymtek model 402 benchtop dispensing system (Figure 2). This unit provides an x-y 
travel area of 12" x 12" and z travel of 3.5" with a step resolution of 0.001" in all axes. 
The maximum head speed is approximately 12 inches/sec, although dispensing is usually 
limited by the slurry to 1-4 inches/sec. 

We are currently usmg a simple pinch tube valve connected to a 50cc syringe. This 
syringe can be replaced by a feed tube to a stationary cartridge, allowing a larger slurry 
supply. The slurry is pressurized to approximately 5-20 psi using a nitrogen bottle and 
dispensed through an 18-25 gage needle. 

Control of the system is via an IBM PC, which handles all aspects of modeling and 
dispensing in a single integrated program running under AutoCAD Release 12. The 
AutoCAD AME package provides modeling and object slicing functions, while software 
routines written in C provide overall control of dispensing operations, converting the 
AutoCAD data into Asymtek motion commands and issuing machine control statements. 

Figure 2. Deposition System 
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Dispensing variables for this system include: 

• Fluid pressure 

• Tip gage size 

• Head velocity 

• Fill pattern resolution 

• Startup delay 

• Shutoffdistance 

The startup delay (time between when the valve turns on and when the head is instructed 
to move) and shutoff distance (length before the end of a move at which the valve is 
instructed to shut off) are required to accommodate movement of residual fluid in the 
needle, thus avoiding globs at either end of a line. 

All of the above dispensing variables depend on the rheological properties of the slurry. 
Values are determined for a new slurry composition by running a test pattern, which steps 
through the variables in a logical sequence, using operator feedback to narrow in on the 
optimum settings. 

Drav^ngs of an object are prepared as 3-dimensional solid models in AutoCAD. To 
fabricate the object, the user manually sets the dispensing tip to the height of the 
dispensing surface. The control software reads this value, calculates the correct elevation 
to slice the model, and creates a 2-dimensional section. The outside of the resulting 
pattem is dispensed first, then it is filled in a snaking line pattern. After a layer is 
dispensed, the user is prompted to reset the needle to the new surface height and the 
process is repeated. 

The feedback in the process ensures that the object is fabricated to the highest resolution 
possible on a layer-by-layer basis, without being subject to additive effects of small 
inconsistencies in dispensing thickness. As opposed to having the operator manually 
position the needle, the process can be automated through surface-sensing equipment 
(also available from Asymtek). The resolution of each layer depends on the properties of 
the slurry, but layer thicknesses of 0.02 - 0.03 inches are common in our current work. 

Using an algorithm which first dispenses the outside of the pattem and then fills the 
interior allows for some unique fabrication strategies. One especially promising 
technique is to dispense the outside pattem for three successive layers before going back 
to fill the interior. These three layers (0.05-0.1" total height) act as a "dam", allowing the 
fill pattem to be dispensed in a much thicker layer without effecting the overall surface 
resolution. This significantly decreases the total dispensing time and produces flatter, 
more homogeneous filled regions. 
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Once the slurry has been deposited, it must rapidly solidify. This is achieved initially by 
the rapid evaporation of ethanol during the deposition process. After deposition of a 
layer, a heat gun (~100°C for 30 s) is used to increase the rate of ethanol removal, 
stiffening the material. Gelation is then triggered by the addition of a base catalyst 
(NH3OH) through a spray of anunonia water applied to the surface. The heat gun is again 
used to dry the surface of the part so that the next layer will not slump or run. This 
process is then repeated for each layer. 

Curing and Drying 

Unreinforced slurries are weak, thus to prevent cracking and allow handling, the 
greenbody must be fiulher cured without allowing the surface to dry. When the object 
has been completely built up, the wet greenbody is placed in a sealed container, 
suspended above a 50/50 volume mixture of ethanol and ammonium hydroxide. This 
provides a wet, basic environment for the continuation of curing without drying. After 
curing is complete (approximately 24 hours), the enviroimient is modified to allow for 
drying at a slow rate. Alternatively, by adding fibers to the slurry (nominally 25 volume 
%), it is possible to dry the greenbodies at an increased rate. The fibers give the partially-
cured part the extra strength required to withstand drying stresses. 

Sintering 

The final step in the process is the sintering of the dried greenbody. A typical firing 
schedule begins with a two hour ramp to 200 °C. This temperature is held for two hours 
to allow non-chemically bonded water and ethanol to evaporate. This is followed by a 
four hoiir ramp to 900 °C and another hold to ensure that all organics are removed. 
Finally, the temperature is slowly ramped to 1100-1500 °C (depending on the ceramic 
composition) to complete sintering. 

Figure 3 shows typical shapes produced by this process. 



Figure 3. Borosilicate glass (left and right) and silica (middle) objects produced by 
Reactive Stereodeposition. 
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Part 2, Stereodeposition Software 

/• 
/• 

Dispense rl.Obeta 
copyright 1994 Bob Crockett 

•/ 
•/ 

•V 

^include <stdio.h> 
^include <stdlib.h> 
^include <direcLh> 
^include <bios.h> 
^include <math.h> 
^include "adslib.h" 
^include "aplib.h" 

int patflag; 
double pullback; 

FILE •fp.*fout; 

static int loadfiincsO; 
int dispense(void); 
int setup(void); 

int zset(void); 
int slice(int l.double z.int f.ads_name entname. ads_name flilname); 
int send(void); 
int entdata(stnict resbuf *eb); 
int rillpat(struct resbuf *eb); 
int testpat(void); 

void main(argc, argv) 
int argc; 
char *argvQ; 
( 

int Stat; 
short scode = RSRSLT; 
int function; 

ads_init(argc. argv); /• Initialize the interface •/ 
for(;;) { 

if ((Stat = adsjink(scode)) < 0) { 
printfi["SETUP: bad status from adsJinkQ = %d\n". stat); 
fllush(stdout); 
exit(l); 

scode = RSRSLT; /* Default return value */ 

switch (stat) { 
case RQXLOAD: 

scode = loadfiincsO ? RSRSLT : RSERR; 
break; 

case RQSUBR: 
fiinction=ads_getfiincodeO; 
switch(function) ( 

case I: 
ifTdispense()=l) { 

ads_graphscrO; 
adsjrintfCend dispense"); 

else ads_printfl;"execution error"); 
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break; 

case 2: 
if(testpatO=l) { 

ads_graphscrO; 
ads_printfl["end testpat"); 

I 
else ads_printf{"e.\ecution error"); 
break: 

} 

default; 
break; 

) 

) 

I 

static int loadfiincsO 
{ 

if ((ads_defiin("c:dispense", 1) = RTNORM) && (ads_defun("c;testpat"^) = RTNORM)) return I; 
else return 0; 

I 

int dispense(void) 
( 

char filename[IS]; 
char ans[5]; 
charcommand[IO]; 
char *ptrI=command; 
int ch = '0'; 
int count; 
double 2acad=.5; 
int zorigin; 
intzacNlOOO; 
int zfeedback; 
int zfill; 
int layer = I; 
struct resbuf *eb,*ebuf; 
ads_nanie enuiame,fillname,name; 

ads_printf|["\nloading...''); 
chdir("c:\\acad\\dispense"); 
ads_xload("ame"); 
apJnitO; 

ads_gctstring{0,"\n(0)ld or (N)ew dispensing file? ",ans); 
if|[!strcmp{"0",ans) || lstrcmp("o",ans)) { 

/• use ads_getfiled */ 
ads_getstring(0."\nFilename: ".filename); 
fout=fopen(filename,"rt"); 
/* or error message */ 
sendO; 
fclosc(fout); 
return 1; 

( 

ifl:setup()==0) { 
ads_printf("dispensing terminated\n"); 
return 1; 

} 

ads_printR" \n"); 
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/* loop until quit or finished */ 
for (:;) { 

ifl[patflag=l) count=2; 
else count=0: 
do { 

fout=fopen("c:\\acad\\dispense\\scratch.tmp","wt+"); 
adsjrintfl" \n"); 
ads_getstring(0,"\n\n\nSet tip height and <retum> or (q)uit ",ans); 
ifl[!strcmp("Q",ans) || !strcnip("q",ans)) { 

fclose(fp); 
return I; 

1 

/* find new z */ 
zfeedback=zsetO; 
if(layer= I) { 

zorigin=zfeedback; 
zacl=zorigin-31.25; 
zacad=.03125/2; /* default resolution */ 

> 
else { 
zacl={zfeedback-((zorigin-zfeedback)/{layer-1))); 
zacad=((zorigin-(zfeedback-((zfeedback-zacl)/2.0)))/l000.0); 

1 

/• send home position command •/ 
if (patflag=I II count=0) { 

strcpy(command,"xd 14;"); 
ptr 1 =&command[0]; 
while(*ptrl) { 

_bios_serialcom(_COM_SEND. I, (unsigned)*ptrl); 
•ptrl-t-+; 

I 
1 

/• write layer data to scratch file */ 
if{patflag=l II count=0) fprintftfout,"xd 15;\n"); 
fprintftfout,"az %d;\n",(int)(zacl-120)); /• z position - tip retract */ 

if({patflag=3) && (count!=I)) { 
slice(layer.zacad,0,enmame.fillname); 

} 
else { 

slice(layer,zacad, 1 .enmame.fillname); 
zfill=2acl; 

> 

if (patflag=l II count==0) ads_command(RTSTR."Iayer".RTSTR,"ofr.RTSHORT.layer-I.RTSTR."".0); 
if (Iayer>3 && count==0) { 

ads_command(RTSTR,"layer",RTSTR,"ofr,RTSHORT,layer-2,RTSTR,"".0); 

ads command(RTSTR,"layer".RTSTR."ofr,RTSHORT.Iayer-3,RTSTR,"",0); 
} 

do I 
ebuP=ads_emgct{entname); 
for (eb=ebuf; eb!=NULL; eb=eb->rbnext) entdata(eb); 
ads_relrb(ebuO; 

) while (ads_entnext(enmamc,entname) = RTNORM); 

lf(count=2) { 
fprintf((fout,"az %d;\n".(int)(zfill-120)); /* z position - tip retract */ 
do { 

ebuf=ads_entget(fillname); 
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for {cb=ebuf; cb!=NULL; eb=eb->rbnext) fillpat(eb); 
ads_relrb(cbuf); 

> while (ads_entnext(fillnaine,fillname) = RTNORM); 
> 

/* copy fout to fjj •/ 
fseek(fout,OL.O); 
fseek(fp,OL.SEEK_END); 
ch='0'; 
whilc((int)chl=EOF) | 

ch=fgetc(fout); 
ifl;(int)ch!=EOF) fputc(ch,fp); 

) 

if(patflag=l II count=0) fprintfl[fp,"xd 14;\n"); 

fseek(fout,0L,0): 

ads_printfl[""); 
ads_printfl[""); 
if (patflag=l II count=0) ads_printfl["\nsllcing at z=%I Jf. Press pause to dispense layer %d",zacad,layer); 
else ads_printfl["\ndlspensing layer %d at z=%l.3r.layer.zacad); 
sendQ; 
/* purge scratch file */ 
fclose(fout); 

count-H-; 
layer++: 

( while (count < 3); 

/• delete scratch file */ 
fclose(fp); 
return I; 

int setup(void) 

I 
char filename[20]; 
char ans[S]; 
int ansf1ag=0; 
charvalue[10]; 
char valuel[IO]; 
char value2[10I; 
charnewvalue[IO]; 
double fillres; 
int ch = '0'; 

struct resbuf val; 
char *var_name; 

ads_getstring(0."\nSettings file <setup.dft>: ".filename); 
ifi[strcmp("",filename)) fout=fopen(filename,"rt"); 
else { 

ifT(fout=fopen("c:\\acad\\dispense\\setup.dft","rt")) = NULL) { 
fout=fopen("c:\\acad\\dispense\\setup.dft"."wt+"); 
ansflag=l; 

I 
1 
iftansflagl=l) ads_getstring(0."\nVerify/change dispensing parameters (y\\n)? ".ans); 
if^Isu-cmpC'Y'.ans) || !strcmp("y".ans)) ansflag=2; 

iflansflag=l || ansnag=2) | 
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ads_textscrO: 
ads_printf("\n\n\n\n\n\n\n\n\n\t\t\tDispensing Parameters\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n"); 
ads_printfl;"<retum> to accept default parameters or enter new value - \n"); 
lfl[ansflag=2) { 

fp=fopen("c:\\acad\\dispense\\setup.old","wt+"); 
ch = '0'; 
while((int)ch!=EOF) { 

ch=fgctc(fout); 
fputc(ch,fp); 

) 

fclose(fout); 
fout=fopen("c:\\acad\\dispense\\setup.dft","wt+"); 
fseek(rp,OL.O); 

} 

lfl[ansflag=2) fscanf|[fp,"%s",value); 
else strcpy(value,"2"); 
ads_printfi;"\n\tsurfacc velocity (%s in/s): ".value); 
ads_jetstring(0,NULL,newvalue); 
ifi;strcmp("".ncwvaluc)) strcpy(valuc.ne\walue); 
fprintfl[fout,"%s\n", value); 

iftansflag=2) fscanfi;fp,"%s".value); 
else strcpy(value,"0.1"); 
ads_printH"\n\tsurface tumon delay (%s s): ".value); 
ads_getstring(O.NULL,newvaluc); 
iftstrcmp{"".newvalue)) strcpy(value,newvalue); 
fprintfl[fout,"%s\n",vaIue); 

if(ansflag=2) fscanf(fp,"°/4s".value); 
else strcpy(value,"O.I"); 
ads_printfl["\n\tsurface shutofT distance (%s in); ".value); 
ads_getstring(0,NULL,newvalue); 
ifi;strcnip("".newvalue)) strcpy(value,newvalue); 
fi3rintfl[fout."%s\n",value); 

if(ansflag=2) fscanfl;fp,"%s",value); 
else strcpy(value,"2"); 
ads_printfl"\n\tfill velocity {%s in/s): ".value); 
ads_getstring(0,NULL,newvalue); 
if((strcmp("".newvalue)) su-cpy(value,newvalue); 
fprintf((fout."%s\n",value); 

ifllansflag—2) fscanfl[fp,"%s".valuc); 
else strcpy(value."0.1"); 
ads_printfi;"\n\tfill tumon delay (%s s): ".value); 
ads_getstring(0,NULL,newvalue); 
ifl[strcmp("",newvalue)) sU-cpy(value.newvalue); 
fprintfl[fout,"%s\n".value); 

ifl;ansflag=2) fscanf(fi3,"%s".value); 
else strcpy(value."0.1"); 
adsj)rintf("\n\tfill shutoff distance (%s in): ".value); 
ads_getstring(0,NULL,newvalue); 
ifl;strcmp("".newvalue)) strcpy(value,newvalue); 
fprintf(fout,"%s\n".value); 

if(ansnag=2) fscanfl[fp,"%s".value); 
else strcpy(value."5"); 
adsj3rintfl;"\n\tfill pattern spacing (%s in): ".value); 

ads_getstring(O.NULL.ne\vvalue); 
ifi;strcmp("".newvalue)) strcpy(valuc.newvalue): 
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fprintfl[fouL"%s\n",value); 

ifl[ansflag=2) fscanflfp,"%s",value); 
else strcpy(value,"0.25"); 
ads jrintf|;"\n\tsurface/fill gap (%s In): ",value); 
ads_getstring(0,NULL,newvalue); 
ifl[strcmp("",newvalue)) strcpy(value,newvalue); 
fprintf(fout,"%s\n" .value); 

lfl;ansflag=2) fscanfl[fp,"%s",value); 
else strcpy(valuc,"l"); 
ads_printfl["\n\tl or 3 surface layers per fill pattern (%s): ".value); 
ads_getstring(O.NULL,newvalue); 
ifl[strcmp("",newvalue)) strcpy(value,newvalue); 
fprintfl[fout,"%s\n'.value); 

if(ansflag=2) fclose(fp); 

ads_getstring(0."\n(D)ispensc now or (E)xit? ".ans); 
if[!strcmp("E",ans) || !strcmp("e".ans)) { 

fclose(fout); 

return 0; 
> 
ads_graphscr(); 
fseek(fout,0L,0); 

> 

/* open acl output file *! 
/•ads_getfiled*/ 
ads_getstring(0,"\n0utput file for dispensing parameters [acl.out]: ".filename); 
ifl;!strcmp{"",filename)) strcpy(filename,"c:\\acad\\dispcnse\\acl.out"); 
fp=fopen(filename.''wt+"); 
ads_printf("working...\n"); 

/* copy header file to output */ 
/* proceedure for valve on (surface) •/ 
fscanfl(fout,"%s%s".vaIue.value I); 
fprintflfp.'bd 10; mz 120; sr%d; pd °/ol.3f.2.2; ed;\n".(int)((atofl[value))*1000).(atoftvaluel))); 

/* proceedure for valve off (surface) */ 
fscanfl[fout,"%s".value I); 
fprintf|;fp,"bd 11; md -%d.0.2; ed;\n".(int)(atoRvaluel)*I000)); 

/• proceedure for valve on (fill) */ 
fscanfl[fout."%s%s",value,value I); 
fprintfi;fp."bd 12; mz 120; sr%d; pd %l.3f,2.2; ed;\n".(int)((atofl[valuc))*1000).(atofl[valuel))); 

/* proceedure for valve off (fill) •/ 
fscanfl[fout."%s". value 1); 
fprintfl:fp."bd 13; md -"/od.O^; cd;\n".(int)(atoftvaluel)*1000)); 

/* proceedure for home position •/ 
fprintfl[fp,"bd 14; az 0; ma 11500,0; az 2500; ps; ed;\n"); 

/* proceedure for purge */ 
fprimfl[fp,"bd 15; az 0; ma 11500,1500; cd 2,2; wa 2; cd 0,2; ma 6000,6000; ed;\n"); 

/* proceedure for normal mode */ 
fprintf(fp,"bd 16; mz -120; sr 8000; pd 0,0,2; ed;\n"); 

fprintf(fp,"in;\nfh;\n"); 

/* set variables */ 
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fscanfl[fout,"%s%s%s",valuc,valucl,vaIue2); 
fillres=atofl;vaIue)/. 125; 
pullbaclc=atoftvalue 1); 
patflag=atoi(vaIue2); 

fclose(fout); 
fout=fopen("c:\\acad\\dispense\\scrateh.tinp","wt+"); 
rseek(fp,0L,0); 
ch = 'O'; 
while((int)ch!=EOF) { 

ch=fgetc(fp); 
if{(int)ch!=EOF) fputc(ch,fout); 

} 

fprintf(fout."ma 6000,6000;\n"); 
rseek(fout.OL.O); 
sendQ; 
rclose(fout); 

/* set viewports •/ 
ads_command(RTSTR,"vports",RTSTR,"",RTSTR,"",0); 
ads_eommand(RTSTR,"cvport",RTSHORTJ,RTSTR,"_vpoint",RTSTR," 1,-1,1 ".0); 
ads_command(RTSTR,"zoom",RTSTR,"c",RTSTR,"zoom",RTSTR,".7x",0); 
ads_command{RTSTR,"cvport",RTSHORT,4,RTSTR,"_vpoint",RTSTR,"0,-1,0".0); 
ads_command(RTSTR,"zoom",RTSTR,"e",RTSTR."zoom",RTSTR.".7x",0); 
ads_conimand(RTSTR,"cvport",RTSHORT,2,0); 
ads_command(RTSTR,"zoom",RTSTR,"e".RTSTR."zoom",RTSTR,".7x",0); 

/• set fill pattern resolution, angle, type */ 
val.restype = RTREAL; 
val.resval.rreal = (double)fillres; 
var_name = "solhsize"; 
ap_setvar(var_name,&val); 
ads_rclrb(&val); 

val.restype = RTSHORT; 
val.resval.rint = 0; 
var_name = "solhangle"; 
ap_setvar(var_name,&val); 
ads_relrfa(&val); 

val.restype = RTSHORT; 
val.resval.rint = 1; 
var_name = "soisectype"; 
ap_setvar(var_name,&val); 
ads_relrb(&val); 

return 1; 

int zset(void) 
( 

char data[10]; 
char command[]=" oz;"; 
char *ptrl=command; 
char *ptr2=data; 
unsigned status; 
int erTflag=0; 
int zfeedback; 
int count; 

_bios_serialcomLCOM_rNIT. 1. _COM_1200 | _C0M_CHR7 | _C0M_EVENPAR1TY | _C0M_ST0P2); 
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stn:py(command."oz; "); 
do ( 

while(*ptrl) { 
whiIe((status=_bios_scriaIcom(_COVl_SEND. 1, 'ptrl)) & 0x8000); 
•ptrl-H-; 

) 

ptr2=&data[0]; 
for(count=l; count<5; count++) { 

do { 
status=_bios_serialcom(_COM_RECElVE. 1.0); 

} while (status & 0xf!D0); 
ifl[(*ptr2=(char)status)=='?') errflag=I; 
•ptr2-H-; 

} 

*ptr2=W; 
} while (enflag=l); 
errflag=0; 
ptr2=&data[0]; 
zfecdback=atoi(ptr2); 
return zfeedback; 

int send(void) 

! 
unsigned status; 
int ch = '0'; 

/* put status checic and error here and in zset 
status = _bios_seriaIcom( _COM_STATUS, 1,0); 
primft "COM2 status: %.4X\tActive: %s\n", status. 

(status & 0x0030) ? "YES": "NO" ); 'I 

_bios_serialcom(_COM_tNIT, I, _COM_I2001 _C0M_CHR7 | _COM_EVENPARITY | _COM_STOP2); 

ch = '0'; 

while((int)ch!=EOF) { 
ch=fgetc(fout); 
while((status=_bios_serialcom(_COM_SEND, 1. (unsigned)ch)) & 0x8000); 

( 

return 1; 

im slice(int I, double z. int f, ads name enmame, ads_name Tillname) 
{ 

ap_Status status; 
charsbun[IS]; 
char sbuQ[IS]; 
struct resbufeb I; 
ads joint pts[3]; 
ads_name sset, object, name; 
apjobjid id[2]; 

struct resbuf value; 
char *var_name; 

char entblock[IO]; 
charnilblock[IOI; 

struct resbuf *eb; 
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pts[01[X]=I2.0; 
pts[0][Y]=0-0; 
pts[0][Z]=z; 
pts[l][X]=0.0; 
pts[Il[Y]=l2.0; 
pts[l][Z]=z; 
pts[2][X]=0.0; 
pts[2]m=0-0; 
pts[21(Zl=z; 

value.restype = RTSTR; 
var_name="solhpat"; 
if(f=l) value.resval.rstring = "line"; 
else value.resval.rstring = "none"; 
ap setvar(var name.&value); 
ads_commanJ(RTSTR."layer",RTSTR,"make".RTSHORT.l.RTSTR,"",0); 

ebl.restype=8; 
strcpyCsbufl ."OBJECT"); 
eb 1 .resval.rstring=sbun; 
eb 1 .rbnext=NULL; 

ads_ssget("X".NULL.NULL.&eb I .object); 

a<is_ssnanie(object,OL,object); 

status=ap_name2obj(object,&id[0]); 
id[ll=(ap_Objid)NULL; 
status=ap_sect_obj(id,pts,sset); 

ads_ssname(sset.OL.name); 

/* get entity block name */ 
for (eb=ads_entget(name); ebl=NULL; eb=cb->rbnext) ifteb->restype==2) strcpy(entblock.eb->resval.rstring): 
ads_relrb(eb); 

/* get fill pattern block name */ 
if(l^l) { 

ads_entnext(name,name); 
for (eb=ads_entget(name); eb!=NULL; eb=eb->rbnext) if (eb->restype=2) strcpy(fillblock,eb->resval.rstring); 
ads relrb(eb); 

) 

/• search for entity block, find entity name */ 
for (cb=ads_tblsearch("BLOCIC",cntblock,0); ebl=NULL; eb=eb->rbnext) | 

ifl[eb->restype==-2) ads name set(eb->resval.rlname.entname); 
} 

ads_relrb(eb); 

I* search for fill pattern block, find first fill pattern entity */ 
if(f=l) { 

for (eb=ads_tblsearch("BLOCK",fillblock.O); ebl=NULL; cb=eb->rbnext) ifl[eb->restype==-2) ads_name_set(eb-
>resval.rlnamc,fillname); 

ads relrb{eb); 

1 

return I; 

int entdata(struct rcsbuf *eb) 
{ 

int rt; 
static int entnag=0; 
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static int staitflag=0; 
static ads_real x.y^tatt.ystait,r,aI,a2,atot; 

ifl[eb = NULL) return RTNONE; 
ifl[(eb->restype >= 0) && (eb->restype <= 9)) rt=RTSTR; 
else ifl;(eb->rcstype >= 10) && (eb->restypc <= 19)) rt=RT3DPOINT; 
else ifl[(eb->restypc >= 38) && (eb->restype <= 59)) rt=RTREAL; 
else ifl[eb->restype >= 60) return eb->restype; 
else return eb->restype; 

switch(rt) { 
case RTSTR: 

if|;!strcmp("POrNT",eb->resval.rstring)) entflag=I; 
ifl[!strcmp("LINE",eb->resvaI.rstring)) cntflag=2; 
ifl[!strcmp("ARC".eb->resval.rstring)) cntflag=3; 
ifl[!strcmp("CIRCLE",eb->resvaI.rstring))cntflag=4; 
ifl;!strcmp("POLYLINE",eb->resvaI.rstring)) { 

fprintf{fout."bc;\n"); 
entflag=5; 
startnag=l; 

} 

ifl[!strcmp("VERTEX",eb->resval.rstring)) entflag=6; 
ifi;!strcmp("SEQUEND".eb->resval.rstring)) { 

fprintfl[fout,"ec; xd I6;\n"); 
entflag=7; 

I 
break; 

case RT3DP0INT: 
switch(entflag) { 

case I: 
if((eb->restype=IO) { 

x=eb->resval.rpoint[X]; 
y=eb->resval.rpoint[Y]; 
fprintfl[fout,"ma %d,%d;\n",(int)(x* 1000),(int)(y* 1000)); 
break; 

} 

break; 

case 2: 
ifi;eb->restype=10) { 

x=eb->resval.rpoint[X]; 
y=eb->resvai .rpo int [Y]; 
fprintfl[fout"n)a %d,%d; xd 10; ".(im)(x*1000).(int)(y*1000)); 
break; 

} 

ifl;eb->rcstype=I 1) { 
x=eb->resval.rpoint[X]; 
y=eb->resvaI.rpoint[Y]; 
fprintfi[fout,"xd 11; ma%d.%d; xd 16;\n",(int)(x*1000),(int)(y*1000)); 
break; 

1 
break; 

case 3: 
ifl;eb->restypc=10) { 

x=eb->resval.rpoint[X]; 
y=eb->resvaI.rpointlY]; 
break; 

I 
break; 
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case 4: 
if(eb->restype=IO) { 

.x=eb->resval .rpo int[X]; 
y=eb->rcsval.rpoint[Y]; 
ifl[x<0) x=0-x; 

) 

break: 

/• polyline info goes here */ 
case 6; 

x=eb->resval.rpoint[X]; 
y=eb->resval.rpoint[YI; 
fprintfl;fout,"ma %d.%d; ",(int)(x* IOOO),(int)(y* 1000)); 
ifl;startflag=l) fprintHfout,"xd 10; xd 11;"); 
startflag=0; 
break; 

case 5: 
case 7: 

break; 

case RTREAL: 
switch(entflag) { 

case 3: 
ifl[eb->resiype=40) { 

r=cb->resval.rreal; 
break; 

} 

ifl;eb->restype=50) { 
al=eb->resval.rreal; 
break; 

I 
ifl[eb->restypc=51){ 

a2=eb->resval.iTeal; 
if{al>=3.14) { 

xstart=x+(r*cos(aI)); 
ystait=y+(r*sin(a I)); 
atot=(a2-al)» 180/3.14; 

I 
else { 

xstart=x+(r*cos(a2)); 
ystart=y+(r*sin(a2)); 
atot={al-a2)*180/3.I4; 

1 
fprintfl[fout,"ma %d,%d; .xd 10; ",(int)(xstart*1000),(int)(ystart*1000)); 
fprintfl;fout,"xd 11; aa %d,%d,%f; xd 16;\n",(int)(x* 1000),(int)(y* 1000).atot); 

! 
break; 

case 4: 
ifl[eb->restype==40) { 

r=eb->resval.rreal; 
ystart=y+r; 

fprintflfouC'ma %d,%d; xd 10; ",(int)(x*IOOO),(int){ystart*IOOO)); 
rprintfl[fout,"xd 11; aa%d,%d,360; xdI6;\n",(int)(x*IOOO),(int)(y*IOOO)); 

J 
break; 

} 

break; 
} 

return eb->restype; 
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int fillpat(stnict resbuf *eb) 
{ 

static int dirflag=0; 
static ads_rcal xl.x2.yl,y2; 

if(eb->restype=10) { 
X1 =cb->resvaI.rpoint[Xl; 
y I =eb->resval.rpoint[Y]; 
return eb->restype; 

) 

if(eb->restype=I I) { 
x2=eb->resvaI.rpoint[X]; 
y2=eb->resvai.rpoint[Y]; 
in[dirflag=0) { 

fprintf(fout,"ma %d,%d; ",(int)((x2-pullback)* 1000),(int)(y2* 1000)); 
fiirintf[fout,"xd 12; xd I3;ma%d.%d;xd l6;\n".(tntK(xl+pullback)*1000),(int)(yl*1000)); 
dirflag=l; 

( 
else { 

fprintflfout,"ma %d,"'/od; '',(int)({x 1+pullback)* 1000),(int)(y 1 * 1000)); 
fprintfl[fout."xd 12; xd 13; ma%d,%d; xd 16;\n",(int){(x2-pullback)»1000),(int)(y2*1000)); 
dirflag=0; 

return cb->restype; 

int testpat(void) 
{ 

charans[5]; 
char filename[15]; 
intz; 
float entvel=3; 
float enton=.2; 
float entofl=.2; 
float fillres=.25; 
float max=6; 
float min=0; 
float length=l; 

ads_textscr(); 
adsj5rintf("\n\n\n\n\n'*n\n\n\n\t\t\t\tTest Pattem\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n"); 

chdir("c:\\acad\\dispense"); 
fout=fopen("c:\\acad\\dispense\\scratch.tmp","wt+"); 
fprintf(fout."in; fli;\n ma 6000,6000;\n"); 
fkeek(fout,OUO); 
send(); 
fclose(fout); 

ads_getstring(0."\n<retum> to set fluid pressure/needle size ".ans); 
ads_printfi;"\n\n\n\n\n\n\n\n\t\t\t\tPurge\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n"); 
do ( 

fout=fopen("c:\\acad\\dispense\\scratch.tmp"."wt+"); 
ads_printfi;"\npress pause to turn valve on/off. <retum> to repeat or <q> when flnished 
fprintfl[fout,"ps; cd 2.2; ps; cd 0.2;\n"); 
fseek(fout,OL.O); 
sendO; 
fclose(rout); 
ads_getstring(O.NULL.ans): 
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) while (strcmp("q",ans)); 

ads_gctstring(0."\nset dispensing height and <retuni> or <q>uit ",ans); 
ifl[!strcmp{"q",ans)) return I; 
z=zsetO; 

fout=fopen("c:\\acad\\dispense\\scratch.tmp","wt+"); 
rprintfl[fout,"mz -120; ma 4000,6250; az %d;\n",(z-I20)); 
fseek(rout,0L,0); 
sendO; 
fclose(rout); 
ads_getstring(0."\n<retum> to set surface velocity ",ans); 
adsj3rintf{"\n\n\n\n\n\n\n\n\n\t\t\t\tSurfacc Velocity\n\n\n\n\n\nVn\n\n\n\n\n\n\n\n"); 
do { 

fout=fopen("c;\\acad\\dispense\\scratch.tmp","wt+"); 
fprintfl[fout,"mr 0.-250; sr %d; mz 120; cd 2.2; mr %d.0; cd 0.2; mz -120; sr 8000; mr -

%d.O;\n",(int)(entvel* 1000),(int)(length* 1000).(int)(length* 1000)); 
rseek(fout,0L,0); 
sendQ; 
rclose(fout); 
ads_printfl;"\nvelocity=%1.2f in/sec. (i)ncrease, (d)ecrcase or (s)et value? ".entvel); 
ads_getsUing(O.NULL,ans); 
if(!strcmp("i".ans)) { 

min=entvel; 
entveI=entvel+((max-entvel)/2); 

ifi[!strcmp("d",ans)) { 
max=entvel; 
entvel=entvel-{(entvel-min)/2); 

( 
length=!ength+0.25; 

) while (strcmpCs'.ans)); 

max=l; 
min=0; 
ads_getstring(0,"\n<retum> to set surface tumon delay ".ans); 
ads_printfl("\n\n\n\n\n\n\n\n\n\l\t\tSurfaceTumon Delay\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n"); 
fout=fopen("c:\\acad\\dispense\\scratch.unp"."wt+"); 
fprintfl;fout,"sr 8000; ma 7000,6250; sr %d; mz 120; cd 2,2; mr 0,-2000; cd 0.2; mz -120; sr 8000; mr 

0.2000;\n".(int)(entvel * 1000)); 
fseek(fout,0L,0); 
sendO; 
rclose(fout); 
do { 

fout=fopen("c:\\acad\\dispense\\scratch.Unp"."wt+"); 
fprintfl[fbut."mr 0,-250; sr %d; mz 120; pd %f,2,2; mr 1500.0; cd 02; mz -120; pd 0,0.2; sr 8000; mr -

1500,0;\n",(int)(entvel* 1000),enton); 
fseek(foul,0L,0); 
sendO; 
fclose(fout); 
adsj3rintfl["\nsurface tumon delay=%l .4f s. (i)ncrease, (d)ecrease or (s)et value? ".enton); 
ads_getstring(0,NULL,ans); 
ifl[!sU'cmp("i",ans)) { 

min=cnton; 
enton=enlon+((max-enton)/2); 

} 

if(!su-cmp("d",ans)) { 
ma.x=enton; 
cnton=enton-{(cnton-min)/2); 

1 
} while (strcmp("s".ans)); 

max=l; 
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min=0; 
a(ls_getstring(0."\n<retum> to set surface shutofT distance ",ans); 
ads_printft"\n\n\n\n\n\n\n\n\n\t\t\tSurface Shutoff Distance\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n"); 
do { 

rout=Topen("c:\\acad\\dispense\\scratch.tmp"."'wt+"); 
fprintftfbut,"sr 8000; mr 1500,-250; sr %d; mz 120; pd %f,2,2; md -%d,0,2; mr -1500,0; pd 0,0.2; md 0,0,2; mz -

120;\n",(int)(entvel* 1000),enton,(int)(entofr* 1000)); 
fseck(fout,0L,0); 
sendO; 
fclose(fout); 
ads_printf|;"\nsurface shutoff distanee=%1.4f in. (i)ncrease, (d)ecrease or {s)et value? ".entofl); 
ads_gctstring(0,NULL,ans); 
ifi;!strcmp("i",ans)) { 

min=entoff; 
entoff=entoff+((ma.x-entoff)/2); 

) 

ifl[!strcmp("d",ans)) { 
mav=entoff; 
entoR=entoflf-{(entoff-min)/2); 

I 
> while (strcmp("s".ans)); 

max= 5; 
min=0; 
ads_getstring(0,"\n<retuni> to set fill pattern spacing ",ans); 
ads jjrintf["\n\n\n\n\n\n\n\n\n\t\i\tFill Pattern Spacing\n\n\n\n\n\n\n\n\n\n\n\n\n\nVn"); 
fout=fopen("c:\\acad\\dispense\\scratch.tmp"."wt+"); 
fprintf(foul,"sr 8000; ma 5000.3000; sr%d; mz 120; pd %f,2,2; md -%d,0,2; mr 1500,0; pd 0,0,2; md 0,0,2; mz -120; sr 8000; 

mr -1500,0;\n",(int)(entvel* 1000),enton,(int)(entoff 1000)); 
fseek(fout,OL.O); 
sendO; 
fclose(fout); 
do ( 

foul=fopen(''c:\\acad\\dispense\\scratch.tmp","wt+"); 
fprintfl[fout,"mr 0,-%d; sr%d; mz 120; pd %f,24: md -%d.02; mr 1500.0; pd 0,0,2; md 0,0.2; mz -120; sr 8000; mr-

1500.0;\n",(int)( fillres* 1000),(int)(entvel * 1000),enton,(int)(entofp» 1000)); 
fscek(fout,0L,0); 
sendO; 
fclose(fout); 
adsj3rintf|["\nfill pattern spacing=%1.4f in. {i)ncrease. (d)ecrease or (s)et value? ".fillres); 
ads_getstring(0,NULL,ans); 
ifl;!strcmp("i",ans)) { 

min=fillres; 
fiIlres=fillres+((max-fillres)/2); 

I 
ifi;!strcmp("d",ans)) { 

mav=fillres; 
fillres=fiUres-((f\\lres-min)/2); 

1 
} while (strcmp("s",ans)); 

ads_printfi;"\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\nsettings are:\n\n\tsurface velocity: %1.3fin/s.\n\tsurface tumon delay: %1.4f 
s.",entvel,enton); 

ads_printf{"\n\tsurface shutoff distance: %1.4f in.\n\tfill pattern spacing: %1.4f in.",entoff,fillrcs); 
ads_getstring(0,"\n\nFilename for settings <setup.dfl> ".filename); 
fout=fopen(flIename,"wt"); 
fprintfTfout,"%l .3f\n%l .4f\n%l .4f\n%l .3f\n%l .4f\n%l .4f\n%l .4f\n0.25\nl ".entvei.enton.entoff.entvei.enton.entoff.fillres); 
fclose(fout); 

return 1; 
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APPENDIX 2 - BEAD STABILITY 

Deposition Constraints 

The flow of a viscous material through a deposition orifice (Figure I) is controlled by 
Hagen-Poiseuille flow,"® in which flow rate (Q) is reduced for high fluid viscosity (r|) 
and small orifice sizes (R) or long tip length (L) at a given deposition pressure (Pgage)-

"•IS' 

The bead cross sectional area (A) is related to the flow rate given in Equation (1) by the 
deposition speed (S): 

f = ^ 
5 (2) 

As speed is increased, bead cross-sectional area is reduced; above a certain speed 
(equivalent to a minimum cross sectional bead area), the bead will tear, producing gaps in 
the final part. The minimum achievable area at the maximum head speed is a similar 
geometry to the problem of an axisymmetric liquid bridge."® Figure I (B) illustrates the 
geometry fixed by volume flow rate, deposition speed, and deposition height. The 
slendemess ratio of the tip height above the surface (1) divided by the radius of the bead 
(R') must be below a height limit on the order of 27: to remain stabile: 

(3) 

Rearranging and solving for A„i„ gives the condition for minimum bead cross sectional 
area: 

I' 

2R — '  

(A) 

Figure 1 Deposition geometry. 

T 
A L 

2R' 1 

(B) 
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R'>:r- (4) 
2K 

A„,.=21R' = -^ (5) 

Combining equations (1) and (5) results in the imposed condition for depositing a 
continuous bead with a minimum cross sectional area: 

%rjLS n (6) 

While viscosity is the only liquid property directly involved in the stability limit, the 
impact of exceeding this limit and the ability of a liquid to "neck down" from any orifice 
size R to R' (Figure 2) varies based on the Weber number and the Reynolds number of 
the liquid."® The Weber number contains the magnitude of the surface tension, with low 
surface tension liquids less susceptible to forming individual droplets. 

Experimental 

Bead stability during dispensing was determined as a function of head speed and orifice 
sizes. Six slurry formulations to cover the desired parameter range for dispensing were 
empirically developed by examining the rheology of slurries in various liquids at various 
particle loadings. Table 1 presents the target properties and required particle loadings for 
these slurries. 

Slurries were dispensed onto 5 mm diameter borosilicate glass rods, angled to provide an 
increasing gap between the dispensing tip and the surface over a 5 inch test length (Figure 
3). Slurries were dispensed using two orifice sizes: 0.35 mm diameter and 0.6 mm 
diameter. A constant material flow rate of 0.0075 cc/s for each test was established by 
controlling the dispensing pressure. The required volume flow rate was calculated based 
on the density of the test slurry. Flow rate was measured by dispensing into a weigh boat 
for 15 s and weighing.. 

Sj S2=.5S, S2 = 2S, 

}—i u 
A J I ^2 ] I ^ ^3 

J ^ V 

Figure 2 Bead cross-sectional area at various speeds. 
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Table 1 Target properties for test slurries. 
Slurry Liquid Loading Viscosity 

(dispensing) 
Yield Surface 

Energy 

I ETS 30 vol. % LOW 
(0.15 Pa.s) 

1-2 .023 

2 ETS 32 MED 
(0.2 Pa.s) 

1-2 .023 

3 ETS 33 HIGH 
(0.3 Pa.s) 

1-2 .023 

4 ETS 26+2 VERY HIGH 
(0.5+ Pa.s) 

5+ .023 

5 EtOH 35 VERY HIGH 
(0.5+ Pa.s) 

5+ .023 

6 Glycerol HIGH 
(0.8 Pa.s) 

0 .06 

3 head speeds were used: 1.5 in/s, 3 in/s, and 4.5 in/s. Measurements at these speeds 
were performed successively on three parallel rods. 3 runs were performed to obtain 
statistical data, with the rods wiped down with ethanol between runs. The length at 
which the bead broke or at which gaps appeared was measured with a ruler. The height at 
this point between the dispensing tip and the surface was determined by readings from the 
z axis position of the dispensing head as determined by the dispensing machine. 

Figure 3 Experimental set-up. 
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Results and Discussion 

The Theological properties for the slurries used in bead deposition experiments is 
presented in Table 2. The viscosity values are least squares linear fits of shear stress vs. 
shear rate data over the shear rate range (3.48 - 17.4 s"') applicable for extrusion of a 
slurry through a small orifice at typical deposition pressures. The value of the correlation 
coefficient for the linear fit is also presented in Table 2. 

The pressure required to dispense a given slurry through either a 0.35 or 0.6 mm orifice is 
presented as Table 3. As would be expected from Equation (I), at a constant flow rate, 
the required pressure for deposition is proportional to fluid viscosity and inversely 
proportional to orifice size. 

The results of the bead stability experiments are presented in Figure 4 - Figure 15. 
Results are presented in histogram form to identify any trends, with the horizontal axis 
representing the slendemess ratio {l/D, D=2R as defined in Figure 1) of the column of 
fluid leaving the dispensing tip at the point at which the bead separated from the tip, and 
the vertical axis representing the number of occurrences. Slurries at all speeds and orifice 
sizes are compared in Figure 4. It appears from this plot that l/D at break increases with 
viscosity and/or yield. 

This data is broken down by slurry as Figures 5 - 15 to identify any influences of either 
orifice size (Figure 5 - Figure 7) or head speed (Figure 8 - Figure 15) on the l/D at break. 
The effect of orifice size on l/D at all head speeds is shown in Figure 5 for Slurry 1. Note 
that the larger orifice appears to increase l/D. The same information is presented as 
Figure 6 and Figure 7 for Slurries 2 and 3, respectively, in which this trend remains 
consistent. When this data is further broken out, however, a competing trend appears; 
for a given orifice size, l/D increases noticeably with increasing head speed for slurry 1. 
l/D increases marginally with increasing head speed for Slurry 2, and decreases with 
increasing head speed for Slurries 3, 4, and 5. Thus the effect of increased head speed on 
increased l/D appears to be inversely proportional to slurry viscosity. 

Trends indicate that bead stability is not as simple as for the static liquid bridge. There is 
a clear dependence on both the fluid viscosity and on the yield strength. The solution for 

Table 2 Slurry rheology. 
Slurry Viscosity, dispensing 

(shear rate = 3.5 - 17.4 s"') 
Correlation 
Coefficient 

Yield 

1 0.17 Pa.s 0.995 0.092 Pa 
2 0.21 0.98 0.15 
3 0.31 0.993 0.14 
4 0.5+ N/A 0.54 
5 0.53 0.98 0.54 
6 0.79 0.999 0 
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Table 3 
Slurry Orifice Size Dispensing Pressure 

(mm) (psi) 

1 0.35 8 
1 0.6 <5 

2 0.35 7 
2 0.6 <5 

3 0.35 10 
3 0.6 6 
4 0.6 16 
5 0.6 22 
6 0.35 
6 0.6 

an axisymmetric liquid bridge is based on a liquid with zero yield strength. It appears 
from these results, however, that the column strength of a dispensed bead is important. 
For highly viscous liquids, there was a noticeable "pullback" during dispensing; because 
the fluid did not flow rapidly immediately after leaving the orifice, there was a finite 
length where the bead was suspended and pulled in a column, supporting its own weight 
and in tension from the continued head motion. 

The extent of pullback depends on the rate parameter, P; susceptibility to breaking under 
conditions of pullback, however, depends on a, the bead strength. Beads with low 
column strength (low yield) relative to viscosity are more likely to be susceptible to 
instabilities than those with high column strength. Thus the criteria for bead breaking 
appears to be the ratio of a/p, or the index of plasticity. 
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Ail Slurries 

Slurry 1, total 

Slurry 2, total 

• Slurry 3, total 

• Slurry 4, total 

ra Slurry 5, total 

<4 4-6 6-8 8-10 >10 
I/D at Break 

Slurry 1 
! ! 

3 .35 mm orifice 

^ .6 mm orifice 

3 .35 mm orifice 

^ .6 mm orifice 

i 1 i 1 
<4 4-6 6-8 8-10 >10 

I/D at Break 
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Slurry 2 

.6 mm orifice 

<4 4-6 6-8 8-10 >10 
I/D at Break 

Figure 6 

Slurry 3 

• -35 mm orifice 

^ .6 mm orifice 

<4 4-6 6-8 8-10 >10 
I/D at Break 

Figure 7 
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APPENDIX3-DATA 

This Section contains all relevant data and models used in the preparation of charts and 
tables contained in the body of this work. This includes: 

Page 181 Raw rheology data for the slurries used in the experiments. 

Pages 182-204 Raw spreading data for test slurries; calculated contact angles from 
width measurements, as determined by mathcad model on page 206; 
predicted contact angles as a function of time, as determined by mathcad 
model on pages 207-208. 

Page 206 Mathcad model to convert bead width to contact angle. 

Pages 207-208 Mathcad model based on Equations (25) and (29), used to predict 
contact angles as a function of time. Used to prepare Table 5.2 and 6.4, 
as well as Figures 5.27 - 5.34. 

Page 209 Mathcad model based on Equation (30), used to predict final contact 
angle (Table 5.3, 5.4). 

Page 210 Mathcad model to calculate the radius of a drop of liquid with a known 
volume and contact angle (Equation (68), used to prepare Table 6.3). 

Page 211 Mathcad model of system contact angle as a function of a, used to 
prepare Figure 7.2. 

Page 212 Mathcad model of Equations (75) and (76), used to prepare Figure 7.3. 
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Test slurry raw rheology data: shear stress vs. shear rate. 

Shear 
Rate 

Slurry A 
35 vol% 

Slurry B 
37 vol% 

Slurry C 
39 vol% 

Slurry D 
36 vol% 

Slurry E 
35 vol% 

Slurry F 
0 vol% 

Slurry G 
19 vol% 

0.03000 26.800 25.700 28.500 41.800 63.000 0.35000 9.7400 
0.09000 32.400 26.800 31.300 39.300 55.700 1.3900 11.800 
0.17000 42.400 37.600 42.100 44.900 59.100 1.3900 14.600 
0.23000 48.400 38.600 49.400 45.600 70.600 1.3900 16.700 
0.29000 52.500 54.600 60.200 52.500 65.800 1.3900 17.400 
0.44000 55.700 69.600 78.300 56.400 69.600 3.4800 26.400 
0.87000 61.900 79.000 110.00 82.800 94.600 6.6100 47.300 
1.7400 72.400 95.700 130.00 143.00 138.00 14.300 81.400 
3.4800 77.600 106.00 149.00 179.00 184.00 27.100 140.00 
8.7000 92.900 125.00 180.00 225.00 192.00 67.500 306.00 
17.400 111.00 148.00 216.00 254.00 137.00 
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Slurry A, 0.08 mm'. Spreading data (columns 1&2); calculated contact angle (column 3); model predictions (time I = early spreading. 

time 
A. 1.3 

width. 
A. 1.3 

angle. 
A. 1.3 

time.model 
1 

time.model 
2 

angleA.1.3 
BC 1.1 

angleA.1.3 
BC 1.2 

angleA.1.3 angleA.1.3 
BC 2.1 BC 2.2 

0.01 0.74146 43.78 0 0 45.02 30.16 45.02 29.21 

0.04 0.81171 37.48 0.01 0.05 40.64 30.1 43.86 29.2 

0.08 0.85854 33.83 0.02 0.1 37.85 30.03 42.86 29.19 

0.11 0.87415 32.76 0.03 0.15 35.84 29.97 41.97 29.17 

0.14 0.88976 31.65 0.04 0.2 34.3 29.9 41.17 29.16 

0.18 0.89756 31.18 0.05 0.25 32.91 29.84 40.31 29.14 

0.21 0.90537 30.71 0.06 0.3 31.85 29.78 39.61 29.13 

0.38 0.92098 29.84 0.07 0.35 30.95 29.72 38.97 29.12 

1.01 0.93659 28.87 0.08 0.4 30.17 29.65 38.37 29.1 

1.58 0.94439 28.42 0.09 0.45 29.49 29.59 37.82 29.09 

7.18 0.9522 28 0.1 0.5 28.88 29.53 37.3 29.08 

0.11 0.55 28.34 29.47 36.82 29.06 

0.12 0.6 27.86 29.42 36.37 29.05 

0.13 0.65 27.42 29.36 35.94 29.04 

0.14 0.7 27.01 29.3 35.54 29.02 

0.15 0.75 26.65 29.24 35.16 29.01 

0.16 0.8 26.31 29.19 34.8 28.99 

0.17 0.85 25.99 29.13 34.46 28.98 

0.18 0.9 25.7 29.08 34.14 28.97 

0.19 0.95 25.43 29.02 33.83 28.95 

0.2 1 25.18 28.97 33.4 28.94 

0.21 1.05 24.94 28.91 33.11 28.93 

0.22 1.1 24.72 28.86 32.83 28.91 

0.23 1.15 24.51 28.81 32.56 28.9 

0.24 1.2 24.31 28.76 32.31 28.89 

0.25 1.25 23.92 28.71 32.06 28.88 

0.26 1.3 23.74 28.66 31.82 28.86 

0.27 1.35 23.57 28.61 31.59 28.85 

0.28 1.4 23.41 28.56 31.37 28.84 

0.29 1.45 23.26 28.51 31.16 28.82 

0.3 1.5 23.11 28.46 30.96 28.81 

0.31 1.55 22.97 28.41 30.76 28.8 

0.32 1.6 22.84 28.36 30.57 28.78 

0.33 1.65 22.71 28.31 30.38 28.77 

0.34 1.7 22.59 28.27 30.2 28.76 

0.35 1.75 22.47 28.22 30.03 28.75 

0.36 1.8 22.36 28.17 29.86 28.73 

0.37 1.85 22.25 28.13 29.7 28.72 

0.38 1.9 22.15 28.08 29.54 28.71 

0.39 1.95 22.05 28.04 29.38 28.69 

0.4 2 21.95 27.99 29.23 28.68 
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Slurry A, 0.08 mm~. Spreading data (columns 1&2); calculated contact angle (column 3); model predictions (time 1 = early spreading. 
time 2 = continued spreading, BC 1 = free surface, BC 2 = constrained surface). Mathcad models for cotjmns 3-9 follow. 

time width. angle. time.model tinie.n:iodel angleA.1.3 angleA.1.3 angleA.1.3 angleA.1.3 
A.1.3 A.1.3 A.1.3 1 2 BC 1.1 BC1.2 BC2.1 BC 2.2 

2.5 27.57 28.56 

2.55 27.53 28.54 

2.6 27.49 28.53 

2.65 27.45 28.52 

2.7 27.41 28.51 

2.75 27.37 28.5 

2.8 27.34 28.48 

2.85 27.3 28.47 

2.9 27.26 28.46 

2.95 27.22 28.45 

3 27.18 28.44 

3.05 27.15 28.42 

3.1 27.11 28.41 

3.15 27.07 28.4 

3.2 27.04 28.39 

3.25 27 28.38 

3.3 26.97 28.36 

3.35 26.93 28.35 

3.4 26.9 28.34 

3.45 26.86 28.33 

3.5 26.83 28.32 

3.55 26.79 28.3 

3.6 26.76 28.29 

3.65 26.72 28.28 

3.7 26.69 28.27 

3.75 26.66 28.26 

3.8 26.63 28.25 

3.85 26.59 28.23 

3.9 26.56 26.22 

3.95 26.53 28.21 

4 26.5 28.2 

4.05 26.46 28.19 

4.1 26.43 28.18 

4.15 26.4 28.17 

4.2 26.37 28.15 

4.25 26.34 28.14 

4.3 26.31 28.13 

4.35 26.28 28.12 

4.4 26.25 28.11 

4.45 26.22 28.1 

4.5 26.19 28.09 
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Slurry A, 0.32 mm'. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreading. 

time 
A.2.2 

width. 
A.2.2 

angle. 
A.2.2 

time.model 
1 

time.model 
2 

angle A.2.2 
BC 1.1 

angle A.2.2 
BC1.2 

angle A.2.2 
BC 2.1 

angle A.2.2 
BC 2.2 

-0.01 1.1239 63.15 0 0 59.98 43.31 59.98 40.65 

0.03 1.2722 52.62 0.01 0.05 51.66 43.11 57.75 40.62 

0.06 1.3424 48.23 0.02 0.1 47.12 42.9 55.86 40.58 

0.09 1.3893 45.62 0.03 0.15 44.06 42.7 54.22 40.54 

0.13 1.4049 44.78 0.04 0.2 41.79 42.51 52.78 40.5 

0.16 1.4205 43.89 0.05 0.25 40 42.32 51.49 40.46 

0.19 1.4283 43.51 0.06 0.3 38.55 42.13 50.34 40.43 

0.23 1.4439 42.73 0.07 0.35 37.33 41.95 49.3 40.39 

0.26 1.4517 42.35 0.08 0.4 36.29 41.77 48.35 40.35 

0.49 1.4673 41.65 0.09 0.45 35.39 41.59 47.41 40.31 

0.73 1.4907 40.47 0.1 0.5 34.6 41.42 46.6 40.28 

0.99 1.4985 40.1 0.11 0.55 33.79 41.25 45.85 40.24 

1.99 1.5063 39.74 0.12 0.6 33.16 41.09 45.15 40.2 

4 1.522 39.1 0.13 0.65 32.58 40.92 44.5 40.16 

19.49 1.5454 38 0.14 0.7 32.06 40.76 43.89 40.13 

0.15 0.75 31.58 40.61 43.32 40.09 

0.16 0.8 31.14 40.45 42.78 40.06 

0.17 0.85 30.74 40.3 42.27 40.02 

0.18 0.9 30.37 40.15 41.79 39.98 

0.19 0.95 30.02 40.01 41.33 39.95 

0.2 1 29.7 39.87 40.9 39.91 

0.21 1.05 29.39 39.72 40.48 39.88 

0.22 1.1 29.11 39.59 40.09 39.84 

0.23 1.15 28.84 39.45 39.72 39.81 

0.24 1.2 28.59 39.32 39.36 39.77 

0.25 1.25 28.36 39.19 39.02 39.74 

0.26 1.3 28.13 39.06 38.69 39.7 

0.27 1.35 27.92 38.93 38.37 39.67 

0.28 1.4 27.72 38.8 38.07 39.63 

0.29 1.45 27.53 38.68 37.78 39.6 

0.3 1.5 27.35 38.56 37.5 39.56 

0.31 1.55 27.18 38.44 37.23 39.53 

0.32 1.6 27.02 38.32 36.97 39.5 

0.33 1.65 26.86 38.21 36.72 39.46 

0.34 1.7 26.71 38.09 36.47 39.43 

0.35 1.75 26.57 37.98 36.24 39.4 

0.36 1.8 26.43 37.87 36.01 39.36 

0.37 1.85 26.3 37.76 35.79 39.33 

0.38 1.9 26.17 37.65 35.58 39.3 

0.39 1.95 26.05 37.54 35.37 39.26 

0.4 2 25.94 37.44 35.17 39.23 
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Slurry A, 0.32 mm^. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreading. 
time 2 = continued spreading, BC 1 = Free surface, BC 2 = constrained surface). Mathcad models for columns 3-9 follow. 

time width. angle. time.model time.model angle A.2.2 angle A.2.2 angle A.2.2 angle A.2.2 
A.2.2 A.2.2 A.2.2 1 2 BC1.1 BC1.2 BC2.1 BC 2.2 

2.5 36.47 38.91 

2.55 36.38 38.88 

2.6 36.29 38.85 

2.65 36.2 38.82 

2.7 36.11 38.79 

2.75 36.03 38.78 

2.8 35.94 38.73 

2.85 35.86 38.69 

2.9 35.78 38.66 

2.95 35.7 38.63 

3 35.62 38.6 

3.05 35.54 38.57 

3.1 35.46 38.54 

3.15 35.38 38.51 

3.2 35.3 38.48 

3.25 35.23 38.45 

3.3 35.15 38.42 

3.35 35.08 38.4 

3.4 35 38.37 

3.45 34.93 38.34 

3.5 34.86 38.31 

3.55 34.79 38.28 

3.6 34.72 38.25 

3.65 34.65 38.22 

3.7 34.58 38.19 

3.75 34.51 38.16 

3.8 34.44 38.14 

3.85 34.28 38.11 

3.9 34.22 38.08 

3.95 34.15 38.05 

4 34.09 38.02 

4.05 34.02 38 

4.1 33.96 37.97 

4.15 33.89 37.94 

4.2 33.83 37.91 

4.25 33.77 37.88 

4.3 33.71 37.86 

4.35 33.65 37.83 

4.4 33.59 37.8 

4.45 33.53 37.78 

4.5 33.47 37.75 
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Slurry B, 0.08 mm*. Spreading data (columns I&2); calculatcd contact angle (column 3); model predictions (time I = early spreading. 

time width. angle. time.model time.model angle B.1.2 angle B.1.2 angle B.1.2 angle B.1.2 
B.I.2 B.1.2 B.1.2 1 2 BC1.1 BC1.2 BC 2.1 BC 2.2 

0.04 0.7727 41 0 0 45.05 33.02 45.05 31.74 

0.08 0.8195 37.01 0.01 0.05 41.6 32.92 44.21 31.72 

0.11 0.8429 35.06 0.02 0.1 39.07 32.83 43.3 31.7 

0.14 0.8585 33.99 0.03 0.15 37.22 32.73 42.55 31.68 

0.21 0.8741 32.92 0.04 0.2 35.75 32.64 41.87 31.66 

0.34 0.882 32.25 0.05 0.25 34.55 32.55 41.25 31.64 

0.54 0.8898 31.79 0.06 0.3 33.4 32.46 40.55 31.62 

1.04 0.8976 31.32 0.07 0.35 32.51 32.38 39.98 31.6 

10.04 0.9132 30.55 0.08 0.4 31.73 32.29 39.45 31.59 

0.09 0.45 31.04 32.2 38.95 31.57 

0.1 0.5 30.42 32.12 38.49 31.55 

0.11 0.55 29.87 32.04 38.04 31.53 

0.12 0.6 29.37 31.95 37.62 31.51 

0.13 0.65 28.91 31.87 37.23 31.49 

0.14 0.7 28.49 31.79 36.85 31.47 

0.15 0.75 28.1 31.72 36.49 31.45 

0.16 0.8 27.75 31.64 36.15 31.43 
0.17 0.85 27.42 31.56 35.83 31.42 

0.18 0.9 27.11 31.49 35.52 31.4 
0.19 0.95 26.82 31.41 35.22 31.38 

0.2 1 26.56 31.34 34.94 31.36 
0.21 1.05 26.3 31.26 34.66 31.34 

0.22 1.1 26.07 31.19 34.4 31.32 
0.23 1.15 25.84 31.12 34.15 31.31 
0.24 1.2 25.63 31.05 33.91 31.29 
0.25 1.25 25.43 30.98 33.68 31.27 
0.26 1.3 25.24 30.91 33.31 31.25 
0.27 1.35 25.06 30.84 33.09 31.23 
0.28 1.4 24.89 30.78 32.87 31.22 
0.29 1.45 24.72 30.71 32.66 31.2 

0.3 1.5 24.57 30.65 32.46 31.18 
0.31 1.55 24.42 30.58 32.26 31.16 
0.32 1.6 24.27 30.52 32.07 31.14 
0.33 1.65 23.93 30.45 31.89 31.13 
0.34 1.7 23.8 30.39 31.71 31.11 
0.35 1.75 23.67 30.33 31.53 31.09 
0.36 1.8 23.55 30.27 31.36 31.07 
0.37 1.85 23.44 30.21 31.2 31.06 
0.38 1.9 23.32 30.15 31.04 31.04 
0.39 1.95 23.21 30.09 30.88 31.02 
0.4 2 23.11 30.03 30.73 31 
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Slurry B, 0.08 mm'. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreading. 
time 2 = continued spreading, BC I = free surface. BC 2 = constrained surface). Mathcad models for columns 3-9 follow. 

time width. angle, time.model time.model angleB.1.2 angle 8.1.2 angleB.1.2 angleB.1.2 
8.1.2 B.1.2 8.1.2 1 2 BC 1.1 BC1.2 8C2.1 BC 2.2 

2.5 29.47 30.83 

2.55 29.42 30.82 

2.6 29.37 30.8 

2.65 29.32 30.78 

2.7 29.27 30.77 

2.75 29.22 30.75 

2.8 29.17 30.73 

2.85 29.12 30.72 

2.9 29.07 30.7 

2.95 29.02 30.68 

3 28.97 30.67 

3.05 28.93 30.65 

3.1 28.88 30.64 

3.15 28.83 30.62 

3.2 28.79 30.6 

3.25 28.74 30.59 

3.3 28.69 30.57 

3.35 28.65 30.56 

3.4 28.6 30,54 

3.45 28.56 30.52 

3.5 28.52 30.51 

3.55 28.47 30.49 

3.6 28.43 30.48 

3.65 28.39 30.46 

3.7 28.34 30.44 

3.75 28.3 30.43 

3.8 28.26 30.41 

3.85 28.22 30.4 

3.9 28.18 30.38 

3.95 28.14 30.37 

4 28.1 30.35 

4.05 28.06 30.34 

4.1 28.02 30.32 

4.15 27.98 30.31 

4.2 27.94 30.29 

4.25 27.9 30.27 

4.3 27.86 30.26 

4.35 27.83 30.24 

4.4 27.79 30.23 

4.45 27.75 30.21 

4.5 27.71 30.2 
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Slurry B, 0.32 mm'. Spreading data (columns 1&2); calculated contact angle (column 3); model predictions (time I = early spreading. 

time 
B.2.4 

width. 
B. 2.4 

angle. 
B. 2.4 

time.model 
1 

time.model 
2 

angle B. 2.4 
BC 1.1 

angle B. 2.4 
BC 1.2 

angle B. 2.4 
BC 2.1 

angle B. 2.4 
BC 2.2 

0.01 1.1785 58.82 0 0 60 42.87 60 40.6 

0.04 1.2956 50.91 0.01 0.05 53.27 42.7 58.26 40.57 

0.07 1.3659 46.71 0.02 0.1 49.18 42.52 56.66 40.53 

0.11 1.3971 45 0.03 0.15 46.21 42.35 55.27 40.5 

0.14 1.4127 44.1 0.04 0.2 43.98 42.19 54.03 40.46 

0.17 1.4283 43.33 0.05 0.25 42.2 42.02 52.9 40.43 

0.2 1.4361 42.94 0.06 0.3 40.72 41.86 51.87 40.39 

0.24 1.4439 42.55 0.07 0.35 39.48 41.71 50.92 40.36 

0.4 1.4595 41.78 0.08 0.4 38.41 41.55 50.05 40.33 

0.64 1.4829 40.66 0.09 0.45 37.47 41.4 49.25 40.29 

1.01 1.4985 39.92 0.1 0.5 36.65 41.25 48.51 40.26 

1.51 1.522 38.9 0.11 0.55 35.91 41.11 47.74 40.23 

11.01 1.522 38.9 0.12 0.6 35.25 40.97 47.08 40.19 

0.13 0.65 34.65 40.75 46.46 40,16 

0.14 0.7 34 40.61 45.88 40.13 

0.15 0.75 33.5 40.47 45.32 40.09 

0.16 0.8 33.03 40.33 44.8 40.06 

0.17 0.85 32.6 40.2 44.31 40.03 

0.18 0.9 32.2 40.06 43.84 39.99 

0.19 0.95 31.83 39.93 43.39 39.96 

0.2 1 31.48 39.8 42.96 39.93 

0.21 1.05 31.15 39.68 42.55 39.9 

0.22 1.1 30.85 39.55 42.16 39.86 
0.23 1.15 30.56 39.43 41.79 39.83 
0.24 1.2 30.29 39.31 41.43 39.8 

0.25 1.25 30.03 39.19 41.09 39.77 

0.26 1.3 29.79 39.07 40.76 39.74 
0.27 1.35 29.56 38.95 40.44 39.71 
0.28 1.4 29.34 38.84 40.13 39.67 

0.29 1.45 29.13 38.73 39.84 39.64 

0.3 1.5 28.93 38.62 39.55 39.61 

0.31 1.55 28.75 38.51 39.28 39.58 
0.32 1.6 28.56 38.4 39.02 39.55 

0.33 1.65 28.39 38.29 38.76 39.52 
0.34 1.7 28.23 38.19 38.51 39.49 
0.35 1.75 28.07 38.09 38.27 39.46 

0.36 1.8 27.92 37.98 38.04 39.43 

0.37 1.85 27.77 37.88 37.81 39.4 

0.38 1.9 27.63 37.79 37.59 39.37 
0.39 1.95 27.5 37.69 37.38 39.34 

0.4 2 27.37 37.59 37.17 39.31 
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Slurry B, 0.32 mm^. Spreading data (columns 1&2); calculated contact angle (column 3); model predictions (time I = early spreading. 
time 2 = continued spreading, BC I = free surface. BC 2 = constrained surface). Mathcad models for columns 3-9 follow. 

tinne width. angle, time.ndodel time.model angle B. 2.4 angle B. 2.4 angle B. 2.4 angle B. 2.4 
B.2,4 B. 2.4 B. 2.4 1 2 BC 1.1 BC1.2 BC2.1 BC 2.2 

2.5 36.69 39.01 

2.55 36.61 38.98 

2.6 36.52 38.96 

2.65 36.44 38.93 

2.7 36.36 38.9 

2.75 36.28 38.87 

2.8 36.2 38.84 

2.85 36.12 38.81 

2.9 36.05 38.79 

2.95 35.97 38.76 

3 35.89 38.73 

3.05 35.82 38.7 

3.1 35.75 38.67 

3.15 35.67 38.65 

3.2 35.6 38.62 

3.25 35.53 38.59 

3.3 35.46 38.57 

3.35 35.39 38.54 

3.4 35.32 38.51 

3.45 35.25 38.48 

3.5 35.18 38.46 

3.55 35.12 38.43 

3.6 35.05 38.4 

3.65 34.98 38.38 

3.7 34.92 38.35 

3.75 34.86 38.32 

3.8 34.79 38.3 

3.85 34.73 38.27 

3.9 34.67 38.25 

3.95 34.6 38.22 

4 34.54 38.19 

4.05 34.48 38.17 

4.1 34.42 38.14 

4.15 34.36 38.12 

4.2 34.3 38.09 

4.25 34.25 38.07 

4.3 34.19 38.04 

4.35 34.13 38.01 

4.4 34.08 37.99 

4.45 34.02 37.96 

4.5 33.96 37 94 
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Slurry C, 0.08 mm^. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreading. 

tinne width. angle. time.model time.model angle C.1.2 angle C.1.2 angle C.1.2 angle C.1.2 
C.I.2 C.I.2 C.1.2 1 2 BC 1.1 BC 1.2 BC 2.1 BC 2.2 

-0.04 0.5854 64.46 0 0 45.02 35.96 45.02 34.9 

-0.01 0.7024 49 0.01 0.05 43.27 35.88 44.61 34.88 

0.02 0.7649 42.46 0.02 0.1 41.88 35.8 44.22 34.86 

0.06 0.7883 40.32 0.03 0.15 40.64 35.72 43.74 34.85 

0.09 0.8039 39.03 0.04 0.2 39.63 35.65 43.36 34.83 

0.12 0.8117 38.38 0.05 0.25 38.75 35.57 43 34.81 

0.16 0.8195 37.82 0.06 0.3 37.99 35.49 42.66 34.8 

0.32 0.8351 36.53 0.07 0.35 37.32 35.42 42.33 34.78 

0.96 0.8585 34.68 0.08 0.4 36.72 35.35 42.02 34.77 

4.96 0.8898 32.56 0.09 0.45 36.18 35.27 41.73 34.75 

0.1 0.5 35.7 35.2 41.44 34.74 

0.11 0.55 35.26 35.13 41.17 34.72 

0.12 0.6 34.85 35.06 40.91 34.7 

0.13 0.65 34.49 35 40.55 34.69 

0.14 0.7 34.15 34.93 40.29 34.67 

0.15 0.75 33.83 34.86 40.05 34.66 

0.16 0.8 33.41 34.8 39.81 34.64 

0.17 0.85 33.13 34.74 39.59 34.63 

0.18 0.9 32.87 34.67 39.37 34.61 

0.19 0.95 32.63 34.61 39.16 34.6 

0.2 1 32.4 34.55 38.95 34.58 

0.21 1.05 32.19 34.49 38.75 34.56 

0.22 1.1 31.99 34.43 38.56 34.55 

0.23 1.15 31.8 34.37 38.37 34.53 

0.24 1.2 31.62 34.31 38.19 34.52 

0.25 1.25 31.46 34.26 38.02 34.5 

0.26 1.3 31.3 34.2 37.85 34.49 

0.27 1.35 31.15 34.14 37.68 34.47 

0.28 1.4 31 34.09 37.52 34.46 

0.29 1.45 30.87 34.03 37.36 34.44 

0.3 1.5 30.74 33.98 37.21 34.43 

0.31 1.55 30.62 33.93 37.06 34.42 

0.32 1.6 30.5 33.88 36.92 34.4 

0.33 1.65 30.39 33.82 36.78 34.39 

0.34 1.7 30.28 33.77 36.64 34.37 

0.35 1.75 30.18 33.72 36.51 34.36 

0.36 1.8 30.09 33.67 36.38 34.34 

0.37 1.85 29.99 33.63 36.25 34.33 

0.38 1.9 29.9 33.58 36.12 34.31 

0.39 1.95 29.82 33.39 36 34.3 

0.4 2 29.74 33.34 35.89 34.29 
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Sluny C, 0.08 mm~. Spreading data (columns 1&2); calculated contact angle (column 3); model predictions (time I = early spreading. 
time 2 = continued spreading, BC 1 = free surface, BC 2 = constrained surface). Mathcad models for columns 3-9 follow. 

time width. angle, time.model time.model angle C.I.2 angleC.1.2 angle C.1.2 angle C. 1.2 
C.1.2 C.1.2 C.1.2 1 2 ^1.1 BC 1.2 BC 2.1 BC 2.2 

2.5 32.89 34.15 

2.55 32.85 34.13 

2.6 32.81 34.12 

2.65 32.77 34.1 

2.7 32.72 34.09 

2.75 32.68 34.08 

2.8 32.64 34.06 

2.85 32.6 34.05 

2.9 32.56 34.04 

2.95 32.53 34.02 

3 32.49 34.01 

3.05 32.45 34 

3.1 32.41 33.98 

3.15 32.37 33.97 

3.2 32.34 33.96 

3.25 32.3 33.94 

3.3 32.27 33.93 

3.35 32.23 33.92 

3.4 32.19 33.9 

3.45 32.16 33.89 

3.5 32.12 33.88 

3.55 32.09 33.87 

3.6 32.06 33.85 

3.65 32.02 33.84 

3.7 31.99 33.83 

3.75 31.96 33.82 

3.8 31.92 33.8 

3.85 31.89 33.79 

3.9 31.86 33.78 

3.95 31.83 33.76 

4 31.8 33.75 

4.05 31.77 33.74 

4.1 31.74 33.73 

4.15 31.71 33.71 

4.2 31.67 33.7 

4.25 31.65 33,69 

4.3 31.62 33.68 

4.35 31.59 33.67 

4.4 31.56 33.65 

4.45 31.53 33.64 

4.5 31.5 33.63 
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Slurry C, 0.30 mm'. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreading. 

time 
C.2.1 

width. 
C. 2.1 

angle. 
C. 2.1 

time.model 
1 

time.model 
2 

angle C. 2.1 
BC1.1 

angle C. 2.1 
BC 1.2 

angle C. 2.1 angle C. 2.1 
BC2.1 BC2.2 

-0.04 0.9766 73.8 0 0 59.98 52.43 59.98 48.56 

-0.01 1.1083 62.36 0.01 0.05 56.33 52.1 59.04 48.51 

0.03 1.1707 57.59 0.02 0.1 53.63 51.79 58.17 48.45 

0.06 1.1941 55.94 0.03 0.15 51.55 51.48 57.36 48.4 

0.1 1.2098 54.85 0.04 0.2 49.8 51.18 56.61 48.35 

0.13 1.2332 53.32 0.05 0.25 48.42 50.89 55.91 48.3 

0.16 1.2488 52.26 0.06 0.3 47.28 50.61 55.25 48.24 

0.23 1.2566 51.74 0.07 0.35 46.18 50.34 54.59 48.19 

0.33 1.28 50.24 0.08 0.4 45.28 50.08 54.02 48.14 

0.46 1.2878 49.75 0.09 0.45 44.51 49.77 53.47 48.09 

0.73 1.3034 48.79 0.1 0.5 43.75 49.53 52.95 48.04 

0.96 1.319 47.82 0.11 0.55 43.11 49.29 52.46 47.99 

1.23 1.3268 47.37 0.12 0.6 42.53 49.06 51.99 47,94 

1.7 1.3346 46.93 0.13 0.65 42.02 48.84 51.54 47.89 

6.8 1.3424 46.48 0.14 0.7 41.55 48.62 51.11 47.84 

0.15 0.75 41.12 48.41 50.7 47,79 

0.16 0.8 40.64 48.2 50.3 47,74 

0.17 0.85 40.27 47.99 49.87 47,69 

0.18 0.9 39.92 47.79 49.52 47,64 

0.19 0.95 39.6 47.6 49.18 47,6 

0.2 1 39.3 47.41 48.86 47,55 

0.21 1.05 39.02 47.27 48.54 475 

0.22 1.1 38.76 47.07 48.24 47,45 

0.23 1.15 38.52 46.88 47.94 47,41 

0.24 1.2 38.29 46.7 47.66 47,43 

0.25 1.25 38.07 46.52 47.38 47,38 

0.26 1.3 37.87 46.35 47.16 47,32 

0.27 1.35 37.68 46.18 46.88 47,27 

0.28 1.4 37.5 46.02 46.62 47 22 

0.29 1.45 37.33 45.86 46.37 47,18 

0.3 1.5 37.17 45.71 46.13 47,13 

0.31 1.55 37.02 45.56 45.89 47,08 

0.32 1.6 36.87 45.41 45.67 47,03 

0.33 1.65 36.73 45.27 45.46 46,98 

0.34 1.7 36.6 45.14 45.26 46.94 

0.35 1.75 36.48 45 45.06 46.89 

0.36 1.8 36.36 44.87 44.88 46.84 

0.37 1.85 36.25 44.75 44.69 46,8 

0.38 1.9 36.15 44.62 44.52 46,75 

0.39 1.95 36.04 44.5 44.35 46,7 

0.4 2 35.95 44.39 44.11 46,66 
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Slurry C, 0.30 mm^. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreading. 
time 2 = continued spreading. BC 1 = free surface. BC 2 = constrained surface). Mathcad models for columns 3-9 follow. 

time width. angle, time.model time.model angle C. 2.1 angle C. 2.1 angle C. 2.1 angle C. 2.1 
C.2.1 C.2.1 C.2.1 1 2 BC1.1 BC1.2 BC 2.1 BC 2.2 

2.5 43.19 46.23 

2.55 43.09 46.19 

2.6 42.99 46.15 

2.65 42.89 46.11 

2.7 42.8 46.07 

2.75 42.7 46.03 

2.8 42.61 45.99 

2.85 42.52 45.95 

2.9 42.42 45.91 

2.95 42.34 45.87 

3 42.25 45.83 

3.05 42.16 45.79 

3.1 42.08 45.75 

3.15 41.99 45.72 

3.2 41.91 45.68 

3.25 41.83 45.64 

3.3 41.75 45.61 

3.35 41.67 45.57 

3.4 41.6 45.53 

3.45 41.52 45.5 

3.5 41.44 45.46 

3.55 41.37 45.42 

3.6 41.3 45.39 

3.65 41.23 45.35 

3.7 41.16 45.32 

3.75 41.09 45.28 

3.8 41.02 45.25 

3.85 40.95 45.22 

3.9 40.88 45.18 

3.95 40.74 45.15 

4 40.67 45.11 

4.05 40.61 45.08 

4.1 40.54 45.05 

4.15 40.48 45.02 

4.2 40.41 44.98 

4.25 40.35 44.95 

4.3 40.29 44.92 

4.35 40.23 44.89 

4.4 40.17 44.85 

4.45 40.11 44,82 

4.5 40.05 44.79 
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Sluny D, 0.08 mm~ and 0.32 mm^. Spreading data (columns 1&2); calculated contact angle (column 3); model predictions (time I = 
early spreading, time 2 = continued spreading, BC 1 = free surface, BC 2 = constrained surface). Mathcad models for columns 3-9 
follow. 

width angle time width angle 
2 D.I.2 D.I.2 D.2.2 0.2.2 D.2.2 

0 0.5073 77.08 0 -0.1951 76.35 

0.(34 0.6244 58.48 0.04 -0.0936 67.45 

0.07 0.6634 53.26 0.07 -0.0624 64.88 

0.1 0.6712 52.32 0.1 -0.039 63.05 

0.14 0.679 51.38 0.14 -0.0234 61.85 

0.17 -0.0078 60.67 

0.35 -4.60E-08 60.13 

1 0.0156 58.97 
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Slurry E, 0.07 mm^. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time 1 = early spreading. 
- 2 = constrained surface). Mathcad models for columns 3-9 follow. 

time.model angle E. 1.1 angle E. 1.1 
BC1 BC 2 

time width angle 
E.1.1 E.1.1 E.1.1 

0.(M 0.8195 32.51 

0.08 0.882 28.54 

0.11 0.8976 27.47 

10.04 0.8976 

0 45.01 45.01 

0.01 39.87 43.64 

0.02 37.3 42.52 

0.03 35.68 41.57 

0.04 34.53 40.64 

0.05 33.68 39.89 

0.06 32.85 39.22 

0.07 32.32 38.62 

0.08 31.88 38.09 

0.09 31.53 37.6 

0.1 31.23 37,16 

0.11 30.98 36.75 

0.12 30.77 36.38 

0.13 30.59 36.03 

0.14 30.44 35.72 

0.15 30.31 35.42 

0.16 30.19 35.15 

0.17 30.09 34.89 

0.18 30.01 34.65 

0.19 29.93 34.43 

0.2 29.87 34.22 

0.21 29.81 34.02 

0.22 29.76 33.83 

0.23 29.72 33.66 

0.24 29.68 33.34 

0.25 29.65 33.18 

0.26 29.62 33.03 

0.27 29.59 32.89 

0.28 29.57 32.75 

0.29 29.55 32.62 

0.3 29.53 32.5 

0.31 29.52 32.38 

0.32 29.5 32.27 

0.33 29.49 32.16 

0.34 29.48 32.06 

0.35 29.47 31.97 

0.36 29.46 31.87 

0.37 29.46 31.78 

0.38 29.45 31.7 

0.39 29.45 31.62 

0.4 29.44 31.54 
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Slurry E, 0.23 mm'. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreading. 

time width 
E.2.1 E.2.1 

angle 
E.2.1 

time.model angle E.2.1 
BC 1 

angle E.2.1 
BC2 

0.01 1.0537 55.49 0 60 60 

0.04 1.2098 44.5 0.01 48.93 57 

0.07 1.28 40.42 0.02 45.14 54.62 

0.11 1.3268 37.97 0.03 42.86 52.8 

0.14 1.358 36.47 0.04 41.37 51.26 

0.17 1.3737 35.75 0.05 40.19 49.89 

0.21 1.3815 35.41 0.06 39.35 48.81 

0.24 1.3815 35.41 0.07 38.7 47.84 

0.08 38.18 47.02 

0.09 37.76 46.22 

0.1 37.42 45.53 

0.11 37.14 44.93 

0.12 36.91 44.4 

0.13 36.71 43.83 

0.14 36.54 43.37 

0.15 36.41 42.94 

0.16 36.29 42.55 

0.17 36.19 42.2 

0.18 36.1 41.86 

0.19 36.03 41.56 

0.2 35.96 41.27 

0.21 35.91 41 

0.22 35.86 40.67 

0.23 35.82 40.43 

0.24 35.79 40.2 

0.25 35.76 39.99 

0.26 35.74 39.79 

0.27 35.71 39.6 

0.28 35.69 39.42 

0.29 35.68 39.25 

0.3 35.66 39.09 

0.31 35.65 38.94 

0.32 35.64 38.8 

0.33 35.63 38.67 

0.34 35.62 38.54 

0.35 35.62 38.42 

0.36 35.61 38.3 

0.37 35.61 38.19 

0.38 35.6 38.08 

0.39 35.6 37.98 

0.4 35.6 37.89 
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Slurry F. 0.08 mm^. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreading. 

time 
F.1.3 

width. 
F.1.3 

angle. 
F.1.3 

time.model angle F.1.3 
BC 1 

angle F.1.3 
BC2 

-0.15 0.6321 60.23 0 44.97 44.97 

-0.13 0.6716 55.04 0.05 35.62 42.36 

-0.09 0.7032 51.27 0.1 31.52 40.24 

-0.06 0.7269 48.57 0.15 28.95 38.53 

-0.03 0.7427 46.9 0.2 27.08 37.09 

0 0.7585 46.3 0.25 25.64 35.86 

0.04 0.7901 42.29 0.3 24.48 34.78 

0.07 0.8059 40.89 0.35 23.28 33.84 

0.1 0.8138 40.21 0.4 22.42 32.84 

0.17 0.8296 38.9 0.45 21.67 32.05 

0.27 0.8454 37.65 0.5 21.01 31.33 

0.41 0.8691 35.87 0.55 20.42 30.67 

0.51 0.8928 34.21 0.6 19.88 30.06 

0.84 0.9481 30.58 0.65 19.4 29.5 

1.07 0.9719 29.22 0.7 18.96 28.98 

1.34 0.9956 27.94 0.75 18.55 28.49 

1.57 1.0272 26.36 0.8 18.18 28.04 

1.84 1.0351 25.98 0.85 17.83 27.61 

2.34 1.0667 24.56 0.9 17.5 27.21 

2.84 1.1141 22.62 0.95 17.2 26.83 

3.84 1.1299 22.03 1 16.91 26.47 

4.84 1.1852 20.12 1.05 16.65 26.13 

5.84 1.201 19.62 1.1 16.39 25.8 

1.15 16.15 25.5 

1.2 15.93 25.2 

1.25 15.71 24.92 

1.3 15.5 24.66 

1.35 15.31 24.4 

1.4 15.12 24.15 

1.45 14.94 23.71 

1.5 14.77 23.48 

1.55 14.61 23.25 

1.6 14.45 23.03 

1.65 14.3 22.82 

1.7 14.15 22.62 

1.75 14.01 22.42 

1.8 13.87 22.23 

1.85 13.74 22.04 

1.9 13.61 21.86 

1.95 13.49 21.69 

2 13.37 21.52 
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Slurry F, 0.08 mm^. Spreading data (columns 1&2); calculated contact angle (column 3); model predictions (time I = early spreading. 
time 2 = continued spreading, BC 1 = free surface, BC 2 = constrained surface). Mathcad models For columns 3-9 follow. 

time width. angle. time.model angleF.1.3 angle F.I.3 
F.I.3 F.I.3 F.I.3 BC1 BC 2 

2.5 12.36 20.06 

2.55 12.27 19.93 

2.6 12.18 19.81 

2.65 12.1 19.69 

2.7 12.02 19.57 

2.75 11.94 19.46 

2.8 11.86 19.34 

2.85 11.79 19.23 

2.9 11.71 19.12 

2.95 11.36 19.02 

3 11.29 18.91 

3.05 11.22 18.81 

3.1 11.15 18.71 

3.15 11.08 18.61 

3.2 11.02 18.52 

3.25 10.95 18.42 

3.3 10.89 18.33 

3.35 10.83 18.24 

3.4 10.77 18.15 

3.45 10.71 18.06 

3.5 10.65 17.98 

3.55 10.59 17.89 

3.6 10.53 17.81 

3.65 10.48 17.73 

3.7 10.42 17.65 

3.75 10.37 17.57 

3.8 10.32 17.49 

3.85 10.27 17.41 

3.9 10.22 17.34 

3.95 10.17 17.26 

4 10.12 17.19 

4.05 10.07 17.12 

4.1 10.02 17.05 

4.15 9.973 16.98 

4.2 9.927 16.91 

4.25 9.882 16.84 

4.3 9.837 16.77 

4.35 9.793 16.71 

4.4 9.749 16.64 

4.45 9.706 16.58 

4.5 9.664 16.52 
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Slurry F. 0.32 mm^. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreading. 
time 2 = continued spreading. BC I = free surface, BC 2 = constrained surface). Mathcad models for columns 3-9 follow. 

time 
F.2.3b 

width. 
F.2.3b 

angle. 
F.2.3b 

time.model angle F.2.3b 
BC 1 

angle F.2.3b 
8C2 

-0.38 0.8296 89.34 0 60.1 60.1 

-0.35 0.8849 83.66 0.05 42.21 54.82 

-0.32 0.9244 79.75 0.1 36.86 51.15 

-0.28 0.964 75.97 0.15 33.58 48.26 

-0.25 1.0035 72.35 0.2 31.11 45.94 

-0.22 1.0272 70.25 0.25 29.27 44 

-0.18 1.0509 68.21 0.3 27.78 42.36 

-0.15 1.0667 66.83 0.35 26.54 40.96 

-0.08 1.1062 63.62 0.4 25.49 39.62 

-0.01 1.1457 60.53 0.45 24.57 38.49 

0.05 1.1694 58.82 0.5 23.77 37.47 

0.15 1.201 56.51 0.55 23.06 36.55 

0.25 1.2405 53.8 0.6 22.41 35.71 

0.42 1.2879 50.71 0.65 21.83 34.95 

0.62 1.3353 47.85 0.7 21.3 34.24 

0.99 1.3669 46.06 0.75 20.69 33.59 

0.8 20.23 32.98 

0.85 19.81 32.31 

0.9 19.41 31.77 

0.95 19.04 31.25 

1 18.7 30.77 

1.05 18.37 30.31 

1.1 18.07 29.88 

1.15 17.78 29.47 

1.2 17.5 29.08 

1.25 17.24 28.7 

1.3 16.99 28.35 

1.35 16.76 28.01 

1.4 16.53 27.68 

1.45 16.32 27.37 

1.5 16.11 27.07 

1.55 15.91 26.78 

1.6 15.72 26.5 

1.65 15.54 26.23 

1.7 15.36 25.97 

1.75 15.19 25.72 

1.8 15.03 25.48 

1.85 14.87 25.25 

1.9 14.72 25.02 

1.95 14.57 24.8 

2 14.43 24.59 
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Slurry P. 0.32 mm'. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreading. 
time 2 = continued spreading, BC 1 = free surface. BC 2 = constrained surface). Mathcad models for columns 3-9 follow. 

time width. angle. time.model angle F.2.3b angle P.2.3b 
F.2.3b ^.3b F.2.3b BC 1 BC2 

2.5 13.22 22.78 

2.56 13.12 22.62 

2.6 13.02 22.47 

2.65 12.92 22.32 

2.7 12.82 22.18 

2.75 12.73 22.03 

2.8 12.64 21.89 

2.85 12.55 21.76 

2.9 12.46 21.63 

2.95 12.37 21.49 

3 12.29 21.37 

3.05 12.21 21.24 

3.1 12.13 21.12 

3.15 12.05 21 

3.2 11.97 20.76 

3.25 11.9 20.64 

3.3 11.82 20.53 

3.35 11.75 20.41 

3.4 11.68 20.3 

3.45 11.61 20.2 

3.5 11.54 20.09 

3.55 11.47 19.98 

3.6 11.41 19.88 

3.65 11.34 19.78 

3.7 11.28 19.68 

3.75 11.22 19.58 

3.8 11.16 19.49 

3.85 11.1 19.39 

3.9 11.04 19.3 

3.95 10.98 19.21 

4 10.92 19.12 

4.05 10.87 19.03 

4.1 10.81 18.94 

4.15 10.76 18.86 

4.2 10.7 18.77 

4.25 10.65 18.69 

4.3 10.6 18.61 

4.35 10.55 18.53 

4.4 10.5 18.45 

4.45 10.45 18.37 

4.5 10.4 18.29 
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Slurry G, 0.08 mm^. Spreading data (columns 1&2); calculated contact angle (column 3); model predictions (time 1 == early spreading. 
time 2 = continued spreading, BC 1 = free surface. BC 2 = constrained surface). Mathcad models for columns 3-9 follow 

time 
G.1.2 

width 
G.1.2 

angle 
G.1.2 

time.model angle G.1.2 
BC1 

angle G.1.2 
BC2 

-0.42 0.6716 51.75 0 44.94 44.94 

-0.38 0.6795 50.81 0.05 40.49 43.76 

-0.22 0.7032 48.03 0.1 37.54 42.74 

-0.05 0.719 46.32 0.15 35.37 41.81 

0.12 0.7506 43.11 0.2 33.67 40.98 

0.35 0.7901 39.49 0.25 32.1 40.08 

0.72 0.8454 35.1 0.3 30.89 39.34 

0.92 0.8691 33.44 0.35 29.86 38.66 

1.35 0.9007 31.22 0.4 28.95 38.02 

1.85 0.9244 29.77 0.45 28.16 37.43 

3.69 0.9956 25.93 0.5 27.44 36.87 

6.36 1.0509 23.43 0.55 26.8 36.35 

11.25 1.1615 19.4 0.6 26.22 35.86 

0.65 25.69 35.39 

0.7 25.2 34.95 

0.75 24.75 34.54 

0.8 24.33 34.14 

0.85 23.73 33.77 

0.9 23.35 33.27 

0.95 23 32.91 

1 22.67 32.57 

1.05 22.35 32.25 

1.1 22.05 31.93 

1.15 21.77 31.63 

1.2 21.5 31.34 

1.25 21.24 31.06 

1.3 21 30.79 

1.35 20.77 30.53 

1.4 20.54 30.28 

1.45 20.33 30.04 

1.5 20.12 29.8 

1.55 19.92 29.57 

1.6 19.73 29.35 

1.65 19.55 29.14 

1.7 19.38 28.93 

1.75 19.21 28.73 

1.8 19.04 28.53 

1.85 18.88 28.34 

1.9 18.73 28.15 

1.95 18.58 27.97 

2 18.44 27.8 
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Slurry G, 0.08 tnm^. Spreading data (columns I&2); calculated contact angle (column 3); model predictions (time I = early spreadmg. 
time 2 = continued spreading, BC I = free surface, BC 2 = constrained surface). Mathcad models for columns 3-9 follow. 

time width angle tiine.model angleG.1.2 angleG.1.2 
G . 1 . 2  G . 1 . 2  G . 1 . 2  B C 1  B C 2  

2.5 17.2 26.26 

2.55 17.1 26.12 

2.6 16.99 25.99 

2.65 16.89 25.86 

2.7 16.79 25.73 

2.75 16.7 25.61 

2.8 16.6 25.49 

2.85 16.51 25.37 

2.9 16.42 25.25 

2.95 16.33 25.13 

3 16.25 25.02 

3.05 16.16 24.91 

3.1 16.08 24.8 

3.15 16 24.7 

3.2 15.92 24.59 

3.25 15.84 24.49 

3.3 15.76 24.39 

3.35 15.69 24.29 

3.4 15.62 23.99 

3.45 15.54 23.89 

3.5 15.47 23.79 

3.55 15.4 23.7 

3.6 15.34 23.6 

3.65 15.27 23.51 

3.7 15.2 23.42 

3.75 15.14 23.33 

3.8 15.07 23.24 

3.85 15.01 23.15 

3.9 14.95 23.07 

3.95 14.89 22.98 

4 14.83 22.9 

4.05 14.77 22.81 

4.1 14.71 22.73 

4.15 14.66 22.65 

4.2 14.6 22.57 

4.25 14.55 22.49 

4.3 14.49 22.42 

4.35 14.44 22.34 

4.4 14.39 22.27 

4.45 14.33 22.19 

4.5 14.28 22.12 
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Slurry G, 0.32 mm~. Spreading data (columns 1&2); calculated contact angle (column 3); model predictions (time 1 = early spreading. 
time 2 = continued spreading, BC 1 = free surface. BC 2 = constrained surface). Mathcad models for columns 3-9 follow. 

le 
!.2 

width 
G.2.2 

angle 
G.2.2 

time.model angle G.2.2 
BC1 

angle G.2.2 
BC2 

-0.48 0.7111 104.84 0 60 60 

-0.45 0.7585 99.73 0.05 51.69 57.78 

-0.41 0.8138 93.91 0.1 46.92 55.86 

-0.38 0.8691 88.25 0.15 43.53 54.15 

-0.31 0.964 79.04 0.2 41.04 52.67 

-0.25 1.0272 73.32 0.25 38.92 51.33 

-0.15 1.1062 66.69 0.3 37.24 50.11 

-0.01 1.1852 60.57 0.35 35.82 48.97 

0.15 1.2247 57.74 0.4 34.59 47.96 

0.52 1.3274 51.05 0.45 33.52 47.06 

0.95 1.4064 46.47 0.5 32.57 46.14 

1.32 1.4459 44.37 0.55 31.61 45.33 

1.52 1.4696 43.16 0.6 30.82 44.6 

1.79 1.4933 42 0.65 30.11 43.84 

2.52 1.5644 38.73 0.7 29.45 43.18 

3.52 1.6198 36.41 0.75 28.84 42.55 

4.52 1.683 33.97 0.8 28.28 41.96 

5.53 1.7225 32.56 0.85 27.76 41.4 

6.53 1.7541 31.48 0.9 27.28 40.88 

7.53 1.8094 29.71 0.95 26.82 40.29 

8.53 1.8331 28.99 1 26.4 39.8 

9.52 1.8568 28.29 1.05 25.99 39.33 

11.52 1.8963 27.17 1.1 25.61 38.88 

1.15 25.25 38.45 

1.2 24.91 38.04 

1.25 24.59 37.65 

1.3 24.28 37.27 

1.35 23.99 36.9 

1.4 23.71 36.55 

1.45 23.44 36.21 

1.5 23.18 35.89 

1.55 22.93 35.57 

1.6 22.69 35.27 

1.65 22.47 34.97 

1.7 22.25 34.69 

1.75 22.03 34.41 

1.8 21.83 34.14 

1.85 21.63 33.88 

1.9 21.44 33.63 

1.95 21.26 33.39 

2 21.08 33.15 
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Slurry G, 0.32 mm^. Spreading data (colunuis I&2); calculated contact angle (column 3); model predictions (time 1 = early spreading. 
time 2 = continued spreading. BC 1 = free surface, BC 2 = constrained surface). Mathcad models for columns 3-9 follow. 

time width angle time.model angle G.2.2 angle G.2.2 
G.2.2 G.2.2 G.2.2 BC 1 BC 2 

2.5 19.42 30.97 

2.55 19.29 30.78 

2.6 19.16 30.6 

2.65 19.03 30.42 

2.7 18.91 30.25 

2.75 18.79 30.08 

2.8 18.67 29.92 

2.85 18.56 29.75 

2.9 18.45 29.6 

2.95 18.34 29.44 

3 18.23 29.29 

3.05 18.12 29.14 

3.1 18.02 28.99 

3.15 17.92 28.85 

3.2 17.82 28.71 

3.25 17.72 28.57 

3.3 17.63 28.43 

3.35 17.54 28.3 

3.4 17.45 28.16 

3.45 17.36 28.04 

3.5 17.27 27.91 

3.55 17.18 27.78 

3.6 17.1 27.66 

3.65 17.02 27.54 

3.7 16.93 27.42 

3.75 16.85 27.3 

3.8 16.78 27.19 

3.85 16.7 27.07 

3.9 16.62 26.96 

3.95 16.55 26.85 

4 16.47 26.75 

4.05 16.4 26.64 

4.1 16.33 26.53 

4.15 16.26 26.43 

4.2 16.19 26.33 

4.25 16.12 26.23 

4.3 16.06 26.13 

4.35 15.99 26.03 

4.4 15.93 25.94 

4.45 15.86 25.84 

4.5 15.8 25.75 
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MATHCAD MODELS 

These models were used to prepare data for Tables and Figures contained in the body of 
this dissertation. 

Page 206 This model is used to calculate the bead contact angle corresponding to a 
measured bead width. Input variables are substrate radius R, in mm, bead 
cross-sectional area A, in mm^, and measured bead width W, in mm. Also 
present at the top of the page is a seed value for 9. Output is 9, the bead 
contact angle. This model is from Equations (27) and (45). 

Page 207-208 This model is used to calculate the predicted bead contact angle as a 
function of time, from Equations (25) and (29). The model is set up to 
iterate in a stepwise manner, simultaneously solving the two equations for 
each incremental time step. Input variables are on page 208: slurry 
viscosity t], yield strength Xy, surface tension y, gel strength tg, diffusion 
parameter D, and a dummy diagnostic variable T, which was not used. 
Other input parameters are bead cross sectional area A, and substrate 
radius R. Seed values were required for both 9 and tc. All units are shown 
on page 208. Time step for the solution was either 0.05 s or 0.01 s, shown 
in columns 4 & 5 of the output tables on pages 182-204. Output was also 
graphed, as shown in the example on page 208. 

Page 209 This model is used to calculate the predicted final bead contact angle and 
bead width, based on Equation (30). Operation of the model is similar to 
the previously discussed model. 

Page 210 This model calculates the radius of a drop given the volume V, in 
microliters, and contact angle 0, in radians. 

Page 211 This model calculates the system contact angle achieved for an input value 
of a. 

Page 212 This model operates similarly to that on pages 207-208, but is based on 
Equations (75) and (76) and calculates system contact angle based on input 
values of a, P, and 5. 



MATHCAD MODEL: BEAD WIDTH-TO-CONTACT ANGLE CALCULATION 

R =2.5  
A = .336 
W = 1.8963 

(ft = asin 
B) 

0 = 1.5 

theta = root 
RSIN( 0) 
^tan((|i) 

+ cos( 0) + (j) - sin( ^ ) cos( (ji)) - (0 + - sin( 0+ (|» ) cos( 0+ (j>)). 

theta = 0.474 

IISII!? . 27,174 
3t 

0.71110 
0.75850 
0.81380 
0.86910 
0.96400 
1.0272 
1.1062 
1.1852 
1.2247 
1.3274 
1.4064 
1.4459 
1.4696 
1.4933 
1.5644 
1.6198 
1.6830 
1.7225 
1.7541 
1.8094 
1.8331 
1.8568 
1.8963 
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MATHCAD MODEL: BEAD CONTACT ANGLE PREDICTIONS 

Theta( ij), 9) - rootl [ - - + cos( 0) 
1 Vtan((j>) 

+ ij) - sin( ̂  ) cos( (|> )| - ( 0 + (^ - sin( 0 + (j) ) cos( 0+ ij*)). 0 

AI|I(0,(L>) =-~ 
32- IT R 

/ A \ /T COS( (j)) - COS( 9 + (|) )\ _ Z xyR [ Ag _ A ( D-t At) ^ 

* / y "iVxy /' R-.|> 
+ I At 

(()T = A(TI((THETA((J)T_ ,,0T)),(T>T- I )+(|»T-

theta(  -  Theta(  ( |» f  _  j ,  Oj )  
' THETAT" 180 

= TTF = IJ)J _ I + THETAJ 

Wj = R sin((|),_ , )-21000 

sr. 
R-(s in( ( t ( , ) -  s in( ( ( ( ) (_  ,  ) ) )  

At -Rsm( ( ( !>(_  1 ) )  

't'50 '('49 
= 0.05823 den = 26.336 

.05-4.50 
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Slurry Parameters: 
Ti = 3.68 Pa's Tg = 0 N/m^2 
ty  =0 .9  N/m'^Z D  =0  
y = .06 N/m T = 1 

Dispensing Prameters: 
A = .000000081 m"! R = .0025 m"! 

Simulation Parameters: 
At = .05 theta guess: phi initial: 
t = 1.. 100 0j = .8 - .148 

a p=:!±il! 5=-£-fe-l) a = 0.004 a 
y r a-5 V^y / ~ 

p = 0.017 

^ 6 = 0 

d2 X = 0.013 

- = 0.24457 
P 

45 

40 

35 

30 

25 

20 
60 80 20 40 100 

t 

thetaj = 0.776 (jij = 0.15 

''lOO ~ 21.474 (|),QQ = 0.222 

WRITEPRN( tempmathcaddat^ = 

WR1TEPRN( tempmathcaddata^ - d^ 

w , =  0.737 dj = 44.477 

II 0.778 d,o = 37.19 

o
 = 0.877 djQ = 32.767 

o
 = 0.989 d^o = 27.898 

o
 
o
 

= 1.099 dioo = 21.474 

in o
 ii

 ^ 0.069 

"lOO 
= 0.596 
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MATHCAD MODEL: FINAL BEAD CONTACT ANGLE PREDICTIONS 

ty - 4.7 N/m*2 

7 = .02 N/m 

R = 0025 

Predicted 

Given 

A = .000000304 m*2 

9 = .3 ^ = .275 

cos( ^ ~ cos( 6 ^ _ ty R- 2 

• r 

Vlan( ) / VR 
+ ^ - sin( ^ ) cos(^ )) = 

Find( 0, ^ ] 

) | = ( e +  * -

/0.636\ 

\ 0  3 I 4 /  

sin( 0+ ^ ) cosO+ ^ )) 

W = R sin( .314 )-2 1000 W = 1.544 

e 180 
9 = .636 = 36.44 

Actual 
W = 1.54 

phi - asin 

root 

phi = 0.313 

f sin( iheta) 

. tan( phi 1 
+ cos( theta) 

! w \ 
'"\R 2 loooj 

the 

• ) ' ( $  

theta = .3 

hi)j -+ phi — sin( phi ) cos( phi)) — (theta + phi - sin( theta + phi ) cos( theta + phi)). theta 
180 

= 36 732 
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MATHCAD MODEL: DROP STATIC CONTACT ANGLE, RADIUS 
CALCULATION 

V = 10 

0 = .541 

R =5 

Radius = rooi ( ( R -  R - c o s ( 0 ) ) ^  ( 2  R +  R c o s ( 0 ) ) ) , R  

(  1  -  c o s ( 0 ) ) - 2  

Radius = 5.472 

Radius- sin( 0) 
= 0.101 
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MATHCAD MODEL: SYSTEM CONTACT ANGLE AS A FUNCTION OF ALPHA 

Simulation Parameters: 
a - .025 

theta guess: 
0 = .5 t = 0.. 10 

Theta( t) = root 

( ( s i n ( e ) +  0 ) - ^ )  

(M) 
-  ( a ) - (  1 +  2  t ) , 0  

180 
theta(t) =Theta(t) 

7t 

theta( t) 

( a  ) • (  1  +  ( 2 - t ) )  t h e t a (  t )  

0.0251 I 8.114 
0.075 16.368 

0.125 22.543 

0.175 27.675 

0.225 32.195 

0.275 36.233 

0.325 40.056 

0.375 43.536 

0.425 46.781 

0.475 49.889 

0.525 52.8 
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MATHCAD MODEL: STEREODEPOSITION PARAMETER SPACE SPREADING 
SOLUTION 

Slurry Parameters: 
n = 10 Pa's 
Ty =10 N/m'^2 

Y = .02 N/m 

Alpha 

Dispensing Prameters: 
A = .000001 m"! 

Beta 
n(Ar 

Alpha = 0.5 Beta = 0.5 

Simulation Parameters: 
At = . I theta guess: phi initia: 

9T t =1.. 200 0. = 1 (|»o = .72 a =0.125 P = .1 eq =.3934 

3|(£ilil+COS(0)V 
\ \tan( (t>) ) 

X = ( sin( eq) + eq) 

Theta( (j), 0) = root] [212122 + cos( 0)1 • ( >. + (j) — sin( (ji )• cos( (j))) — (0 + (|i — sin( 0 + (!> )• cos( 0 + ij))). 0 
\tan((t>) 

A<|)(0.(i)) 
• ( sKSl  

( cos( (|)) - cos( 0+ (||) )•( ( sin( eq) + eq)" ) 

(jij = A(t)( (Theta((t)j_ [,0j) ),(tij_ , ) + <j>j_ [ 

t h e t a ^  =  T h e t a (  ( | » j ,  0 j )  

- (2-a) 

^ = THETAJ-180 

At 

thetaj = 1.051 = 0.404 

(t», = 0.764 (t.200 = 1-355 

^200 = 23.17 

thetaj 5Q — eq 
del =• 

eq 

del = 0.05655 
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