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ABSTRACT 

Composites are known for their imique blend of modtilus, strength, and 

toughness. This study focuses on two types of composites; organic-inorganic hybrids and 

the mineralization of highly swollen polymer gels. Both of these composite systems 

mimic the biological process of composite formation, known as biomineralization. 

Biomineralization allows for the control of the precipitating phase through an interaction 

with the organic matrix. This allows higher volume fractions of inorganic material than 

can be achieved by many traditional processing techniques. 

Solid freeform fabrication is a processing method that builds materials by the 

sequential addition of thin layers. As long as the material can easily be converted from a 

liquid to a solid, it should be amenable for this processing technique. Freeform 

fabrication has three distinctions from traditional processing techniques that may enable 

the formation of composite materials with improved mechanical properties. These are 

the sequential addition of layers, which allows a layer by layer influence of chemistry, the 

ability to form complex geometries, and finally, extrusion freeform fabrication has been 

shown to align fibers due to the extrusion of the slurry through a needle. 

Cracking and shrinkage still play a major role in forming solid parts. The use of 

an open mesh structure in combination with proper materials selection allowed the 

formation of highly loaded composite materials without cracking. The modulus values of 

these materials ranged from 0.1 GPa to 6.0 GPa. The mechanical properties of these 

materials were modeled. 
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Effective composite materials combine two chemically distinct solids to obtain 

synergistic properties. Composites are often used to increase the modulus of a compliant 

matrix material by the addition of a high volume fraction of a hard inorganic 

reinforcement. Properly fabricated, composites result in relatively low-density materials 

with moduli similar to the modulus of the reinforcing phase. Improving the modulus, 

strength, and toughness of a material simultaneously is difBcult. For example, adding an 

inorganic glass to a polymer results in an increased modulus but a decrease in strength 

and toughness. However, composites exist which show improvements in all three 

properties. 

Effective composite materials exist for metals, glasses, and polymers. Examples 

include, brittle glass reinforced with energy absorbing rubber, which results in toughened 

glass. Ductile metals reinforced with inorganic particles exhibit increased strength and 

modulus. Inorganic particles have also been added to polymer matrices as filler for 

numerous years. Polymers are the most thoroughly explored matrix for composites 

because incorporating filler is less expensive than polymer. Inorganic filler is less 

expensive on a per pound basis than polymer and is often added as an extender to lower 

the amount of polymer required. Filler is now used for a variety of applications including 

decreasing flammability and shrinkage, as well as increasing strength, modulus, and 

thermal conductivity. In fact, some applications have enough benefits that fillers are still 
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used even if the composite material is more expensive than the base polymer. Polymer 

composites show tremendous promise due to their low densities and high mechanical 

properties. Current applications range from everyday uses to high performance 

applications such as aerospace. 

Continuous fiber, short fiber, and inorganic particulate are the three types of 

reinforcing phases commonly added to a polymer matrix. Continuous fiber composites 

exhibit remarkable strength and moduli. For example, parallel to the fibers, a carbon 

fiber epoxy composite has a specific Young's moduli over five times that of low alloy 

steel, and a specific tensile strength over three times that of steel. ̂  Processing of 

continuous fiber composites is difficult and costly, requiring strategic placement of fibers 

into a mold and subsequent curing of the matrix around the fibers. Short-fiber reinforced 

composites can be processed using more traditional mass production techniques, such as 

injection molding, which make them an appealing option. The mechanical properties of 

short-fiber reinforced composites are dependent upon the volume fraction, aspect ratio, 

and orientation of the fiber. 

It is with these three variables that difficulties arise during the processing of short 

fiber reinforced polymer composites. Mixing is necessary in order to achieve dispersion 

of the fibers uniformly throughout the matrix, a critical step in the development of 

uniform properties. High aspect ratios are difficult to achieve because the shear forces 

,necessary for mixing, break the fibers. Secondly, orientation of the fibers is difBcult to 

control. While mixing results in randomly orientated fibers, when the same mateiial is 

extruded, a slight orientation occurs along the flow fields. However, the orientation is far 



from optimal. Finally, it is difficult to incorporate high volume fictions of short fibers. 

The viscosity of a thermoplastic melt increases when fibers are added, making 

subsequent mixing difficult and limiting the practical level of inorganic particle 

incorporation. When these difficulties are overcome, and a polymer composite has high 

volume flections of an orientated high aspect ratio fiber, the mechanical properties of the 

short-fiber reinforced composites begin to resemble those of continuous-fiber composites. 

The processing difficulties associated with polymer composites have already been 

overcome by nature through the chemical growth of the reinforcing phase in situ. Bone, 

contrary to most synthetic materials, is one of many examples of a biocomposite that 

possess good strength, stiffiiess, and toughness. Although bone has a complex 

hierarchical structure, on a basic level it is similar to short-fiber reinforced composite 

materials. The aligimient of fibers and the hierarchical structure are believed to be 

responsible for moduli of up to 30 GPa, and strengths of220 MPa.2 Bone is formed by 

the sequential addition of hydroxyapatite into a collagenous matrix. The formation of 

biomaterials can he emulated by growing the mineral in situ. This route shows potential 

for higher volume firactions, better control of particle size, shape and distribution than can 

be achieved by traditional processing techniques. 

Solid freeform fabrication (SEP) is a processing technique that will enable the 

development of in situ mineralized composite materials because it is more adept than 

conventional processing techniques at the supply and removal of reaction products. 

Chemical reactions require the removal of reaction products, which are limited by 

diffusion. Since diffusion scales as the square of the diffusional distance, the chemical 
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formation of bulk parts becomes impractical. However, SFF is a layer by layer 

processing technique, in which a write head moves in a fashion similar to that of a 3-D 

ink-jet printer. This enables the production of a singular layer and then the subsequent 

diffusion inward or outward of a reactant. Now the diffusion depends only upon the 

thickness of a single layer and the number of layers. SFF also has the ability to form 

complex geometries designed to minimize difCusional distances. 

This study aims to avoid the pitfalls of typical short-fiber reinforced composites 

by the use of SFF to facilitate the in situ mineralization of a polymer matrix. Two 

separate material systems have been used to develop these composite materials. The first 

is organic-inorganic hybrid composites. The literature review will detail the several 

successful synthetic approaches to hybrid materials. The general approach employed 

incorporates an inorganic alkoxide within a polymer matrix. Subsequent hydrolysis and 

condensation of the alkoxide forms a polymer matrix reinforced with inorganic particles. 

This approach is readily adaptable to SFF since metal alkoxides react rapidly in the 

presence of catalyst and water. In the past, the formation of bulk parts has been hindered 

because this system requires the diffusion inward of water and the diffusion outward of 

alcohol. Thus, the layer by layer forming of parts is ideal for this approach. 

The second material approach uses a swollen aqueous gel within which an 

inorganic salt is incorporated. If a sufBcient concentration of a counter ion diffuses into 

the gel, a precipitation reaction can proceed within the swollen gel. Again, the 

diffusional limitations of such a system make SFF an ideal approach to this type of 
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material. This second system is quite similar to biological mineralization, which often 

occurs in an existing water-swollen protein matrix. 

The purpose of this study is to examine the use of in situ precipitation and SFF to 

form highly loaded polymer composites. SFF should allow control of the volume 

fraction, aspect ratio, degree of orientation, and the dispersion of the reinforcing phase. 

This will facilitate the development of composites that will move the mechanical 

properties of the composite beyond that of polymeric materials, and towards those of 

bone. 

This study will first present the relevant literature, which includes prior studies on 

organic-inorganic composite materials, biomimetic mineralized geis, and functional parts 

fonned using solid freeform fabrication. The study will continue with an experimental 

section detailing the important methods used in this study, followed by the results 

obtained, and a discussion of the critical factors. 
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2. OGRANIC-INORGANIC COMPOSITE MATERIALS 

Composite materials are of great interest because the properties of primary 

materials do not always fill all of the necessary requirements for a specific application. 

Filled polymer composite materials are normally formed by blending a reinforcing phase 

into a polymeric phase. Increased volume fraction filler is limited by a corresponding 

increase in difficulty of dispersing the filler. Difficult blending limits the maximum 

practical volume fractions of inorganic to 33 vol. % filler,^ much of which is aggregated. 

To overcome these difficulties recent research has focused on new methods for the 

development of composite materials. While several altemative processing routes exist, 

this chapter will focus on materials that demonstrate potential for forming composites 

with high volume firactions of a well dispersed sub-micron inorganic phase. Two 

approaches are currently receiving attention. 

1 Organic-inorganic hybrid materials: composites in which the inorganic phase 

is grown through chemical reaction within the polymer matrix (in situ 

precipitation). 

2 Intercalated layered silicates: composites in which a monomer or polymer is 

intercalated into a highly dense ordered inorganic material. 
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These two alternative approaches to polymer composites will be explored 

throughout this chapter. Each section will address the chemistry, challenges, benefits, 

and limitations associated with each material. 

2.1 Organic-inorganic hybrid materials 

Organic-inorganic hybrid materials are formed through the hydrolysis and 

condensation of inorganic metal alkoxides within organic polymers. Since the Inorganic 

particles are precipitated from a homogenous phase, potential exists to create well-

dispersed nanometer sized particles. The properties and intimacy of the constituents 

influence the properties of the composite, particularly, the size, shape, and uniformity of 

dispersion of the inorganic phase. Tailoring these properties can be accomplished by 

adjusting the chemical composition of either the organic or inorganic phase. 

Alternatively, adjusting the degree of polymerization and precipitation, or the reaction 

conditions under which they take place, influences the morphology and ultimately the 

properties of the final composite. 

With the goal of improving properties, elastomers, semi-crystalline, high-

temperature, and glassy polymers have all been reinforced using in situ precipitation of 

inorganic particles. The improvements in mechanical properties are greatest with 
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elastomeric materials, but all three types show significant improvements. The most 

commonly reinforced elastomer has been polydimethylsiloxane. Others include 

polyisobutylene, styrene butadiene rubber, and polyethylacrylate. Poly (methyl 

methacrylate) is a typical glassy polymer that is reinforced. Example inorganic 

reinforcements include: silica, titania, zirconia, alumina, and cadmium sulfide.^ 

Potential applications for these materials focus on exploiting the ability of in situ 

precipitation to form small inorganic particles that are well dispersed. For example, these 

materials have shown potential for non-linear optics when sub-micron particles that 

possess a high refractive index are dispersed in aromatic polyimides.^'^ Additional work 

has focused on other optics applications,^ as well as conductivity light emitting 

diodes, photoresists, membranes, and catalyst supports.^ In addition, by 

combining small, well dispersed particles into a polymer matrix, it is believed that a 

strong, tough, stiff composite can be developed. 

The challenges involved in producing improved mechanical properties include an 

inability to obtain high volume fractions inorganic because shrinkage of the material 

leads to stress build-up and cracking. Several chemical and processing approaches have 

been devised to deal with these issues. In addition, several opportunities exist to improve 

mechanical properties. By improving particle dispersion, improving particle-matrix 

interfacial interactions, and using polymers and inorganic with better properties, 

improvements can be expected. Once these issues have been discussed, attempts to 

produce bulk materials and measure their properties will be addressed. 
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2.1.1 Organic-Inorganic hybrid chemistry 

Several synthetic approaches for organic-inorganic composites have been 

successfVilly employed. While most use sol-gel chemistry as a basis, all use in situ 

precipitation of an inorganic phase. Sol-gel chemistry has been extensively studied as a 

method for the low temperature production of ceramic materials. ^ The chemical 

reaction to form these inorganic materials can be divided into two steps, hydrolysis (2.1) 

and condensation (2.2). These same two reaction steps are necessary for the in situ 

growth of the inorganic phase in hybrid organic-inorganic composite materials. The two 

steps are illustrated below. 

In general, in situ growth of particles within a polymer matrix allows for greater control 

of particle size, orientation, distribution and crystal phase or morphology. 

Sol-gel chemistry can take place before, after, or during cure. When sol-gel 

chemistry occurs first, it is possible to produce a continuous ceramic phase. 

Subsequently, monomer can be polymerized in the pores.^^ The resultant material, often 

referred to as ormocers or polycerams, is a toughened ceramic. These materials will not 

M(0R)4 + 2H2O ^ M(0H)4 + 4R0H (2.1) 

M(0H)4 + M(0H)4 -• MO2 (2.2) 
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be considered further as they are not composites in which the inorganic phase is formed 

through in situ precipitation within a polymer matrix. 

2.1.1.1 I^ecipitation after curing 

Mark has used precipitation before, after, and during curing to develop reinforced 

elastomers.2l Precipitation after cure involves curing a polymer network and then 

subsequently swelling the network with metal alkoxide. The swollen network is then 

exposed to water in the presence of either an acid or base catalyst. Drying the network 

results in a filled elastomer.^^ Since an elastomer has the ability to undergo large strains 

and upon removal of the strain will return to unperturbed dimensions, the shrinkage in 

this system can be accommodated. Typically, the reaction results in approximately 5 to 

10 vol. % filler.23 When a high Mc, molecular weight between crosslinks, is present, the 

elastomer swells more, resulting in volume fractions of up to 65% filler. However, the 

filler is highly aggregated and poorly defined. Well-defined particles are possible only 

up to approximately 35 vol. % filler.24,25 

Mechanical properties of elastomers, where the precipitation occurs after curing, 

have been extensively characterized. Improvements are consistently seen and have been 

shown to depend upon volume fraction, mechanism of precipitation, and the molecular 

weight between crosslinks. Typical improvements for an elastomer were shown for a 
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poly(dimethylsiloxane) (PDMS) network that is reinforced using TEOS with 2% 

ethylamine as a catalyst. In this study, the mechanical properties were measured for 

filled and unfilled elastomers. Ultimate strength for an unfilled elastomer is .293 MPa 

and improves to 2.3 MPa for an elastomer with 70.5 wt. % filler. Similarly, the energy 

required for rupture, a measurement of toughness, increases fn)m .374 J/mm^ to 2.13 

J/mm^ for the same elastomer. Similarly, the reduced modulus increases from .1 MPa to 

1.48 MPa. The mechanical properties displayed hysteresis.26 

2.1.1.2 Precipitation before curing 

It was stated that precipitation before curing often results in a continuous 

inorganic phase. When the shrinkage of the inorganic alkoxide is unwanted it is 

advantageous to precipitate before cure to obtain a reinforced composite. Mark^^ 

precipitated TEOS m vinyl-terminated PDMS in the presence of a light sensitive initiator 

to produce a polymer-particle suspension. The experimental procedure involves mixing 

TEOS, PDMS, and Tin-2-ethyI hexanoate and exposing the suspension to vapor from a 2-

5 wt. % aqueous solution of ethylamine for 2 days. The suspension was dried and then 

end-linked to create a cross-linked composite. Modulus increased from .1 MPa to .6 MPa 

for 62 wt. % filler. Strength for the same composite increased from .3MPa to 1.1 MPa. 

Elongation to break fell from 300% to 200%. It is important to note that the weight 

percent silica may be biased to the high side because ail of the ethanol could not be 
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removed. A swollen network would be expected to have less strength, a lower modulus, 

and higher extension to break than a comparable non-swollen composite.^^ 

2.1.1.3 Simultaneous polymerization/curing and precipitation 

When the polymer and inorganic alkoxide are highly compatible, curing and 

precipitation can be accomplished simultaneouslyallowing high volume fractions 

of inorganic particles. A typical study29 simultaneously combined TEOS, silanol 

terminated PDMS, a stoichiometric amount of water, and acid catalyst (HCl) in a flask. 

The solution was heated to 80°C for 24 hours. The samples were then dried. By using 

excess TEOS (when compared to the stoichiometric amount needed to form an ideal 

elastomer) a reinforced elastomer was formed. Upon mechanical testing it was noted that 

as acid content increases, extensibility increases, but modulus decreases. A similar study 

used scattering to show that an interfacial (polymer/inorganic) region exists.^^ 

In one study Mark^^ used simultaneous precipitation of TEOS into PDMS with 

Mc of 500, 700,1700, and 4200. General trends emerged: 

• With low Mc elastomers, less reinforcement can be added without creating a 

brittle material. 

• Extension to break decreased with increasing inorganic content Unreinforced 

PDMS elastomers with a Mc of 1700 have an extension to break of 300%. By 
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comparison, the same elastomer filled with 30 wt. % TEOS (pre-reaction) resulted 

in only 145% elongation. As reinforcement increases further to 80 wt. % TEOS 

elongation dropped to just 103%. This is not a surprising result as inorganic 

materials have little elongation before break. 

• Improvement in strength was noted. A 100% increase in strength over unfilled 

elastomers was seen for the long chains and 500% improvement was seen for 

short chains. 

• Likewise, modulus increased. A 300% increase over unfilled elastomers was seen 

for long chains and a 900% increase was seen for shorter chains. It is important 

to note that improvements still only yielded a maximum modulus value of 14.7 

MPa, which is still a soft material. 

2.L2 Achieving high volume fractions 

In order to develop a strong, stiff hybrid material it is necessary to have a high 

volume firaction of very fine inorganic particles well bonded to a tough, hard matrix. 

From composite theory, the Voigt model, also known as the rule of mixtures, predicts 

that the modulus of a composite material displays the following relationship: 

Ec = E™V„, + EfVf (2.3) 
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Where E is the modulus, V is the volume fraction, and the subscripts c, m, and f indicate 

composite, matrix, and filler respectively. Clearly, the greater the volume fhiction of 

high modulus filler, the higher the modulus of the composite. This simple model 

indicates the general trend and importance of high volume fractions of filler. Two 

processing issues make incorporating high volume fractions difficult. The} are shrinkage 

of the inorganic phase and the insolubility of the polymer within the sol-gel solution. 

Shrinkage with sol-gels has been extensively studied. The density of alkoxide is 

generally less than one. While the density of the mineral, which it is converted to, ranges 

from two to three. To accommodate the density change, shrinkage occurs. Shrinkage 

also occurs because the elimination of the alcohol groups significantly reduces the mass 

of the part. Thus, as the alkoxide is converted to the inorganic phase, the volimie fraction 

is significantly reduced. An initial starting content of 60 vol. % alkoxide corresponds to 

about 20 vol. % filler. Routes to avoid shrinkage have been extensively studied. While 

shrinkage explains an inability to incorporate high volume fractions within a polymer 

matrix, most research has focused on shrinkage as a problem in producing bulk parts. 

Shrinkage will be addressed in section 2.1.8 Forming bulk parts of organic-inorganic 

hybrids. 

Recalling the volume fractions for the PDMS-TEOS hybrids discussed throughout 

section 2.1.1, it can be seen that high volume fractions of inorganic are possible if large 

volumes of alkoxide are soluble in the polymer. However, in most cases, high volume 

fractions are limited by incompatibility between the polymer and the metal alkoxide. 

Polymer - inorganic alkoxide miscibility varies dramatically. For example. 
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polydimethylsiloxane is soluble in TEOS, while polyethylene is nearly incompatible with 

TEOS. Similarly, 40 wt. % iron (III) chloride dissolves in PMMA, while greater than 65 

wt. % titanium isopropoxide will dissolve in either polyvinylchloride or 

polybutyhnethacrylate.^2 

Many inorganic compounds are soluble in organic solvents. Thus, adding solvent 

can increase compatibility. Tetrahydrofuran (THF) is the most commonly employed 

solvent. A typical hard polymer system is PMMA reinforced through the in situ 

precipitation of TEOS to form silica particles. The synthesis can be exemplified by the 

following reaction scheme:^^ 20 wt. % PMMA (49K and 79K) was dissolved in THF. 

TEOS (11 and 53 mol. % in comparison to MMA) was subsequently added to the 

polymer solution with stirring. Next, catalyzed water was added in a stoichiometric 

amount. The system was allowed to react for 16 hours before drying. The resulting 

composite had 3.8 to 26.7 vol. % inorganic. The materials show increase in modulus of 

about an order of magnitude below Tg, but minimal improvements above Tg. 

Insolubility has also been addressed through the simultaneous reaction of both 

polymer precursor and inorganic precursor. Simultaneous reaction has been extensively 

studied for polymers that are not readily soluble in sol-gel solutions. The process 

requires mixing monomer and inorganic alkoxide3^36 ^ith careful control of the 

reaction rates. By using this method, low volume fractions of filler have been 

precipitated into polymers. A typical system^^ involves the monomers methyl 

methacrylate (MMA), 2-hydroxyethylmethacrylate (HEMA) and 3-

(trimethoxysilyl)propyl methacrylate (TMS) mixed at various molar ratios. The addition 
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of IMS allows interaction between organic and inorganic, thus reducing phase separation 

during precipitation and polymerization. 

These monomers were dissolved in THF to form a homogeneous mixture with 

deionized water, TEOS (33 wt. %), hydrochloric acid, and AIBN a polymerization 

catalyst. The solution was heated to 60°C to initiate the reaction. After 6 hours the 

mixture was removed from heat and allowed to dry for 20 days. TMS covalently bonds 

inorganic particles and the polymer, reducing phase separation and causing smaller 

particles.38 Up to 20 vol. % silica was incorporated. The mechanical properties of this 

system increase slightly with increasing mole percent TMS, when incorporated silica is 

kept constant. However, the mechanical properties of the filled system above Tg were no 

better than PMMA.39 

Similarly, copolymers of ethylene and aminated acrylates can be reinforced using 

amine catalysis of silica sols. The main requirements of this type of system are that the 

polymer can be highly swollen by the catalyst and reactants and that these species do not 

degrade the polymer. It was originally believed that a strongly swelling co-solvent would 

allow the impregnation of polymers with reactants. Residts have indicated that this is not 

true.^O 

Although several processing routes have been identified, which address shrinkage 

and volume firaction, volume fractions above 25 vol. % still have not been achieved for 

systems other than PDMS. Synthetic approaches, such as in situ pre^^ipitation, allow for 

the formation of moderate volume fractions of inorganic phase. Biomaterials show us that 

improvements in mechanical properties also rely on factors other than the incorporation 
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of high volxune fractions of inorganic. Biomaterials show us that the incorporation of as 

little as 40 vol. % inorganic dramatically improves mechanical properties. Antlers, for 

example, contain approximately 40 wt. % mineral and have a modulus of 7.4 GPa.^! 

2.1.3 Inorganic phase 

Most in situ precipitation studies have focused on the reinforcement of various 

polymers using TEOS. It is selected because it readily available and hydrolyzes to silic 

filler in high yield. Other inorganic materials have been studied because silica has 

limited reinforcement at high temperatures. Ti02 and titania-silica mixed oxides have 

been studied. In reinforced PDMS, maximum mechanical properties are independent of 

the choice of titanium or silicon reinforcement. However, titania reinforced PDMS 

shows improved thermal stability and weather resistance when compared to silica 

reinforced PDMS.^^ Titania is often chosen when high temperature polymers are being 

reinforced in situ. An example is the reinforcement of polyamides with TiOa.^^ 

Similarly, in situ precipitation of iron oxide in polyimides has been of interest due 

to the polymer's thermal stability and the metal's magnetic and electrical properties. 

Bermeister and Taylor^ used organic and inorganic precursors, which were thermally 

degraded to form metal dopants that coordinated with poly(aimde acid). Upon final cure 

an iron oxide precipitate forms. A similar study used an ion exchange resin to capture 

Fe^*. The material was then treated with sodium hydroxide to form Fe(0H)2. Heating 
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with hydrogen peroxide resulted in the formation of FejOs. The resultant materials were 

magnetic and optically transparent. 

In order for an inorganic material to be used as a reinforcing material, through in 

situ precipitation, two requirements must be fulfilled. The inorganic must possess a 

chemical precursor that is soluble within the polymerization system and the reaction 

conditions for the in situ precipitation must occur without the destruction of the polymer. 

For example, excessive heat often causes the destruction of polymers. Likewise, Calvert 

found that careful consideration of chemistry is also necessary. He found that titanium 

alkoxide is a catalyst for the depolymerization of polyesters.^^ It is important to consider 

the end properties that are desired. Generally, cost effective reinforcement will use silica 

to improve modulus because of its low cost and relatively low density in comparison to 

some potential metal reinforcements. 

2,1.4 Inorganic phase: particle size 

One of the predominate theories of recent research in composites is tiiat 

composites reinforced with small particles should exhibit superior mechanical properties. 

In situ precipitation is an excellent route to the formation of small particles and thus 

precipitate size has been extensively studied for in situ precipitation within elastomers. 

TEM studies of composites formed from the in situ precipitation of TEOS within PDMS 

after cure show that the particles are well dispersed with diameters in the range of 65-
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300 "A and depend upon catalyst type. Most particles are around 200°A.25 While each 

composite system has a unique particle size, the TEOS and PDMS system can be 

considered a prototypical system. 

Particle size in hybrids is governed by phase separation, which occurs as the 

reaction proceeds and the entropy of mixing is reduced. The mechanical properties of 

composites produced by these techniques are dependent upon the scale of the phase 

separation of the system. As particle size decreases, PDMS-silica shows superior 

properties. The increase in properties with smaller silica is believed to be due to 

increased interactions between polymer chain and the inorganic surface. This is hardly a 

new phenomenon and has been seen with bound rubber for some time. 

In order to limit shrink^e and limit phase separation, Novak studied 

simultaneous interpenetrating networks through the simultaneous formation of polymer 

and inorganic networks. He used polymerized poly(silicic acid esters) that had the silanol 

groups partially exchanged with polymerizable acrylates, such as 2-hydroxy ethyl 

methacrylate (HEMA). By varying the precursor molecular weight it was possible to 

produce composites with inorganic particles as small as 35 '^A to 55 "A. Significant 

differences in mechanical properties existed with relatively small changes in domain size. 

Further studies showed that mechanical properties improved only down to some 

unspecified nanometer size after which point the properties tended to decrease. The 

length scale at which properties tend to decrease differs for each material, but is usually 

around lOnm for this system. The mechanical properties for this system show an 
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increase over the base polymer of 835% (30 MPa increase to 281 MPa) for strength, 

140% for modulus (900MPa to 2.2 GPa) for 27 vol. % inorganic phase. 

Landry, Coltrain, and Brady33 studied the key drivers for the formation of 

variable particle size and shape. They varied temperature (Tg-T), pH, solvent, and 

catalyst. They choose to precipitate TEOS within PMMA from a 20% solution of THF. 

From this study, they concluded that the mechanical properties are dependent upon the 

size and shape of the silica particles. They determined that the concentration of adhesion 

points between PMMA and Si02 was the major factor. They show that these factors are 

in turn influenced by pH and temperature. 

Calvert^^ dearly demonstrates that the balance between reaction rate, diffusion 

rate, and phase separation, controls particle size and reinforcement. His explanation 

reinforces and clarifies the results of Landry and others.24 As a homogenous polymer 

film mixed with alkoxide and solvent dries, phase separation of alkoxide from polymer 

occurs. If alkoxide and polymer are moderately compatible, the phase separation occurs 

when the solvent is nearly completely evaporated and molecular motion has significantly 

slowed. Phase separation must then occur on a fine scale. Only then will hydrolysis and 

condensation convert the trapped alkoxide droplets to oxide particles. Alternatively, if 

the alkoxide and polymer are highly compatible, phase separation will only occur once 

hydrolysis occurs. In this situation, the balance of reaction rate and diffusion rate 

controls the particle size. 

Besides the reaction conditions, the polymer network also influences the particle 

size distribution. In another study, silica was precipitated into a PDMS network. The 
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particle size was then measured using small-angle neutron scattering. It was found that 

the particle size varies with the square root of the molecular weight between cross-links. 

It can be concluded that in elastomeric materials, the particle size is influenced by the 

degree of expansion available from surrounding polymer chains.^® 

Particle sizes for in situ precipitated composites are believed to range from 2 nm 

to 100 nm.24,45,47 accordance with their small particle size, most of these systems 

are transparent. Originally, it was believed that the nano-scale reinforcement would 

provide superior mechanical properties in organic-inorganic hybrid materials. However, 

composite theory does not have a size dependent factor. The mechanical properties of 

these systems appear to follow composite theory in most cases, with the only exception 

being the elastomer systems. The deviation appears to be derived not from the size of the 

filler, but instead from the high surface area. This will be discussed in section 2.1.7 

Polymer matrix. 

2.I.S Shaped particles 

In standard polymer composites, filled polymers possess much better properties 

when the filler is fibrous. This is exemplified by the Voigt model, which is traditionally 

used for polymers where the fiber carries the load. The Voigt model is: 

1/Ec - Vm/Em + Vf/Ef (2.3) 
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Where E is the modulus, V is the volume fiction, and the subscripts c, m, and f indicate 

composite, matrix, and filler respectively. Fibers offer the best possibility of increasing 

the overall mechanical properties of a composite. Composites, which contain oriented 

fibers, derive their excellent mechanical properties through load transfer from the matrix 

to the stretching of chemical bonds in the fiber. In typical composites, it is extremely 

difficult to incorporate high volume f^tions of fibers into a polymer matrix. This 

indicates elongated particles grown in situ might improve mechanical properties. 

The diffusion and reaction of TEOS into aNafion film has resulted in the growth 

of shaped silicon oxide particles. This study^^ shows that if TEOS preferentially favors 

one phase of a phase separated copolymer, the morphology of the resultant silicon oxide 

is dependent upon the morphology of the phase separation present in the film. Phase 

separation in block copolymers and polymer blends can be controlled by the processing 

techniques employed. 

Mark and coworkers extensively studied the structure of silicon oxide formed 

under differing reaction conditions.^^ They found the main factor influencing particle 

size and shape was the degree of phase separation of alkoxide &om polymer. Phase 

separation is influenced by ratio of reactants, pH, catalyst, alkyl-group substitution, 

temperature, and reaction time. Acid catalyzed reactions form wispy shaped inorganic 

particles, while base creates a denser phase. Excess water leads to smaller domain sizes. 

It is proposed that increasing excess water leads to tighter crosslinking and thus less 

potential for phase separation. Simultaneous polymerization and precipitation leads to 
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spinodal decomposition and an interpenetrating polymer network. In the second part of 

the study,Ti02 is shown to form highly varied particles sizes ranging from 200 to 2000 

nm. The particles are assumed to be formed of titania rich and titania poor phases. So 

even simple in situ reinforced polymer systems show tremendous variability in particle 

structure. 

In another study, a polypropylene-titanium n-butoxide melt was extruded in an 

attempt to form elongated particles, It was expected that the inorganic phase would 

deposit between lamellae resulting in dramatically improved mechanical properties. 

Instead the composite demonstrated an increase in stiffriess but a decrease in strength due 

to segregation of the titania to spherulite boundaries. 

Elongated titania particles were formed by the in situ growth of titania in a 

polymer. A polyvinylidene fluoride-titanium isopropoxide blend was drawn into an 

oriented film. Inorganic particles with an aspect ratio of approximately 3 were formed in 

low concentrations. In a second case, a two-phase blend of a polyvinylidene flouride-

PMMA was swollen with alkoxide. Upon hydrolysis the titania formed in the acrylate 

phase in a series of aligned spherical particles.^ ̂  

Extensive additional work shows that the growth of specific morphologies on the 

surface of polymer films is possible. These systems generally form through either the 

absorption of growing crystals unto charged surfaces or through the nucleation of 

inorganic species onto charged surface. However, there is considerable evidence that 

matrix mediated nucleation is not occurring.^^ 
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2.L6 Polymer-filler bonding 

As discussed above, phase separation is a critical variable in fonning good 

mechanical properties. Composite theory shows that bonding between matrix and filler 

results in improved mechanical properties. Bonding of the inorganic to the polymer 

matrix can be greatly enhanced by including hydrolyzing groups within the polymer 

chains. This results in an intertwined organic-inorganic phase and improved properties. 

One synthetic method uses triethoxysilane end-capped polytetramethylene oxide 

(PTMO) oligomer (around 2000 g/mol.). In addition, to avoid undesirable precipitation 

after the addition of water, a dicarbonyl ligand, ethyl acetoacetate has been used.^^'^^ 

These composites displayed three regions: organic, inorganic and inter-domains. The 

inter-domain spacing was characterized at 10-20 nm using small-angle X-ray scattering 

and is defiendent upon the volume firactions of inorganic verses organic. 

A similar system uses the ring-opening polymerization of 2-methyl-2-oxazoline to 

produce poly(N-acetylethylenimine) (polyoxazoline), which can be terminated with (3-

aminopropyl)triethoxysilane.54-56 These systems create hydrogen bonding between the 

silanol of the inorganic and the amide group from the polymer and filler. Polymer 

systems used are poly(2-methyl-2-oxazoline), poly (N-vinylpyrolidone), poly(N,N-

dimethylacrylamide).^^ This research was done with the main objective of decreasing 

particle size for applications that require optical clarity. Thus, no comparative 

mechanical data has been presented. 



Coltrain^S found that the in situ polymerization of tetraethoxysilzme (TEOS) or 

tetramethoxysilane (TMOS) in the presence of both trialkoxysilane functionalized and 

unfunctionalized poly(acrylates) (PMMA, PMA, and PMBA) reduces phase separation, 

results in interfacial bonding, and slightly improves mechanical properties. 

2.1.7 Polymer matrix 

Section 2.1.2 showed that the mechanical properties of PDMS increase 

significantly with increasing volume fractions of filler. However, the mechanical 

properties are poor when compared to typical hard polymers, which have modulus values 

around 3 GPa. Thus, increases to .1 GPa, as is seen with the PDMS-TEOS system are 

hardly impressive. In order to improve mechanical properties above those of typical 

polymers, non-elastomeric polymers must be examined. 

Sol-gel chemistry is a natural extension of siloxane elastomers that use inorganic 

alkoxides as crosslinking agents. Thus, early work on hybrids focused on the 

reinforcement of elastomers using alkoxides. However, as examining equation 2.3 shows 

increasing the polymer's modulus also increases the modulus of the composite. Hybrid 

materials have grown to encompass polymers that abeady possess high moduli, even 

though most high modulus polymers are incompatible with alkoxides. Several polymer 

matrix systems have been used to create organic-inorganic hybrid materials. A brief 

explanation of the major polymers will be given in this section. 
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The most thoroughly studied systems are the in situ reinforcemeat of 

polydimethylsiloxane (PDMS) elastomers with tetraethylorthosilicate (TEOS). The two 

materials are quite miscible allowing for high volume fraction of reinforcement. This has 

enabled Mark to achieve reinforcements of up to 46 volume percent by using in situ 

precipitation of TEOS within PDMS.21 

In the elastomer system, the ultimate strength and modulus do not depend on the 

reaction technique used, but instead depend upon the size, physical structure, and the 

volume fraction of the filler incorporated.^! By varying the reaction techniques, Mark 

was able to change the structure of the precipitate. He showed that aggregated filler has a 

modulus nearly twice that of similarly filled elastomers with randomly or regularly 

dispersed particles.^^ This is consistent with other research that has shown significant 

improvements in .nechanical properties above the glass transition temperature.̂  ̂ yhjs 

suggests that the nano-sized precipitate acts as a crosslinker. The modulus increase 

would then be expected to depend upon the polymer filler interaction per unit of surface 

area. Swelling measurements show bound polymer chains^l and confirms expectations. 

With elastomeric materials, improvements in modulus of up to 100 fold are 

possible, but generally do not improve the modulus above that of typical glassy polymer 

systems. Mark showed an improvement in Young's modulus from 2 MPa for an unfilled 

poly(methyl acrylate) elastomer to 262 MPa for an elastomer with 30 vol. % in situ 

precipitated silica particles.^® This type of improvement is common.61»62 
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Polybutaciiene,^^ polyChydroxyethyl acrylate),^ and epoxidized natural rubber^^ 

are just a few of the many elastomeric systems that have been reinforced using sol-gel 

techniques.^6-70 gyen large improvements in mechanical properties are not adequate to 

compensate for the additional cost of in situ processing when compared to blended 

elastomeric systems. In addition, the improvements in mechanical properties make them 

more similar to glassy polymers, rather than creating a separate class of materials with 

distinct mechanical properties. 

One route towards a higher modulus is to use a polymer with a higher modulus. 

Glassy polymers are ideal candidates. Poly(methyl methacrylate) reinforced with TEOS 

is a typical glassy polymer reinforcement system. A typical procedure requires 

dissolving 20 wt. % polymer in tetrahydrofuran. Subsequently, TEOS and catalyst are 

added. Finally the solution can be cast into a film and allowed to dry. 

Synthetic techniques available for elastomeric polymer systems are also available 

for precipitation in glassy polymers. However, no true analog to the PDMS-TEOS 

system exists because the solubility of metal alkoxides in other polymers is not as high. 

Typically, a solvent is used to add solubility to the two phases. This is a successful 

process when both inorganic alkoxide and polymer are soluble in organic solvents. Some 

polymer-metal alkoxides are compatible. 

Many glassy polymers have been reinforced using in situ precipitation. Acrylate 

polymers have been extensively studied. Besides poly (butyl 

methacrylate)58'7'^'^5 poly (hydroxy ethyl methacrylate)71, poly (acrylic acid), and 
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other glassy polymers such as, PoIy(2-vinyIpyrrolidone),76 polystyrene,77,78 and 

poly(arylene ether ketone)79 have all been studied. 

When in the glassy region, the improvements in mechanical properties are small. 

For a typically system with about 15 vol. % silica added, modulus, measured by dynamic 

mechanical analysis, has been shown to improve from around 1.5 GPa to around 3 

GPa.33,80,81 The mechanical properties of in situ reinforced glassy polymer composites 

are equivalent to filled polymer composites. These composites demonstrate a common 

trend; when elastic modulus increases a corresponding decrease in toughness occurs. 

High temperature polymers and semi-crystalline polymers have shown potential 

for use as the matrix for hybrid materials. In semi-crystalline polymers, the crystallinity 

is usually diminished or even eliminated when used as the polymer phase for in situ 

precipitated composites. ̂ ,̂83 jg difficult to achieve good reinforcement, in high 

temperature polymers, using sol-gel techniques because the polymer and the ceramic 

phases bond poorly. Functionalized polymers and bonding agents have increased 

interfacial strengths. Polyimide and polyamide have been widely studied. 

One of the most successful systems was the reinforcement of poly(phenylene 

terephthalamide) using titania. The polymer was end capped using methoxy groups, 

which bond the polymer to the inorganic. The resulting films were produced using 2.5 

wt. % to 40 wt % inorganic. The materials showed unprovements in modulus at room 

temperature firom just over 2 GPa to nearly 4 GPa. While stress at break improved from 

147 MPa for the pure copolymer to a maximum value of 193 MPa at 10 wt. % titania. 

Increases in titania beyond this point resulted in embrittlement of the composite. Strain 
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until break did not decrease dramatically until over 10 wt. % titania was included. 

Similarly, the toughness did not show significant decreases until greater that 10 wt. % 

titania was added. It is believed that 10 wt % is a maximum because of the limited 

number of polymer chain ends available for bonding. Due to their high Tg and thermal 

stability, polyaramids are commonly used in many high performance applications 

including the aerospace industryApplications using these materials need stable 

properties over a wide temperature range. Storage modulus for reinforced and 

unreinforced materials displayed similar thermal patterns. 

2.1.8 Forming bulk parts of organic-inorganic hybrids 

Most hybrid systems have been limited to the formation of thin films. This is a 

result of the necessary diffusion inward of water and the outward diffusion of alcohol. 

Since diffusion time is proportional to the square of the diffusion distance, large parts 

become prohibitive. Secondly, the production of large parts is also hindered by large 

shrinkages on the order of 50 to 75%.^^ If the reaction does not take place 

simultaneously and uniformly throughout the part, shrinkage results in the build-up of 

stresses, leading to cracking or distortion. If water must diffuse inward to drive the sol-

gel reaction, inhomogeneous hydrolysis will occur unless the reaction is very slow. The 

water can be provided internally, but the outward diffusion of water is still a problem. 
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In order to overcome these difficulties, long drying times are used, often in the 

range of 10 days.^^ An alternative approach is to use specialized drying techniques such 

as a supercritical drying process. These techniques utilize CO2 exchange during drying. 

The forces generated when very small pores occur during the gelling of the system cause 

drying stresses. By replacement of the pore solvents with a supercritical fluid, the 

meniscus and associated capillary forces are eliminated and the fluid can then be 

removed more quickly, leaving an uncracked bulk part.^^ 

Novak has published a series of papers focusing on a technique to reduce 

shrinkage and combat insolubilit}' that plagues many organic-inorganic materials. His 

main innovation is the simultaneous formation of both organic and inorganic 

components. This was accomplished through the use of tetra-alkyl orthosilicates, novel 

monomers that incorporated both a hydrolyzable silicate portion and a polymerizable 

vinyl group. The hydrolysis and condensation of these reactants forms an inorganic 

network and liberates a polymerizable alcohol. By careful control of the reaction, a 

polymerized polymer network can form as the inorganic network is also formed.35,84 

The preferred system used the following monomer; 

si(— 

Free-radical polymerization of this monomer was initiated photochemically and the 

hydrolysis reaction catalyzed with F. If the reaction was completed simultaneously, a 

large increase in the storage modulus could be noted. These materials demonstrated little 

phase separation and little to no shrinkage. The final composites formed by the reaction 
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of these tetra-alkoxysilanes were limited to a maximum of 10 to 18 wt. % inorganic.^^ 

To increase the volume fraction of the inorganic phase silicic acid esters, where the alkyl 

group was a polymerizable leaving groups (such as hydroxyethylacrylate (HEA)), were 

included. Several different polymer systems were used. The maximum weight fraction 

of SiOi incorporated using a HEMA silicic ester was 60,1 wt. The polymer glass 

composites showed increased stiffness over base materials. However, the mechanical 

properties were not characterized. 

2.1.9 Summary of organic-inorganic hybrids 

The in situ precipitation of varying inorganic particles within varying polymers 

has been studied. Large improvements in the modulus of elastomers are seen without 

large sacrifices in strength and toughness. However, when typical hard polymers are 

reinforced using the same methods, the improvements in modulus are small. In situ 

precipitation leads to a small well-dispersed inorganic phase that can be chemically 

bound to the polymer matrix. These factors may lead to applications in optics. In order 

to develop improvements in mechanical properties the inorganic phase will need to 

possess high aspect ratios. Little progress has been made in improving particle shape of 

inorganics formed through in situ precipitation. However, progress in related biomimetic 

materials show promise of high aspect ratios throi^ in situ precipitation. Several issues 



need to be addressed before bulk parts with improved mechanical properties will be 

possible. 
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22 Layered Silicate nanocomposites 

An area of successful composites is the combination of polymer and layered 

silicates. These hybrid composites are unique in that they produce materials with 

improved strength, stiffness, and toughness, with only 1-5 vol. % inorganic. Because of 

the low volume fraction of inorganic incorporated, the resultant composites have only 

slightly higher density than the polymer. These lightweight composites are currently 

used in the automotive industry. In a study by Toyota, composites formed from nylon -

layered silicates were prepared for use as a timing belt cover. When compared with 

nylon, the heat distortion temperatures increased from 65°C to 145°C, with a doubling in 

modulus. Improvements like these increase the practical application range of nylon into 

regions where adverse conditions prevented their use. The improvements were caused by 

a high iotuc interaction between the silicate and nylon.^^ 

The nanocomposites microstructure consists of either intercalation of singular strands 

of polymer penetrating the layered silicate or delaminated structures, with evenly 

dispersed non-agglomerated inorganic particles. The properties of the delaminated 

systems are superior to the intercalated systems. Recentiy it has been shown that 

telechelic polymers promote intercalated nanocomposite systems.^^ 
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Even at these low weight fractions of inorganic, the properties of these materials 

extend far beyond the properties of the base polymers. Usuki pioneered some of the first 

layered polymer silicate nanocomposites. These nylon-clay composites show a doubling 

of strength, toughness, and modulus. In addition, heat distortion, water adsorption, and 

thermal expansion all reduce significantly. PET,90 epoxies,^! PEO,92 

polyacrylamide,93 polypropylene,^^ polyesters,̂  ̂and polystyrene butadiene^^ have ail 

been used. 

Epoxy layered silicate were produced using an ion-exchange reaction to replace 

the Na^ on the silicate surface with bis(2-hydroxy ethyl) methyl tallow-alkyl. The dried 

powder was mixed into the epoxy resin, which, in this case, was diglycidyl ether of 

bisphenol A. This mixture was sonicated and subsequently cured. The mechanical 

properties were then examined using dynamic mechanical analysis (DMA) on a 

composite containing 4 vol. % silicate. A 60% increase in storage modulus in the glassy 

region firom 1.55 GPa to 2.40 GPa, and a 450% increase in the rubbery region from 11 

MPa to 50 MPa were seen.^^ The improvements in mechanical properties are very 

significant when compared to composites with spherical particles. However, when the 

high aspect ratio of these particles are accounted for, the improvements are in line with 

expectations. 

Similarly, polyester with high polystyrene content was reinforced using layered 

silicates. The increase in modulus was 32% (2.87 to 3.79 GPa) when going from 0 to 5 

vol. % inorganic. Likewise, toughness increased nearly 200% (70 J/m^ to 209 J/m^) 

based on compact tension tests. Strength remained constant up to 4 vol. % inorganic 



after which it decreased markedly. Most of the polymers used show similar 

improvements in mechanical properties,^® Similar properties were displayed by PET-

clay nanocomposites that demonstrated a maximum of300% improvement in modulus 

and a SO^C increase in heat distortion temperature. 

The inorganic filler particles generally consist of plate shaped silicates with large 

aspect ratios (100 to 1000).^^ Typical sizes are on the order of nanometers.^^ The 

improvements in modulus are even more remarkable considering that traditional epoxies 

loaded with micrometer sized particles show little improvement in modulus at similar 

levels of loading. While the mechanism behind the improvements in mechanical 

properties is not clearly understood, it is clearly related to the particle size and the 

polymer's interaction with the inorganic surface. Typical mica-type silicates contain Na"" 

or between layers. With ion exchange reactions, Na^ and can be replaced by 

organic cations, which make the surfaces compatible with most thermoplastics. 

The interaction of the polymer with the inorganic surface has been demonstrated. 

FTIR studies of intercalated polymer show changes in the CHi stretching and bending 

peaks, which indicates a change in polymer structure.^^ 'HNMR also indicates 

interaction by peaks broadening to indicate attachment of polymer chains to the layered 

silicates.9^ 

Regardless of the route or mechanism of reinforcement, these nanocomposites 

shed light on the ability of organic-inorganic composites to exhibit improved mechanical 

properties. They demonstrate the need for small well-dispersed elongated particles and a 



strong interaction between the polymer and the inorganic. However, the low levels of 

reinforcement indicate that further improvements in properties may be seen. 
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3. BIOMDfERALIZATION AND MINERALIZED GELS 

Biomimetic materials attempt to emulate the processes used in nature to produce 

materials with similar properties. Biomineralization is a specific biomimetic technique 

that uses a polymer matrix to control and organize the precipitation of a mineral phase 

within the polymer. The mineralization of a swollen layer of gel may be a good model 

for many forms of biomineralization and may result in excellent mechanical properties in 

composites. The growth of crystals in gels has been a major concern to the photographic 

industry and has been treated at length by Henish. 1101 More recently there have 

been studies of the complex morphologies resulting from the mineralization of gels at 

high solute concentrations. This chapter will first detail some of the studies used to 

examine the influence that the matrix exerts on the precipitation reaction. This will be 

followed by a discussion of composite materials formed through the mineralization of 

polymer gels. 

3.1 Biomimetic control of crystal shape 

In situ precipitation of an inorganic phase increases control of particle 

distributions and gives rise to superior mechanical properties in biomaterials. Several 



synthetic approaches have been implemented in order to increase our understanding of 

the controlling factors for in situ crystal growth in biology. Much of the literature is 

concerned with examining in vivo crystal growth. Studying these systems is a difficult 

task since in vivo growth permits little external control of many important variables. 

Despite the difficulties involved, many biological systems have been extensively studied. 

In general, these studies have been unsuccessfiil at unequivocally determining the 

mechanisms involved in controlled crystal growth in biology. Still, a wealth of valuable 

information exists. 

By using a simplified model, such as attempting to reproduce the organization of 

the inorganic phase by growing crystals on a polymer template, new concepts have been 

learned and should be transferable to future in situ precipitation in polymers. There are 

several techniques that can be used to mimic biological structural materials. These 

synthetic attempts will be discussed below. 

3.1.1 Synthetic vesicles 

In order to mimic the high degree of material control achieved in biomaterials, 

phospholipid vesicles have been used to synthesize materials such as AgjO, Fe304, 

calciiun phosphates, AI2O3, CdS.^02,103 [n this case, by surrounding a particle with a 

bilayler membrane, particle-particle interactions are negated resulting in reaction rates 

that are simply diffusion controlled. By using macromolecular cages, it is possible to 
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grow monodisperse particles of controlled morphologies. 

Bicontinous microemulsions can also be used to achieve a continuous structure of 

mineral, grown with control over the morphologies. Nucleation of hydroxyapatite has 

been shown within a microemulsion of water conduits of oil/water stabilized with a 

quaternary ammonium salt. ̂ Tracy et al. ̂ ^6 devised a  system in which a hydrophobic 

monomer solution of methyl methacrylate and ethylene glycol dimethacrylate was mixed 

with an aqueous solution of calcium and sulfate ions and a surfactant. The monomer was 

polymerized forming a thread-like or lamella structure with randomly spaced 

precipitation occurring in micron sized pockets throughout the polymer matrix. 

3.1.2 Organic surfaces as templates for nucleation 

The understanding of interactions at inorganic-organic interfaces is an important 

aspect of biomineralization, since nucleation and organization in biomaterials is 

dependent on the nucleating surface. The general belief for growth on an interface is that 

epitaxial growth on a substrate is initiated by nucleation. There is limited knowledge of 

the structural motif of an inorganic substrate in vivo making it difficult to verify the 

proceeding hypothesis. One approach to solving this problem is the growth of 

epitaxial layers on compressed Langmuir monolayers. 

In studies by Heywood and BaS04 nucleation was induced under 

compressed Langmuir monolayers. When n-eicosylsulfate was used as the monolayer. 
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oriented crystals with coherent inter-grown rhombic sub-units were found. However, 

when the cap group was changed to phosphonates, depending on reaction conditions, 

either a plate-like or bow-tie morphology resulted. Finally, eicosanic acids were 

compressed into monolayers. The resulting crystals showed a kinetic influence on 

nucleation resulting in an irregular morphology. 

Several experiments have studied the growth of calcium carbonate crystals on a 

compressed monolayer. Carboxyiate and amine head-groups have been shown to induce 

similar nucleation resulting in the growth of morphologically controlled calcite 

crystals. 10-112 when sulfate or phosphate head groups were used, a different 

crystal face showed favored nucleation in calcite growth. In the same system the 

inclusion of Mg""^ induced aragonite growth.^ Further studies have been done to 

thoroughly investigate the growth.^ 

Studies have shown that tin, indium, bismuth, and tellurium grown onto uniaxially 

oriented semi-crystalline polymer films show planes of growth different from common 

epitaxy.^  ̂ t iun single-crystal  f i lm of poly(tetrafluoroethylene) deposited on a smooth 

substrate has been shown to induce differing degrees of orientation in the epitaxial 

growth of smallorganics, inorganics, and polymers.^Additionally, calcium 

oxalate,! copper sulfate,^ amino acids,! 19,120 and sodium chioride^^l have ail 

been grown on substrates and exhibit a resulting increase in order. 

It is obvious that controlled growth is an achievable process with monolayers. 

Commercial application may emerge in the future. Possibilities include increased 

stifgiess, electrical conductivity on a molecular scale with doped and aligned conjugated 
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materials, enhanced thermal conductivity, piezoelectric properties, and improved optical 

transparency.^ 

3.1.3 Controlled crystal morphology with organics 

Growth inhibitors in solution have been commercially important for some time, 

with the inhibition of boiler scale. This process includes the addition of polyelectrolytes 

to bind the surface of Ca^^ and in turn inhibit precipitation as either carbonates or 

phosphates. In a recent review, ̂  22 chiral enhancement, morphological control, polar 

crystal, and enhanced optical activity are all shown as possible commercial application. 

In one study, a,Q}-dicarboxylates were used to influence the morphology of 

calcite crystals grown from a supersaturated solution. Spindle shaped crystals elongated 

along the c-axis with curved prismatic faces were formed. The shorter the chains the less 

the effect. Different carboxylate functionalization showed differing effectiveness.'^^ 

Another example is the growth of calcium carbonate in the presence of 

electrolytes and polymer gels. When the electrolytes were present, much larger crystals 

occuned. In the presence of poly-L-asparate, preferential orientation of calcite was 

shown. 



3.1.4 Polymer matrix enhanced mineral growth 
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Crystallization of an inorganic phase as controlled by a polymer matrix is one of 

the most attractive approaches to the development of new materials with improved 

properties. The matrix may be used for dual purposes. One is the structural support of 

the mineralizing materials. The second is the control of precipitate growth. Possible 

commercial implications of this process would be magnetic coatings and 

piezoelectrics.l23 jhe m situ precipitation in polymers of tetraethylorthosilicate has 

resulted in improved materials' properties. ^24 it is not believed that the polymer matrix 

influences the precipitate, which is nevertheless uniform. 

Recent interest in the field has led to the precipitation of cadmium sulfate in 

polyethyleneoxide (PEO). Regular morphology, size, phases, and crystallographic 

orientation is achieved. ̂ 25 it has also been shown that in this system the salvation or 

relaxation of the matrix leads to loss of control over crystallization. Another study has 

shown that with styrene-maleic anhydride copolymers, uniform colloids of CdS could be 

grown. Electron microscopy revealed evidence of polymer binding of the cation. ̂ 26 

3.1.5 Habit modification 

It has beeu shown that in both biological and synthetic systems, it is possible to 

influence the morphology of crystal. Through the modification of the habit of a crystal it 
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is possible to achieve rod like crystals. The habit of a crystal is defined by the relative 

rates of crystal growth in different directions.^ 27 Specifically, the incorporation of 

molecules into or onto the growing crystal faces will inhibit that faces growth. In turn, it 

will promote the growth of other faces and result in different crystal morphologies. 

Recently, tailor-made additives have been used to modify crystal growth. ^28 

However, these techniques are more applicable to organic crystals since it is easier to find 

similar molecules to include in the crystal faces. For inorganic crystals, the primary 

mechanism of influencing the growth front is the absorption of organic molecules such as 

solvent molecules, amino acids, and polymers. However, the incorporation of inorganics 

has also been used, A very common example is the incorporation of Pb^^ and SC*' to 

produce large single crystals of NaCl.^29 

hi systems such as calcium carbonate and calcium phosphate, several techniques 

have been used to modify crystal growth. One of the more productive methods is the use 

of Langmuir monolayers. This system has been used to initiate crystal nucleation and 

epitaxial growth. 

Surfactants have been shown to absorb on growing crystal faces and thus inhibit 

their growth. Surfactants are particularly effective due to their hydrophobic/hydrophilic 

nature. The polar end attaches to the growing surface, while the non-polar end impedes 

the arrival of additional ions. ̂ 30 This technique is similar to the addition of block 

copolymers to the mineralizing system. If one block absorbs to the crystal growth front, 

the other end will prohibit further ion arrival. The addition of a polyethyleneoxide-co-

poly(acrylic acid) has resulted in aspect ratios of 2.3 compared to .9 for typical calcium 



60 

carbonate crystal. 1 ̂  ^ 

Biological materials such as acidic peptides, like aspartic acid, have been shown 

to have an affect on the crystal habit. It is believed that carboxyl groups are especially 

effective in coordinating with the calcium ions. Also, the addition of solvents, such as 

THF and methanol, has been shown to play a role in the precipitation of calcium 

phosphate. Thus the addition of these solvents could influence the crystal 

morphology. 129 

3.2 Composite materials produced through the mineralization of polymer gels 

Henisch has addressed the study of crystal growth in gels in a series of two books. 

Crystal Growth in Gels and Crystals in Gels and Liesegang Rings. 100,101 Several 

procedures for crystal growth were identified. These include a charged gel covered with 

a counter ion solution. The second counter ion is included in the gel. When the two 

counter ions diffuse together, a precipitate forms. The precipitate will form in the gel if 

the proper concentrations are used. The other procedures described are similar and give 

similar results. Crystals formed in gels include copper, cobalt, iron, calcium sulfate, 

calcite, and many others. The crystals formed in a gel tend to be larger and of better 

quality than comparable crystals grown in solution. 

The gel is believed to create a stable pattern of concentration gradients. Since 

crystal growth is directed by the diffusion of reactant to the surface, the precipitation rate 
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and mechanism are often altered. This may allow larger and better crystals. Secondly, 

the gel acts as a matrix, which supports the crystal. However, as the crystal grows the gel 

may also exert a pressure on the crystal. Finally, gels suppress nucleation, thus reducing 

the number of growing crystals and inducing the growth of larger more perfect crystals. 

Natural biocomposites often grow through the precipitation of a mineral within a 

swollen polymer. In order to gain further understanding on the biomineralization of 

bone, a great deal of work has been done to precipitate hydroxyapatite into a polymer 

solution. With high molecular weights, crystal growth in polymer solutions may 

resemble crystal growth in polymer gels. However, little work has been done to 

determine the feasibility of forming composite parts using a polymer rather than a gel, 

presumably because there in no three dimensional support for the growing crystals. 

However, since this study is particularly interested in the in situ precipitation of 

hydroxyapatite in a polymer gel, the precipitation of hydroxyapatite in polymer solutions 

will be examined in this section. 

While the formation of crystals within gels have been largely studied, only 

recently have studies turned toward the formation of crystals within gels to form 

composite materials. The reactants and polymers used depend upon the desired 

properties for the composite. This section will detail the few studies on the formation of 

polymer composites through the mineralization of polymer gels. 
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3.2.1 Hydroxyapatite precipitation in polymer gels/solutions to study bone growth 

The formation of hydroxyapatite in the presence of a polymer or other organic 

species is generally done to influence the crystal morphology produced. The 

mineralization of bone results in a highly ordered mineral phase within a collagen matrix. 

Many of these studies try to emulate this process to gain better understanding of the 

precipitation reaction used to form bone. 

Tanaka and Rhee^^^ studied the effect of citric acid on the nucleation of 

hydroxyapatite in simulated body fluid (SBF). They used a 300,000 molecular weight 

collagen membrane that contamed no crosslinks. The membrane was soaked in SBF 

(142mM Na^, 50 mM CI", 1.0 mM HP04^', and .5 mM 804^"). Without citric acid no 

precipitation occurred, however with ImM citric acid spherical particles of 

hydroxyapatite formed on the collagen surface. The spherulites were composed of a 

large number of hydroxyapatite flakes. The mechanism is theorized to include the 

absorption of citric acid onto collagen. Since three carboxyl groups of citric acid 

flmctionalized the collage surface, they can then induce the precipitation of 

hydroxyapatite crystals. 

In another study, the in vitro mineralization of collagen fibrils was done by the 

simultaneous fibril assembly and hydroxyapatite precipitation. Collagen is soluble at low 

pH, but reforms into fibrils upon neutralization. A homogeneously mineralized collagen 

gel was obtained by the precipitation of an amorphous calcium phosphate and the 

subsequent transformation into a crystalline phase. The studies seem to indicate that 
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collagen has no impact on the mineralization. However, the importance of collagen in 

the retardation of the amorphous crystalline transformation can not be ruled out. The 

study did find that polyaspartate improves the connection between calcium phosphate and 

collagen. 

A final example is the growth of octacalcium phosphate on collagen fiber. In 

this study, a turkey tendon was mineralized by immersion of a collagen disk (.5 mm thick 

and cut perpendicularly to the fiber axis) in two solutions of Ca and PO4. This was done 

using an experimental apparatus that allowed a 7.2 mM pH 7.0 solution of P04^* to be 

placed on one side of the disk while 30mM Ca^^ solution of 6.5 pH was placed on the 

other side of the disk. XRD patterns show that octacalcium phosphate was grown 

throughout the collagen disk. However, SEM photographs show the crystals grown on 

each side of the disk are significantly different. Elongated crystals grew on the calcium 

side, which were 10-30 microns in length and 2 microns in width. On the PO4 side, small 

granules with a diameter of approximately 50 nm grew. Finally, plate-like crystals grew 

in the collagen disk. 

While these studies give some insight into the formation of calcium phosphate 

within polymer matrices, there is no true understanding of the implications of growing 

crystal within a polymer matrix. Clearly, ionic groups within the polymer matrix are 

capable of influencing the growth of inorganic crystals. While the polymer matrix has 

been shown to influence crystal morphology and distribution, much greater knowledge 

will be needed before we can accurately replicate the formation of hydroxyapatite in 

bone. 
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3.2.2 Composite parts formed through the mineralization ofpolymer gels 

Even though vast advancements in our scientific understanding of biomineralization 

are needed before we can accurately replicate the structure of biomaterials, further work 

on biomineralization may lead to new materials with improved properties. It is under this 

guide that work has begim on the formation of composite materials through the 

mineralization of polymer gels. These composites are generally formed either to produce 

specific properties or to gain further understanding about the biomineralization process. 

These materials will be discussed separately below. 

3.2.2.1 Composites used for the formation of materials with specific properties 

In a study by Breuhnann and CSlfen,^ iron oxide was precipitated into a 

polystyrene-polyacrylate copolymer gel. The synthetic procedure required the use of a 

bicontinous microemulsion with a carboxyl surface functionality. Solution containing 

.002 M or .2 M Fe" or Fe'" ions were diffused into the gel. A color change indicated a 

complexation of the iron ion with the carboxyl functionality. The charged gel was then 

placed in l.OM NaOOH. After one cycle, 3.5 - 8 wt. % iron oxide was precipitated. 

After repeated cycles a 20 wt. % iron oxide composite part was formed. The mineral 

phase was homogeneously dispersed throughout the polymer. The elastic modulus 
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increased from 13 MPa for the polymer prior to reinforcement to 30 MPa for the 

reinforced polymer. 

Two recent papers have focused on the precipitation of hydroxyapatite in a swollen 

poly(vinyl alcohol) gel (PVA), which was crosslinked at I mol. % with gluteraldehyde. 

A swollen disk of PVA was soaked in 200 mM CaCb solution. The charged gel was 

subsequently soaked in 120 mM Na2HP04 solution. After one cycle, nearly all 

precipitation had occurred on the surface. By repeating the soaking process the 

precipitate progressively works inward until after approximately 15 cycles a uniform 

precipitate occurs throughout the PVA gel. The more highly swollen the PVA is before 

soaking begins the greater the wt. % mineral that occurs during each cycle and the greater 

the overall wt. % mineral that can be produced in repeated cycles. A highly swollen gel 

(30 times original volume) with 6 repeated soaking cycles forms with 70 wt. % 

hydroxyapatite. This study states that the mineralized gels show no drop in strength with 

increasing weight fraction mineral. However, no data about ultimate strain or modulus 

are given. 

Another study produces hydroxyapatite/poly(acrylic acid) composites. ̂ 36 jn the 

process, hydroxyapatite precipitation was monitored in the presence of polymers 

containing carboxylate, dihydrogen phosphate, sulfate, and primary urea. The rate of 

nucleation and growth were determined. Adding anionic and cation polymers suppress 

crystallization. Based on this finding, hydroxyapatite/poly(acrylic acid) composites were 

produced both through in situ precipitation and blending of hydroxyapatite. The 

precipitate consists of small, irregularly shaped aggregates, which are around 1-2 microns 
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in size. Fracture of the composites showed that in situ precipitation results in higher 

strengths (l-2MPa) depending upon loading. The fracture surface of the in situ 

precipitate composite shows uniform precipitation. XRD patterns in the presence and 

absence of poly(acrylic acid) show significant differences and lead the authors to 

conclude that there are interactions between the polymer and mineral. 

These composite materials are some of the first works done on the formation of 

synthetic biomaterials. These materials demonstrate good mechanical properties due to 

either good dispersion of the inorganic phase or due to interactions between the polymer 

and the inorganic material. In order for this to be a commercially viable process, 

Calvert^states that issues such as particle types, processing time scales, percent 

loading, and level of control must be addressed. 

3.2.2.2 Composites formed to gain understanding over the biomineralization process 

Several studies have been conducted that measure the impact different 

components of the composite have on the final mineral phase formed. Several 

contradictory reports are detailed below. 

A study by Clarke et obtained type I collagen by extracting the mineral 

phase from a rabbit femur. It was remineralized in the presence of a bone specific 

phosphoprotien (Ser P). When Ser P was present during remineralization, the mineral 
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phase formed changed from large plates to small needles. The precipitation of 13 wt. % 

mineral resulted in a doubling of the modulus from 344.8 MPa to 698.4 MPa. 

The morphology of the hydroxyapatite was influenced by the formation of a 

poly(methacrylic acid) poly(ethylene oxide) copolymer. Precipitation of hydroxyapatite 

in either solution phase or PEO results in plate-like crystals. When the copolymer is 

used, spherical particles of various sizes are precipitated. The authors hypothesize that 

the interaction between dissolving calcium phosphate clusters and disassembling polymer 

units effect the morphology. 

This look at biomineralization has shown that although each materializing system 

exhibits unique growth patterns, certain similarities between systems exist. This is true 

even though such diverse systems include everything from bone to Langmuir 

monolayers. However, gaps of knowledge still prevent us from mimicking the processes 

which give nature extensive control. 
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4. SOLID FREEFORM FABRICATION FOR FUNCTIONAL PARTS 

Solid free-form fabrication (SFF), which is often referred to as rapid prototyping, 

is a processing method used to produce three-dimensional parts without a mold. There 

are several variations of solid-freeform fabrication. All methods rely upon the 

conversion of some matter, which can be solid, liquid, or gas, into a singular solid 

material by the sequential addition of layers. Typically, SFF methods have build rates of 

one layer per minute, with a resolution and layer thickness of about 0.1 -1 nun. ^ 39 while 

rapid prototyping is a relatively new technology, it has quickly become a major tool used 

by several corporations including Xerox, Ford, and Becton DickinsonJ^® SFF results in 

significant savings of time and money and increases the speed with which a new product 

can be brought to market. 

SFF is primarily considered a tool for the rapid production of prototype parts. 

However, SFF is also an adept process for the production of limited quantity parts and the 

production of complex shapes, which cannot be produced by conventional machining 

methods. Significant research has been compiled in an effort to develop materials that 

are easily and quickly processed, but also possess the strength, toughness, and stiffoess 

necessary to produce fimctional parts. Functional parts have successfully been 

implemented in the formation of limited production molds, which are formed from an 

imprint produced by rapid prototyping. It is estimated that rapid prototyping can produce 
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molds in a third of the time and at a quarter of the cost of conventional machining 

methods. 

The remainder of this chapter will detail studies that attempt to use SFF to make 

flmctional parts from advanced materials or composite materials. In order to aid our 

understanding of the process, a brief description of the different prototyping methods will 

be detailed first. This chapter will provide a deeper understanding of current work on the 

formation of composite materials using SFF. 

4.1 Freeform fabrication techniques 

Several different freeform fabrication techniques have been used in the 

development of functional parts. These techniques along with their strengths and 

weaknesses will be detailed in this section. 

4.H Stereolithography 

Stereolithography, one of the original SFF methods, was developed in the mid 

1980's by 3D Systems (Valencia, CA). This technique uses a He—Cd or argon ion laser 

to photopolymerize an outline of a shape on the surface of a monomer bath. A 

supporting platform then lowers, allowing monomer to cover the newly formed surface. 

This process is continually repeated until the bulk part is formed.Stereolithography 
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has excellent resolution and ability to create complex shapes. However, it is limited by 

material requirements. The monomer bath is expensive and time consuming to fill and 

results in waste of unpolymerized monomer. Originally, the mechanical properties of 

parts prepared by stereolithography using highly crosslinked acrylates or epoxies were 

inferior when compared to typical engineering polymers (E = 24.5 MPa vs. 3GPa tensile 

strength of 41 MPa).1^2 

Current resins give modulus and strength values nearly equaling engineering 

polymers, but are much more expensive. Another concern is the distortion that 

occurs upon post-curing of the resin. It has been shown that the original cure is 

incomplete, and that the polymerization continues for approximately two days. These 

difficulties limit stereolithography to the development of prototype parts. If functional 

parts are to be developed, improvements in the mechanical properties, as well as thermal 

and dimensional stability need to be addressed. 

4.1.2 Rapid Layer Manufacturing 

Rapid layered manufacturing is a modified stereolithography system. Instead of 

using a vat of monomer, a known volume of liquid is deposited on the surface before UV 

curing. Like stereolithography the resolution of the cured resin is excellent. However, 

inadequate materials have limited its use to prototype parts. 
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The primary advantage of this type of system over stereoiithography is its ability 

to incorporate fibers. This feature could lead to improved mechanical properties and 

functional parts. Continuous fiber composites have been produced by this system using a 

dedicated apparatus to deposit continuous fibers on to a substrate within the bath. 

Subsequently, the polymer is deposited and cured around the fibers. While this is a 

promising technology, the shape of the fiber limits the resolution of the final part. In 

addition, the part? have micro-cracks that dramatically reduce mechanical properties. 

4.1.3 Fused Deposition Modeling 

Fused deposition modeling relies on similar but different principles than selective 

laser sintering and stereoiithography. A flexible filament is fitted into a write head that 

can be moved in the x, y and z axis by a computer controlled program. The filament is 

melted and written in a sequential layering process in order to form a net shape. 

The filament is either a wax or a low melting temperature polymer. Typical 

polymer materials include a nylon copolymer and acrylonitrile-butadiene styrene (ABS). 

Mechanical properties of the AfiS system are 25 - 40 MPa for strength with a modulus of 

1 - 2.5 GPa. Additional work has been done to try to develop ceramic and metal parts by 

incorporating them within an organic binder. Difficulties arise in developing a filled 

system with a filament that remains flexible. 
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A modification of fused deposition modeling is extrusion freeforming. In this 

method, a pressurized syringe replaces the filament. This is advantageous because the 

requirement for a flexible filament is eliminated. This system is highly adaptable, 

allowing a wide range of engineering thermoplastics to be produced, including fiber-

reinforced plastics. It has allowed the development of high performance polymers such 

as PEEK and polycarbonate, which need high pressures for their development. Modulus 

values were 9.4 GPa for carbon fiber reinforced PEEK, 1.7 GPa for SFF PEEK, and 7 

GPa for 30% glass fiber reinforced polycarbonate. 

4.2 New potymer systems for the fonnation of functional parts 

This section will examine different functional materials produced using either 

stereolithography or fused deposition modeling. 

4.2.1 Functional polymer parts formed using stereolithography 

Recent work with stereolithography has focused on the development of new 

monomer systems or the incorporation of an inorganic phase. One promising system is 
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the use of alignable photocurable liquid crystal monomers (a diacrylate with rigid rod 

cores made of aromatic rings). In this system, a liquid crystal resin is aligned by the use 

of a unidirectional external magnetic field. By subsequent curing, an anisotropic network 

is formed. Parallel strengths reach 60 MPa, while perpendicular, the strength reaches 40 

MPa. Modulus values range from approximately 1 GPa perpendicular to around 3 GPa 

parallel. ̂ 46,147 while each layer is anisotropic in this system, varying the orientation of 

each layer results in isotropic properties on a macroscopic scale. 

4.2.2 Functional polymer parts formed usingfused deposition modeling 

Fused deposition has been used to develop polymer fiber composites. Several 

variables have been studied. Thermotropic liquid crystalline polymer composites (TLCP) 

have been examined. TLCP is a shear-aligned polymer that imparts orientation and 

improved properties in the flow direction. In order for shear alignment to occur the 

TLCP must be in the melt phase (280 - 320®C). Since this temperature is in the 

degradation regime for many thermoplastics an alternative processing route utilizing the 

simultaneous extrusion through multiple injection nozzles is used. In this approach, the 

TLCP and the matrix can be processed and blended at different temperatures. The 

mixture is extruded through a capillary die and drawn to a high aspect ratio. However, 

ultimate mechanical properties were limited. In a 60/40 wt. % (PP/TLCP) perpendicular 

to the write direction the strength was 17 MPa while elastic modulus was 1.55 GPa. The 
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parallel modulus was 2.2 GPa, while the strength was 22.4 MPa. Poorer properties than 

expected were blamed on delamination. 

43 Composite materials to form functional parts 

This section will examine functional composite parts formed using different rapid 

prototyping techniques. 

4.3.1 Composite parts formed using stereoiithography 

Composite materials have been used to improve the mechanical properties, 

thermal stability, and shrinkage of parts produced using stereoiithography. Both 

acrylamide^^^ and epoxy resinhave been used as the matrix material. The process 

requures a silica gel suspension within the monomer vat. In order for a complete cure to 

occur, the filled system requires an increase in laser exposure. Scattering of the laser by 

the inorganic particles also becomes an issue. Despite ail of the difficulties early 

results are promising. SLA of epoxy polymers filled with 22 wt. % silica result in a 

tensile modulus of 4.3 GPa and tensile strength of 48 MPa.^^^ 
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In an attempt to improve resolution and develop improved mechanical properties 

short fiber composites have been produced using rapid layer manufacturing 

(RLM). 150,151 In this system short glass fibers were introduced directly into a 

photopolymerizing resin. The composite liquid is stirred to avoid settling. This system is 

limited to 15 vol, % fiber due to the increase in viscosity with fiber content at low shear 

speeds. The mechanical properties of this system were not measured, but more than 15 

vol. % inorganic will be necessary to produce the desired mechanical properties. 

4.3.3 Composite parts formed using extrusion freeform fabrication 

Recent work on the extrusion of glass-fiber reinforced epoxy resins show that 

short fibers can be aligned parallel to the direction of the write head. The degree of 

alignment depends upon the speed of the write head. The higher the alignment the higher 

the elastic modulus. Flexural modulus values of up to 6.3 GPa were achieved while 

flexural strengths of approximately lOOMPa were also achieved. ̂ ^2 

Other composite materials have been developed using SFF. One method uses 

stereolithography to develop a shell. The shell can later be filled with composite slurry. 

Materials used include glass fiber reinforced epoxy (up to 25 vol. % fiber) and chopped-
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carbon-fiber epoxy. The epoxy-glass fiber composites possessed moduli of up to 3.5 

GPa.153 

Further work has also been done with the reinforcement of polymers. By 

extruding a slurry that cures as it is deposited, ceramics and composites have been 

formed. SFF fabrication has an advantage over traditional composite synthesis in that the 

diffusion distances are short and shrinkage can be more readily accommodated. Silica-

filled acrylates were formed using SFF. In one study, short carbon fibers were used to 

reinforce polymer, hi another study, sol-gel chemistry was used to grow silica in-situ. 

The mechanical properties, which resulted, were flexural modulus of 2.89 GPa for 30 vol. 

% silica, 2.1 GPa for 7% silica firom TEOS, and 1.24 GPa for 7% carbon fiber 

reinforced. 154,155 

This review of freeform fabrication has shown that there is a definite need for 

improved materials which can be processed using solid freeform fabrication. New 

materials will eliminate many of the limitations associated with fi-eeform fabrication. 

The applications of SFF do not stop here. The layer by layer processing technique allows 

greater control of the microstructure of materials. The utilization of this feature may lead 

to advanced materials that would otherwise not be feasible. 
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5. EXPERIMENTAL 

The formation of organic-inorganic hybrid materials, mineralized gels, 

reinforced gels, and metal matrix composites use significantly different experimental 

techniques in their formation. Each will be discussed separately. Since all materials 

development used solid freeform fabrication as a processing method, processing of these 

materials will be discussed as one experimental technique (5.1). Likewise, all materials 

were studied using the same experimental techniques for the characterization of both their 

mechanical properties (5.6) and their microstructural characteristics (5.7). The 

experimental techniques for these procedures will be discussed in unison. 

5.1 Solid freeform fabrication 

Solid freeform fabrication was done using an Asymtek model 402 fluid dispersing 

system, equipped with small stepper motors (Oriel stepper mike) to drive the delivery 

syringe (Figure 5.1). A program written in Microsoft (^ckBasic controlled the Asymtek 

and syringes. A general system was used for the development of both parts. This system 

will be described m section 5.1.1. Both organic-inorganic hybrid materials and 
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with a length of S cm and a width of 2 cm. The perimeter was a single line. Solid bars 

were written as 10 consecutive parallel lines, each 5 cm long and 1 mm wide. Twelve 

layers were written resulting in a bar, which was approximately 5 cm x 1 cm x 1 cm. 

5.1.2 Freeform fabrication of organic-inorganic hybrid materials 

The polymerization reactions of organic monomers for the synthesis of organic-

inorganic hybrids are oxygen sensitive. These polymerizations were run in a glove box 

(Plas Labs Anaerobic chamber) in which oxygen has been removed by the catalyzed 

conversion of hydrogen and oxygen to water. The oxygen level was regulated by 

observing an oxygen monitor, and adjusting the hydrogen flow to keep the oxygen 

concentration at or below 0.1%. The water was removed by Dry-right which was placed 

within the glove box. 

Freeform fabrication equipment was set-up inside of the glove box. Two separate 

computers were used. One computer controlled both the x-y axis of a moving stage, and 

a separate motor that turned a screw to control the z-axis. The second computer 

controlled the stepper motor (Oriel stepper mike) to drive the delivery syringe. 



5.1.3 Freeform fabrication of mineralized gels 
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The development of mineralized gels through the use of solid freeform fabrication 

required the use of a heated syringe. A syringe could be heated to 70°C using a syringe 

heater controlled by an Omega temperature control device and a needle heater also 

controlled by the Omega temperature control device. Writing these materials onto a cool 

metal substrate promoted quick gelling. 

5.2 Organic-inorganic hybrids 

Two different reaction systems composed of two different monomer systems were 

used for the synthesis of organic-inorganic hybrids. In addition, two different synthetic 

procedures were used. The first procedure focuses on the simultaneous polymerization 

and hydrolysis/condensation reactions to form materials. The second synthetic procedure 

uses a two-stage ppproach, where the part is first polymerized. In this process, only after 

complete cure are the hydrolysis and condensation reactions initiated. These two 

processing techniques are treated separately because the materials produced through each 

process are different. 



5.2.1 Organic-inorganic hybrid monomer solution preparation 

81 

The synthesis of organic-inorganic hybrids was accomplished using two 

monomer formulations. The first system is named (TEGDA/EHMA/TMSPM) and 

included the following monomers; 

• tetra(ethyleneglycol) diacrylate (TGDEA) 

• 2-ethylhexyl methacryiate (EHMA) 

• 3-(trimethoxysilyl)propyl methacryiate (TMSPM) 

The second monomer system is named (THEA/EHMA) and is composed of the following 

monomers: 

• tetra (2-hydroxyethylacrylate) silane (THEA) 

• 2-ethylhexyl methacryiate (EHMA) 

Tetra(ethyleneglycol) diacrylate, 2-ethylhexyl methacryiate, and 3-

(trimethoxysilyOpropyl methacryiate were all used as received from Aldrich Chemical. 

Tetra(2-hydroxyethylacrylate) silane was synthesized by Dr. Zack Garland of the 

University of Arizona. Section 6.11 details the selection of each monomer system. 

The monomers were mixed in various stoichiometric ratios and purged with 

nitrogen for fifteen minutes before the addition of the catalyst 2,2' Azobis-2-

methylpropionitrile (AIBN). Once the catalyst dissolved, approximately 8 wt. % of the 

filmed silica (Aldrich) was added to render the solution thixotropic. Depending upon the 
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processing technique, water and the hydrolysis catalyst NaF may have been added at the 

same time as the AIBN. The slurry was then transferred to a 20 ml syringe equipped with 

a 20 gauge needle. 

S.2.2 Organic-inorganic hybrid materials processing 

The polymerization used to form organic-inorganic hybrids is oxygen sensitive. 

An oxygen-free glove box was used to for the polymerization of these parts. However, 

two distinct synthetic procedures evolved. The first procedure allows simultaneous 

mineralization and polymerization but requires the part to be written, polymerized, and 

hydrolyzed/condensed inside of the glove box. The second procedure first polymerized 

then mineralized. 

5.2.2.1 Simultaneous Mineralization and Polymerization 

For this method all processing was done inside of a glove box (Plas Labs 

Anaerobic Chamber) which had its oxygen removed. The slurries detailed above 

containing both catalysts and a stoichiometric amount of water were placed into a 20 ml 

syringe equipped with a 20 gauge needle. The part was written as an open mesh structure 

onto a hot plate maintained at 60°C. A continuous writing process was used. Thus, as 

soon as the first layer was finished writing, the process was repeated and a second layer 



written. Each successive layer was written before the polymerization of the base was 

complete. Once the entire part was written it remained on the hot plate for one hour to 

ensure a complete cure. The part was removed from the glove box after one day (which 

assured that the hydrolysis reaction had been completed) and dried in a vacuum oven at 

IICC for 1 day, thus ensuring complete removal of any excess water. 

5.2.2.2 Polymerization with subsequent mineralization 

The slurries detailed in section 5.2.1 were placed in a syringe equipped with a 

needle and written onto a mylar substrate in an open mesh structure. Due to the 

thixotropic nature of the slurry, a part as written is self-supporting. Hence, the part ia 

capable of being transferred to the oxygen-free glove box. The part equilibrated for at 

least one hour before being placed on a hot plate at TO^C for at least 15 minutes, at which 

time a complete cure had occurred. 

After being removed from the glove box, the cured part was immersed for one 

week in a .01 M NaF solution to catalyze the silanol condensation reaction. After this, 

the part was rinsed and air-dried. The drying was monitored by weight change. Once a 

constant weight was achieved, the part was placed in a vacuum oven at 110 for one 

day, thus ensuring complete removal of any excess water. 
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In order to assure that the polymerization, hydrolysis and condensation reactions 

were going to completion a series of extraction and shrinkage tests were developed that 

tracked weight loss or volume loss throughout the reaction process. These techniques 

were slightly different for the two synthetic procedures and will thus be explained 

separately. 

5.2.3.1 Confirmation of complete reaction through shrinkage and extraction 

5.2.3.1.1 Simultaneous polymerization and precipitation: 

For systems in which the polymerization and condensation reactions happen 

simultaneously, there is no simple measurement that will independently monitor the two 

reactions. For these systems, total reaction completion was measured by monitoring both 

shrinkage and weight loss. 

Total reaction completion was confirmed by placing polymerized and hydrolyzed 

parts in ethanol for 48 hours to extract any unreacted monomer. The samples were 

weighed prior to and subsequent to removal from ethanol. The average % weight loss 

was calculated. 
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Percent shrinkage was measured on the same samples used in extraction 

experiments. Length, height, and width were measured before and after extraction on all 

samples. Shrinkage is used as another measure to confirm that volume loss was 

consistent with expectation, giving another indication of a complete reaction. 

5.2.3.1.1 Sequential polymerization and precipitation 

To confirm the polymerization of the monomers and inclusion of the 

trialkoxysilane pendant group, soluble fractions were extracted fi-om polymerized but 

unhydrolyzed samples using tetrahydrofliran. hrunediately after polymerization a 

polymer part was weighed and then immersed in THF. The swollen part was allowed to 

equilibrate in the THF solution, which was changed daily. After one week the parts were 

deswollen, using tetrahydrofuran-ethanol mixtures of increasing ethanol fraction, and 

reweighed. 

The hydrolysis and condensation reactions were monitoring by following the 

weight loss of unextracted grid samples. Immediately after polymerization samples were 

weighed and immersed in a .OlM NaF solution for I week, dried, and reweighed. 

In order to monitor the entire reaction process, grid samples were freeformed, 

cured and weighed. They were then immersed in a 50:50 THFrEtOH mixture for 3 days. 

The solution was changed daily. The parts were dried and weighed. The percent 

extraction was then calculated. The same part was then immersed in a .OlM NaF water 
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solution for I week. The part was dried and weighed to calculate a % weight loss due to 

the hydrolysis reaction. 

53 Agarose mineralized gels 

Mineralized gels show potential to include high volume fractions of a well-

dispersed inorganic phase. They used solid freeform fabrication for their production. In 

the following sections the experimental techniques used for materials synthesis and 

characterization will be detailed. Additionally, the experimental technique used for 

mechanical testing and further materials characterization are explained in sections 5.6 and 

5.7. 

5.3.1 Mineralized gel synthesis 

Agarose (Sigma) solutions were made by placing agarose, calcium sulfate 

powder, and deionized water into a flask. The most commonly used composition 

contained 5 wt. % agarose, 15 wt. % CaS04, and 80 wt. % water. When different 

formulations are used in experimentation it will be noted. The mixture was stirred for 2 

minutes to break up any aggregation, then heated to TO^C ensuring homogeneity. To 



counteract evaporation, the weight of the solution was monitored and maintained by the 

addition of water. 

The solution was then transferred to a 20 ml syringe and held at 60 °C during the 

forming process. As written, the gel sets almost instantaneously on a cool metal 

substrate. Thus, there is no need for a thickening agent. 

The part was then submersed in a 0.1 M to 2 M solution of either sodium 

carbonate or monobasic ammonium phosphate. Adjusting the volume appropriately 

insured a two-fold excess of the desired coimter-ion. The phosphate solution was 

adjusted to either pH 7 or pH 10 by the addition of sodium hydroxide. After 1 week of 

immersion, the part was washed several times over a period of a second week with 

deionized water to remove any remaining calcium sulfate and other soluble salts. 

In order to achieve homogenous drying a paper towel was placed on top of and 

under the part, which limits evaporation to nearly equal levels on both sides and reduces 

warping. After drying for 1 week the parts were placed in a vacuum oven and dried at 

110°C. 

5.3.2 Characterization of the reaction process for mineralized gels 

In order to confirm that the reaction process was going to completion, both part 

shrinkage and weight change were monitored throughout the reaction process. 
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Agarose calcium sulfate gels were weighed and then immersed in a solution of 

either NH2H2PO4 or Na2C03. The pH was controlled so that the proper mineral phases 

were formed. After the parts were submerged for 1 week they were washed, dried, and 

weighed. The weight of mineral content of the final dried part was then calculated by 

subtracting off the known weight agarose. The yield as a % of theoretical was then 

calculated as the percentage of the final weight mineral from the experimental data and 

compared to the final weight mineral from a theoretical calculation. Extracting the 

agarose then reconfirmed the experimental weight of mineral. The weight of mineral was 

obtained by weighing a dried part, boiling the part in distilled water, washing the remains 

with boiling water, drying the remains, and take a final weight measurement. 

5.3.2.2 Shrinkage due to drying 

Shrinkage was measured by recording the length, width, and height of bars 

immediately after written. The same was done for grids, in which the struts width, length 

and thickness was recorded. The parts were formed of 5 wt. % agarose, 15 wt. % CaS04. 

and 80 wt. % water. The parts were then immersed in a NH2H2PO4 solution held at pH 

10. The parts were washed and dried. The final dimensions of the part were then 

recorded and compared to the beginning dimensions. 
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5.4 Reinforced gels 

Reinforced gels were developed as a means to produce composites with improved 

mechanical properties. Mineralized gels showed promise, but an aligned fiber contained 

within a polymer matrix should show even better properties. 

Agarose were reinforced with wollastonite fibers that were pre-treated by using the 

following process: 

1. Fibers were treated by slowly mixing the wollastonite fibers into a IM 

solution of HCl and allowed to stir for 30 minutes. At which point additional 

acid was added if the pH was greater than 5. 

2. The fibers were filtered and washed continuously until a 10 wt. % fiber 

solution had a pH of 7. 

3. The fibers were dried in a vacuum oven at 110°C 

4. The fibers were added to a 5 wt. % agarose solution and stirred for IS minutes. 
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5. The wollastonite agarose solution was transferred to a 20 ml syringe and held 

at 90 "C during the forming process. Extrusion of this formulation through an 

l8-gauge needle resulted in little clogging. 

As written, the gel sets almost instantaneously on a cool substrate. Thus, there is no 

need for a thickening agent. The parts were dried using the same procedure utilized for 

mineralized gels. 

The characterization of these materials was done via shrinkage and weight loss. 

These experiments were explained in detail in the mineralized gel section. 

5.5 Combination mineralized and reinforced gels 

The synthesis of combination mineralized and reinforced gels follow closely with 

the synthesis of reinforced and mineralized gels. The procedure is as follows: Into 5 wt. 

% agarose solution, CaS04 and treated wollastonite were added to make a solution with 

the weight percents described in Table 5.1 
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Table 5.1 Wt. % of different components in combination mineralized reinforced gels. 

Weight % 
Agarose 4.2 
CaS04 9.9 

Wollastonite 2.5 
H2O 83.4 

The wollastonite fibers were treated using the same process detailed for the 

production of reinforced gels. The solution was then transferred to a 20 ml syringe where 

the solution was extruded through an 18 gauge needle. With this approach the agarose 

solution flowed slightly after deposition. 30 seconds were allowed between layers to 

cause a cooler surface and quicker curing. 

The bars were measured for thickness, width, height, and weight in order to monitor 

the reaction process. The bars were then placed in a IM solution of either pH 7 or pH 10 

monobasic ammonium phosphate. After 5 days the parts were removed, washed for 2 

days, and then dried for 3 days. 

5.6 Mechanical testing 

Mechanical properties testing was done using a three-point bend test method with 

an histron model 1100 with a cross-head speed of 2 mm/min for all samples. The 

mechanical properties of the grid samples are estimated results because simple methods 
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are not currently available for the calculation of the complex geometric shapes. The 

standard formulae for three-point bending of a beam were used: 

E = ML^/48 (5.1) 

J = bh^/12 (5.2) 

a = 3PL/2bd' (5.3) 

8 = 6h5/L- (5.4) 

Equation 5.1 was used to calculate the elastic modulus E. Where L is the support span 

(which ranged between 17nmi and 45 mm in these studies) and M is the slope of the 

tangent to the linear portion of the curve. Equation 5.3 is used to calculate the strength, 

CT, where P is equal to the breaking load, d is the sample height, h is the sample height, 

and b is the sample width. Equation 5.4 is used to calculate the strain, s, and needs the 

additional term 5, for the deflection. The only modification used for the grid calculations 

was to express the width as the sum of the widths of each of the struts rather than the 

overall width of the rectangle. 

5.7 Characterization 

In order to determine the mineral phases present, Anne Yates completed XRD at 

Arizona State University. Ail three types of mineralized gels were studied by grinding 

the composites into a fine powder using a mortar and pestle. 



93 

Scanning Electron Microscopy was used to determine the crystal distribution, 

size, and shape. Samples were run on a Hitachi S-2460N Scanning Electron Microscope. 

Specific conditions used are included with the micrographs that are included in the 

discussion. 



6. RESULTS 

Strong, stiff composite materials typically contain high volume flections of a 

well-dispersed inorganic phase that is bonded to a polymer matrix. In this section the 

results of the development of three distinct composite materials will be discussed. These 

composites were developed using solid freeform fabrication in an attempt to produce 

materials that contain high volume fractions of a well-dispersed inorganic phase. They 

include organic-inorganic hybrid materials, mineralized gels, and reinforced gels. The 

experimental results of each are discussed separately below. 

Freeform fabrication was chosen as a processing method based upon the premise 

that a layer-wise processing technique would be advantageous in developing materials 

where shrinkage is prevalent and in developing materials having controlled compositional 

gradients. The conversion of high voliune fractions of organic alkoxide to an inorganic 

material results in shrinkage and cracking, which has been a serious problem in past 

efforts to develop organic-inorganic hybrid materials. Originally, it was believed that a 

layer-wise approach would allow an additional layer to shrink independent of other 

layers, eliminating buildup of significant stress gradients. Similarly, it was believed that 

a layer-wise approach would allow localized control over concentration and 

supersaturation levels, leading to higher volume fractions of a well dispersed inorganic 

phase. 
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While a layer-wise approach may still be useful, it was difficult to control the 

reactions involved. The difficulties encountered will be detailed below. Even though 

several difficulties were encountered, fi^eform fabrication still showed advantages as a 

processing technique because it allows the development of an open mesh grid. 

In situ precipitation is the chosen process for forming reinforcement for this 

study. The literature study showed that in situ precipitation allows more control over the 

precipitation reaction. Higher volume fractions are common in biomaterials that use in 

situ precipitation for their formation. Further, in situ precipitation minimizes many of the 

constraints associated with conventional composite processing techniques. Using solid 

freeform fabrication in conjunction with in situ precipitation has allowed the 

development of organic-inorganic hybrid materials and mineralized gels with high 

volume firactions of well-dispersed inorganic phases. The remainder of this chapter will 

discuss these materials and their development. 

6.1 Organic-Inorganic Hybrid 

It was shown in the literature review that organic-inorganic hybrid materials show 

promise in the development of composites with a small-scale inorganic phase well-

dispersed throughout the polymeric phase. Even though many of these materials exhibit 

improved mechanical properties, there has been little success in the development of parts 

larger than thin films. This has limited the range of applications for which organic-
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inorganic hybrid materials are considered. By using freeform fabrication this study has 

produced large organic-inorganic hybrid parts. 

The following sections will discuss the selection of organic-inorganic monomers 

(6.1.1), the synthesis (6.1.3 & 6.1.4) and processing (6.1.2) of these monomers. Two 

distinct synthetic procedures were used. As such, the organic-inorganic hybrids that 

result from each synthetic procedure will be discussed separately. The results from 

materials selection and grid formation are important to the development of both synthetic 

procedures and will be explained prior to the results of either synthetic procedure. 

The first procedure focuses on the simultaneous polymerization and hydrolysis 

and condensation reactions to form materials (6.1.3). This section will explain the 

approach used to develop these materials and the characterization of these materials. The 

second synthetic procedure uses a two-stage approach, where the part is first 

polymerized. Only after complete cure are the hydrolysis and condensation reactions 

employed (6.1.4). 

Similarly, this section will explain the approach used to develop these materials 

and the characterization of these materials. These two processing techniques are treated 

separately because the materials produced through each process are different. Novak^^ 

showed that simultaneous precipitation and polymerization should be the preferred 

synthetic procedure, as it should lead to the least phase separation and best mechanical 

properties. However, the process is difficult to control when using solid freeform 

fabrication. This leads to poor parts and poor repeatabili^. 
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In selecting a viable reaction system for organic-inorganic hybrid materials 

several variables must be considered. First, solid freeform fabrication requires a 

monomer solution that will extrude through a needle, resist slumping, and solidify 

rapidly. Further constraints placed upon our system are based upon the requirements of 

organic-inorganic hybrid materials, which generally depend upon the hydrolysis and 

condensation of a silicon alkoxide to form nanometer sized particles. In order to utilize 

in situ precipitation, it was decided that monomers should contain an organic alkoxide 

and should contain a vinyl group so that free-radical polymerization can occur. 

In selecting the final reaction systems, several alternative monomers and 

monomer compositions were evaluated. The first system evaluated was based upon the 

monomer 3-(trimethoxysilyl)propyl methacrylate (TMSPM), shown below. This system 

is advantageous in that it contains a silicon alkoxide within the monomer. Thus, the 

polymerization can occur through the vinyl group by free-radical polymerization and then 

hydrolysis and condensation reactions occur at the silicon alkoxide. This is advantageous 

in that the precipitation of a silicon alkoxide contained within the polymer results in less 

shrinkage and less phase separation. 

CH2— 3 
(6.1) 
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Ouring the polymerization of TMSPM, cracking often occurred. Therefore, a 

series of monomers were chosen so that the composite was more elastic and could 

withstand the shrinkage associated with polymerization. Several iterations of several 

formulations resulted in an optimized TMSPM system. The standard formulation for 

each iteration consisted of TMSPM, another monomer or monomers, fumed silica to 

serve as a rheology enhancement agent, and AIBN as a polymerization catalyst. 

The second system developed was based upon the monomer tetra (2-

hydroxyethylacrylate) silane (THEA). This monomer is advantageous in that there is 

minimal shrinkage associated with curing because the released alcohol is polymerized. 

o 
II 

Si(OCH2CH2COCH=CH2)4 (6.2) 

The polymerization of neat THEA in the presence of polymerization and 

hydrolysis catalyst is a violent reaction. As the reaction proceeds it results in the 

destruction of the part. With the addition of 2-ethyIhelxymethacryIate (EHMA), a 

rubbery polymer, the polymerization is slower and proceeds at a rate that allows control 

over the reaction system. An optimal mole fi^ction of EHMA was determined through 

an iterative process. EHMA was added until adequate control over the reaction system 

was gained. 

To determine the optimal systems, each iteration was written onto a substrate, which was 

transferred to an oxygen-free glove box. After equilibrating for 15 minutes, the sample 

was placed onto a hot plate that was held at 70*'C. 
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Several monomer systems cracked during polymerization rendering them 

unsuitable. Other monomer systems failed to fully polymerize, leading to unsuitable 

mechanical properties. While still other monomer systems were eliminated because the 

polymerization reaction gave ofT large amounts of heat that caused the monomer to boil. 

After polymerization each monomer system was examined and the resulting polymer 

properties are shown in Table 6-1. 

Table 6.1. Monomer systems used in the polymerization and formation of organic-
inorganic hybrid materials. Each monomer used was combined with the mole fraction 
indicated in the second column of the monomer 3-trimethoxysilylpropyl methacrylate, 

.05 wt. % AIBN, and 8 wt. % fumed silica. 
Monomer system Mol. fraction 

TMSPM 
boiling temp 

monomer (®C) 
Resultant 
polymer 

tetra(ethyIenegiycol) diacrylate 0.55 — Soft 
0.79 ~ Soft 
0.83 ~ Soft 
0.86 ~ Soft 
0.92 ~ Soft 
0.96 — Soft 

butyl methacrylate 0.28 145 Cracked 
2-hydroxyethyl acrylate 0.34 90 Brittle 

Methacrylic acid 0.19 163 Cracked 
2-hydroxy ethyl methacrylate 0.38 67 Brittle 

Cyclohexyl methacrylate 0.73 68 Brittle 
tri(ethyleneglycol) dimethacrylate 0.27 171 Similar to 

TEGDA 
2-ethylhexyl methacrylate 0.67 120 Good 

tetra(2-hydroxyethylacrylate) 
silane 

— — Good 

From the monomer systems listed in Table S.l, a few monomer systems were 

selected. These include: 
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System 1—fTEGDA/EHMA/TMSPMl A system composed of tetra(ethyleneglycoI) 

diacrylate (TEGDA), 2-ethylhexyI methacrylate (EHMA), and 3-(trimethoxysilyl)propyl 

methacrylate (TMSPM); 

System 2—(THEA/EHMA) Systems composed of tetra (2-hydroxyethylacry late) silane 

(THEA) monomer and 2-ethyIhexyI methacrylate (EHMA), 

These two monomer systems are utilized in the remaining work on organic-

inorganic hybrid materials. The final formulation contained varying molar proportions of 

each of the monomers, 8 wt. % fumed silica (used as a rheological agent to form a 

thixotropic slurry), and .05 wt. % AIBN. 

6,1.2 Grid geometry allows the development of large parts 

While the selection of a proper reaction system leads towards the development of 

large organic-inorganic hybrid materials, another important aspect is the use of a grid 

geometry. Solid parts develop a crazing pattern that begins on the surface and penetrates 

1 cm or more into the part. The cracks are generally wider at the stirface and narrower, 

the deeper the penetration. Grids, on the other hand, undergo very little cracking. Some 

small shallow cracks developed on the thicker regions such as the perimeter. On very 
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6.1.3 Mineralization and Polymerization During Freeform Fabrication 

Initial freeforming attempts tried to capitalize on the layer-wise processing ability 

of freeform fabrication. By incorporating a stoichiometric amount of water, hydrolysis 

(.5 wt. % NaF), and polymerization catalysts (.Iwt. % AIBN) into the monomer solutions 

detailed above as TEGDA/EHMA/TMSPM and THEA/EHMA, each written layer could 

undergo simultaneous polymerization and precipitation reactions. The specifics of this 

procedure, which allows shrinkage to occur in a layer-wise process, include: 

1) Writing the first line onto a substrate on a hot plate that is kept at 70®C 

2) Allowing the polymerization and hydrolysis reaction to occur before the 

second line is deposited 

3) Writing subsequent lines only after the previous line is cured 

The lay time between layers was approximately 10 minutes. The main drawback to this 

approach was the inability to control the precipitation reaction. For example, as the 

slurry sat in the syringe, waiting to be extruded, the hydrolysis reaction began. As a 

result, each subsequent line had a lower viscosity than the previous line. After a couple 

lines, the slurry resembled a liquid and would flow off of the previous line. To gain 

control over the precipitation reaction, the time between lines was eliminated. 

Thus, the final procedure used for the synthesis of organic-inorganic hybrids that 

utilize simultaneous polymerization and hydrolysis includes the following steps: 
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1) Mixing monomer, hydrolysis and polymerization catalyst, and fumed silica 

2) Writing slurry onto a hot-plate in an oxygen free environment 

3) Allowing time for the reactions to occur 

4) Drying part 

6.1.3.1 Degree of reaction with simultaneous polymerization and mineralization 

Following the above procedure, the polymerization of both monomer systems 

TEGDA/EHMA/TMSPM and THEA/EHMA, in the presence of hydrolysis and 

polymerization catalysts readily produces polymer networks. To ensure complete cure 

each polymer system was allowed to remain on the hot plate for 1 hour and in the glove 

box for 12 hours aifter initial cure. The part was then placed in a vacuum oven for 24 

hours at I iCC to drive ofif any excess water. 

To confirm a complete reaction at the end of the procedure, parts were weighed 

and then placed in ethanol for 48 hours to extract any unreacted monomer. The samples 

were removed from ethanol, dried, and weighed again. The average percent weight loss 

was calculated from three samples of each material and the results are included in Table 

6.2. The low levels of extractable material indicate that high conversion from monomer 

to polymer was achieved. However, this study does not give any indication as to the 

degree of completion of the hydrolysis and condensation reactions. 
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Table 6.2. Percent weight loss is a measure of extractable material, and percent 
conversion. Extraction was done by immersing parts in ethanol and monitoring the 

Monomers Weight (%) loss Stdev 
80 mol. % THEA: 
20 mol. % EHMA 

7.7% 1.2% 

55 mol. % TMSPM: 
36 mol. % TEGDA: 

9 mol. % EHMA 
14.5% 

2.2% 

Since the hydrolysis and condensation reactions have occurred before the extraction, no 

further weight loss is expected for either the THEA/EHMA system or the 

TMSPM/TEGDA/EHMA system. The weight loss that is seen comes from any 

extractable matenal. The weight loss is most likely due to monomer and oligomer that is 

unincorporated in the polymer network. While 7.7 wt. % is acceptable, the loss of 14.5 

wt. % in the TMSPM/TEGDA/EHMA system is higher than expected for the formation 

of a polymer network. 

Percent shrinkage was measured on the same samples used in the weight loss 

experiment. Length, height, and width were measured before and after extraction on ail 

samples. Shrinkage is used as another measure to coniirm that volume loss was 

consistent with expectation, indicating a complete reaction. Table 6.3 shows actual and 

expected shrinkage. The expected shrinkage was calculated from the weight loss values 

in Table 6.2, with the assumption that only unreacted organic would be extracted. The 

density of the monomers was then used to calculate expected shrinkage. Any weight loss 

must be due to the loss of polymer or monomer not included in the network. 
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The results indicate that shrinkages and weight losses were similar for the 

THEA/EHMA system, but that the TMSPM/TEGDA/EHMA parts shrunk much less than 

expected. This shortfall in shrinkage may be a loss of inorganic particles, or due to some 

structural stiffiiess in the polymer network which does not allow the polymer to shrink to 

fill in voids left from extracted monomer. 

Table 6.3. Shrinkage ofboth in situ polymerization systems. Shrinkage was measured 
by monitoring the change in length, width, and height from immersion in ethanol 

solution. 
Monomers Expected 

vol. 
Loss 

Actual vol. 
loss 

Stdev Shortfall of 
shrinkage 

80mol.%THEA: 
20mol.%EHMA 

9% 7% 2.4% 2% 

55 mol. % TMSPM: 
36 mol. % TEGDA: 

9 mol. % EHMA 
15% 5% 1.0% 10% 

While the completion of reaction is adequate in both of these systems it is not 

optimal. However, with this process large parts are formed that are capable of being 

extracted in ethanol. If low degree of conversion had occurred the part would dissolve in 

ethanol. 
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6.1.3.2 Mechanical properties for systems with simultaneous polymerization and 

mineralization 

Mechanical properties were measured for each of the three samples for both 

reaction systems (Table 6.4) using 3-point bend test on an Instron. Moderate elastic 

modulus values ranging from .6 - 2.9 GPa were found. This range is typical for soft to 

hard polymer systems. 

Table 6.4 Mechanical properties as measured by 3-point bend test, for in situ mineralized 
organic-inorganic hybrid materials. Results are an average of 3 specimens for each 

sample. 

E (GPa) Stdev Strength 
(MPa) 

Stdev Strain 
% 

Stdev 

80 mol. % THEA: 
20 mol. % EHMA 

0.9 .4 65 13 7 1 

55 mol. % TMSPM: 
36 mol. % TEGDA: 

9 mol. % EHMA 

2.4 1.0 36 8 2 .9 

The large standard deviation is a result of the low sample number and the lack of 

control over the reaction process. Several groups 22,55 have shown that the mechanical 

properties of organic-inorganic hybrids are dependent upon the degree of phase 

separation. Theoretically the polymerization and condensation reactions should happen 

simultaneously. This may not be the case. While the hydrolysis and condensation 

reactions are initiated upon mixing, the polymerization reaction is not initiated until a line 
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is written unto a hot plate. Any delay will lead to a change in the reaction balance and a 

change in the degree of phase separation. Novak successfully altered the degree of phase 

separation in a similar reaction process.'^ However, his system allowed carefully 

controlled reaction conditions. 

The use of freeform fabrication to form large-scale parts sacrifices some control 

over the reaction condition. While further experimentation could be done to gain further 

control over the reaction conditions, the maximum volume fractions of inorganic that can 

be included are limited by the choice of monomer. It is unlikely that the mechanical 

properties will advance beyond their low levels. Thus, further work is unwarranted. 

6,1.3.3 Morphology of systems with simultaneous polymerization and mineralization 

Scanning Electron Microscopy (SEM) was used to examine a cross-sectional 

fracture surface for both of the polymerization/condensation systems. They are included 

as Figure 6.2 a-c. The image of TEGDA/EHMA/TMSPM indicates that the sub-micron 

sized spherical shaped mineral particles that are well dispersed. Fumed silica is included 

in this sample. The fumed silica used is approximately .01 microns and should aggregate 

to form branched, chain-like structured aggregates a few tenths of a micron long. It 

appears that both fumed silica and precipitated silica can be seen in this sample. 
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Figures 6.2 a, b, and c verify that the condensation reaction is occurring. Figure 

6.2 b and c show that randomly dispersed throughout the polymer matrix is Si02 

aggregates with diameters under 10 microns. The aggregates are composed of several 

smaller crystals, which are spherical and 2-3 microns in diameter. The estimated volume 

fraction is about 6 vol. %, which is consistent with theoretical vol. % SiOa (5.9 vol. %) 

provided by the in situ precipitation. This provides further evidence that the hydrolysis 

and condensation reactions are proceeding near completion. 

The aggregated particles were explored further, by allowing THEA/EHMA 

monomers to be mixed with excess water and .OlM NaF solution. Within 10 minutes the 

monomer solution gelled. This indicates that the sol-gel reaction is occurring rapidly. 

With the constraints of the freeforming system, it is often not possible to initiate the 

polymerization quickly enough to allow simultaneous polymerization and precipitation. 

By contrast, 6.2 a shows that TEGDA/TMSP/EHMA forms uniformly dispersed 

inorganic particles within a polymer matrix. The particles are significantly smaller than a 

micron in size. Again, the presence of these particles in amounts proportionate to the 

expected 10 vol. % shows that the reaction is proceeding as expected. 

The modulus of parts developed from the polymerization of tetra(2-

hydroxyethylacrylate) silane with 2-ethylhexyl methacrylate is typical of rubbery 

polymers. The volume fi:action of silica alone accounts for the small improvement seen 

in the modulus. The aggregation of the particles assures that the polymer matrix will 

carry the applied stress nearly exclusively. The modulus of parts formed by the 

polymerization of 3-(trimethoxysilyl)propyl methacrylate, with 2-ethylhexyl 
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methacrylate, and tetra(ethyleneglycol) diacrylate, is 2.4 GPa which is the range of hard 

polymers. 

These results show that the reinforcement of polymer matrix by the in situ growth 

of particles is a feasible process. However, the mechanical properties do not advance 

beyond those of typical polymer systems and thus do not warrant further investigation. 

6.1.4 Polymerization during freeform fabrication with subsequent mineralization 

The processing of organic-inorganic hybrids with simultaneous polymerization 

and precipitation is difficult. Aggregated SiOi particles, poor mechanical properties, and 

inconsistent properties result from the lack of reaction control due to precipitation 

initiated before polymerization. An alternative processing route was devised to allow the 

formation of organic-inorganic hybrid materials through a two step process. The first 

step is the polymerization of TEGDA/EHMAyTMSPM or THEA/EHMA to form 

polymer networks. The second step is the hydrolysis and condensation of the silicon 

alkoxide, which is covalently bonded to the polymer network. It is believed that the 

polymerization process limits the amount of mobility available to the silicon alkoxide 

because a polymer has less mobility than a polymer. Thus the sequential process limits 

silicon alkoxide mobility and the degree of phase separation. 
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6.1.4.1 Processing of organic-inorganic hybrids with polymerization followed by 
mineralization 

Slurries were formed for both the TEGDA/EHMA/TMSPM and the 

THEA/EHMA systems. Their approximate composition contains the monomers in 

various mole fractions (Table 6.5), 05 wt. % AIBN, and 8 wt. % fumed silica. The 

slurries were placed in a syringe equipped with a needle and written onto a substrate in an 

open mesh structure. Due to the thixotropic nature of the slurry, a part as written is self-

supporting. Hence, the part is capable of being transferred to the oxygen free glove box. 

The part equilibrated for at least 1 hour before being placed on a hot plate at for at 

least 15 minutes, at which time a complete cure had occurred. 

After being removed from the glove box, the cured part was immersed for 1 week 

in a .01 M NaF solution to catalyze the silanol condensation reaction. After this, the part 

was rinsed and air-dried. The drying was monitored by weight change. Once a constant 

weight was achieved, the part was placed in a vacuum oven at 110 °C for I day. This 

ensured complete removal of any excess water. Several formulations resulted in several 

parts, which are outlined in Table 6.5. 
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Table 6.5 Mole fractions of each monomer used in the organic-inorganic hybrid 

Sample 

Mole 
fractions wt% 

Fumed Silica Sample TMSPM TEGDA EHMA 
wt% 

Fumed Silica 
32TMSPM:27TEGDA: 

41EHMA 
0.32 0.27 0.41 8.1 

33TMSPM:45TEGDA: 
22EHMA 

0.33 0.45 0.22 7.2 

50TMSPM:24TEGDA: 
26EHMA 

0.50 0.24 0.26 6.9 

51TMSPM:19TEGDA: 
31EHMA 

0.51 0.19 0.31 7.9 

52TMSPM:27TEGDA: 
21EHMA 

0.52 0.27 0.21 7.9 

53TMSPM:36TEGDA: 
llEHMA 

0.53 0.36 0.11 8.0 

55TMSPM:33TEGDA: 
12EHMA 

0.55 0.33 0.12 7.5 

58TMSPM:17TEGDA: 
25EHMA 

0.58 0.17 0.25 8.9 

65TMSPM:26TEGDA: 
9EHMA 

0.65 0.26 0.09 7.8 

87TMSPM:13TEGDA 0.87 0.13 0.00 8.3 
74TMSPM;26TEGDA 0.74 0.26 0.00 8.3 
65TMSPM:35TEGDA 0.65 0.35 0.00 8.3 
60TMSPM:40TEGDA 0.60 0.40 0.00 8.3 
50TMSPM:50TEGDA 0.50 0.50 0.00 8.3 

6.1.4.2 Degree of reaction with sequential polymerization and mineralization 

In order to produce organic-inorganic composites with a high volume fraction of 

well-dispersed inorganic phase, it is important to have efBcient reactions. This means 
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that the polymerization, hydrolysis and condensation reactions must go to near 

completion. These reactions are monitored and detailed in the next two sections. 

By using a sequential synthetic procedure rather than a simultaneous procedure, it is 

possible to separate the polymerization and hydrolysis/condensation reactions. Thus, the 

characterization of the materials produced using this procedure includes data on both 

reactions. 

6.1.4.3 Completion of polymerization 

To confirm the polymerization of the monomers and inclusion of the 

trialkoxysilane pendant group, soluble fractions were extracted using tetrahydrofliran. 

The data included m Table 6.6 was gathered on polymerized but unhydrolyzed samples. 

Immediately after polymerization a polymer part was weighed and then immersed in 

THF. The swollen part was allowed to equilibrate in the THF solution, which was 

changed daily. After 1 week the parts were deswoUen by using tetrahydrofuran-ethanol 

mixtures of increasing ethanol fraction, and reweighed. The weight loss ranged from 3% 

to 9%, but showed no correlation with the content of cross-linking agent. These values 

are included in Table 6.6. The relatively low extractable fractions indicate that little 

unreacted monomer is present indicating that polymerized networks were produced. 
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Table 6.6. Weight Change due to extraction of monomer and polymer, which is not 
included in the network structure. 

Sample Observed (%) weight loss 
87TMSPM:13TEGDA 3.3 
74TMSPM:26TEGDA 8.7 
65TMSPM:35TEGDA 3.3 
60TMSPM:40TEGDA 3.7 
50TMSPM:50TEGDA 8.6 

6.1.4.4 Completion of hydrolysis and condensation reactions 

Two separate experiments were done to determine the extent of completion of the 

hydrolysis and condensation reactions. The first is a continuation of the study detailed in 

Table 6.6. However, new samples were produced and used so that non-extracted samples 

could be examined. The sample monitored in this study will be used again in the 

determination of mechanical properties. The second experiment is a cleaner 

measurement of the degree of hydrolysis, as the samples are pre-extracted. 

6.1.4.4.1 Measurement of hydrolysis completion; non-extracted samples 

The hydrolysis and condensation reactions were monitored by following the 

weight loss of unextracted grid samples. Immediately after polymerization (contrary to 

the samples detailed in Table 6.6, which were inmiediately extracted), the samples were 

weighed and immersed in a .OlM NaF solution for I week, dried, and reweighed. Since 



116 

the samples were not pre-extracted to remove unreacted monomer, the silicon alkoxides 

on the polymer can condense with silicon alkoxide on the unreacted monomer. The net 

result is a higher expected degree of inclusion in the network. Additionally, these 

samples were simultaneously measured for shrinkage (Table 6.9) and later tested for 

mechanical properties (Table 6.10). 

The expected weight loss was calculated from the expected loss of the alcohol. 

Since the 87TMSPM:13TEGDA contains the greatest proportion of TMSPM it follows 

that the expected weight loss is largest for this part. The results included in Table 6.7, 

show that the weight loss is similar to the weight loss expected due to hydrolysis for 

samples 65TMSPM:35TEGDA, 60TMSPM:40TEGDA, and 50TMSPM:50TEGDA. For 

two of the samples, the actual % weight loss was larger than the calculated % weight loss. 

This gives the indication that some unreacted monomer is being extracted by immersion 

in NaF solution. On the other hand, samples with the highest fraction of TMSPM, 

87TMSPM:13TEGDA and 74TMSPM:26TEGDA show considerably lower weight 

losses than expected, indicating poor conversion in these samples. 

Table 6.7. Weight change due to alkoxide hydrolysis and condensation for organic-
inorganic hybrid networks. Monitored by weight loss measurements. Average of three 

samples. 

Sample Observed (%) 
weight loss 

Expected (%)weight 
loss 

(%) Hydrolysis 

87TMSPM:13TEGDA 6.7 21 32 
74TMSPM:26TEGDA 12.9 17 76 
65TMSPM:35TEGDA 16.8 15 112 
60TMSPM:40TEGDA 13.5 14 96 
50TMSPM:50TEGDA 11.7 11 106 
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The mechanical properties of hydrolyzed and unhydrolyzed parts are included in 

Table 6.8. Hydrolysis of parts increases strength and modulus values several fold 

indicating that the reaction is proceeding and that silica does reinforce the parts. 

6.1.4.4.2 Measurement of hydrolysis completion; extracted sample 

Three parts were formed with the composition 55TMSPM:45TEGDA. The 

samples were extracted and then subsequently hydrolyzed to confirm that the extraction 

was occurring uniformly across composition. In order to monitor the reaction through 

out the process, grid samples were freeformed, cured and weighed. They were then 

immersed in a 50:50 THF:EtOH mix for 3 days. The solution was changed daily. The 

part was dried and weighed. The sol-fraction was calculated as the percent change in 

weight. 

The same part was then immersed in a .01M NaF water solution for 1 week. The 

part was dried and weighed to calculate a % weight loss due to the hydrolysis reaction. 

The expected % weight upon hydrolysis of an extracted sample was then calculated as the 

expected % weight loss due to the loss of alcohol from the hydrolysis reaction base upon 

the assimiption that the extracted material was of the same molar composition as the 

starting monomers. The calculated % hydrolysis is simply a ratio of the % of actual wt. 

loss and expected % weight loss. 
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The study shows that the percent extractions are low indicating good network 

formation. The expected weight loss due to hydrolysis corresponds very closely with the 

actual weight loss due to hydrolysis data showing that the hydrolysis and condensation 

reactions are going to completion (Table 6.8). 

Table 6.8. Grid samples were fireeformed and cured. They were then immersed in a 
50:50 THFrEtOH mix, for 3 days. The solution was changed daily. The part was dried 
and weighed. The sol-&action was calculated from the difference between these two 
numbers. The same part was then immersed a NaF water solution (.OlM) for 1 week. 
The part was dried, and the % hydrolysis was calculated by a weight loss compared to 

^eoretical weight loss. 

Sample % 
extracted 

Expected % wt. loss 
upon hydrolysis of 
extracted sample 

Actual % wt. loss 
due to hydrolysis of 

extracted sample 

Calculated 
% 

hydrolysis 
55TMSPM:45TEGDA 5.3 17.0 16.1 94.5 
55TMSPM:45TEGDA 8.1 17.0 16.6 97.6 
55TMSPM:45TEGDA 12.4 17.0 12.2 98.0 

6.1.4.5 Characterization of organic-inorganic hybrids through shrinkage 

Shrinkage plays a large role in the formation of organic-inorganic hybrid 

materials. As previously stated, a vast amount of research has been compiled on these 

composites, yet few large-scale parts have been produced. This is primarily a factor of 

the shrinkage and cracking that accompany the large volume losses. The grid structure 

shown in section 6.2 allowed the development of large-scale parts in this project. 
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Shrinkage data was monitored in this study to understand the correlation between 

weight loss and volume loss, as an aid to determine reaction completion. The same 

samples shown in Table 6.7 were used again in this study to measure shrinkage. An 

additional series of parts were also monitored for shrinkage using the same process. The 

length and height of the part were measured, as well as, the thickness of the struts. The 

part was then inunersed in the NaF solution. After 1 week the samples were dried and 

the length, width and height were measured again. The % change in each length was then 

calculated. 

To calculate expected shrinkage, the loss of alcohol and the density change 

associated with the conversion of ±e inorganic alkoxide to SiOa particles were both taken 

into account. The percentage shrinkage for each value is relative to the volume of the 

unhydrolyzed part. 

The shrinkage is similar to expectations for all parts except those with high 

TMSPM content. This value neither confirms nor denies the achievement of reaction 

completion. As expected, the data also shows that the shrinkage is uniform and does not 

vary depending upon direction or the amount of uninterrupted material. The length 

undergoes the same percentage of shrinkage as the width of a strut even though the part 

length is several times larger. This is an indication that the grid structure is capable of 

shrinking in thinner sections, which may more easily shrink. 
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Table 6.9 Linear shrinkage of organic-inorganic hybrid materials 

Sample Vol. loss 
% 

Expected 
shrinkage 

Vol. % 

% Shrinkage 
of part 
height 

% 
Shrinkage of 
part length 

% Shrinkage 
of strut 

thickness 
50TMSPM:24TEGDA: 

26EHMA 
16 18.9 7.8 6.3 2.3 

55TMSPM:33TEGDA: 
12EHMA 

34.5 19.8 12.9 14.8 11.7 

58TMSPM;17TEGDA: 
25EHMA 

19.9 22.1 10.5 6.7 4 

32TMSPM:27TEGDA: 
41EHMA 

12.1 12.3 1.6 5.7 5.2 

87TMSPM:13TEGDA-
a3 

17.6 31.9 7.6 4.8 6.3 

74TMSPM:26TEGDA-
a4 

17.8 26.4 4.9 5.4 8.6 

65TMSPM:35TEGDA-
a4 

11.9 22.8 3.3 4.5 6.6 

60TMSPM:40TEGDA-
a4 

12.6 20.8 4.0 6.1 3.0 

50TMSPM:50TEGDA-
a4 

13.9 17.0 6.2 3.9 4.5 

6.1.4.6 Mechanical properties of organic-inorganic hybrids formed through sequential 

polymerization and precipitation 

Mechanical properties were measured for each of the three samples for both 

reaction systems (Table 6.4) using 3-point bend test on an Instron. As detailed in the 

experimental section, the properties of grid structure were calculated using standard 3-

point bend modulus, strength, and strain equations. To calculate the volimie of material 

used, the voids were subtracted fix)m the part thickness. The elastic modulus of 
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hydrolyzed hybrid grids ranged from 300 MPa to 4 GPa. This range is typical for soft to 

hard polymer systems. 

Table 6.10. Mechanical data on organic-inorganic hybrid materials, which were 
polymerized and hydrolyzed after freeform fabrication, a- indicates the number of 

samples tested 

Sample Hydrolyzed E 
(G?2l) 

Stdev Strength 
(MPa) 

Stdev Strain 
(%) 

Stdev 

52TMSPM:27TEGDA: 
21EHMA-a2 

yes 1.1 0.2 62 14 6 2.6 

53TMSPM:36TEGDA: 
llEHMA -a2 

yes 1.0 0.2 38 23 4 3.3 

55TMSPM:26TEGDA: 
9EHMA-a2 

yes 1.5 0.9 58 2 5 2.7 

74TMSPM:26TEGDA-
a2 

yes 0.8 0.1 52 0.3 7 1.4 

74TMSPM:26TEGDA-
a2 

no 0.1 0.1 12 0.3 9 3.5 

65TMSPM:35TEGDA-
a2 

yes 0.8 0.1 136 13 17 4.2 

60TMSPM:40TEGDA 
-a2 

yes 0.3 0.02 53 4 16 2.9 

50TMSPM:50TEGDA 
-a2 

yes 0.4 0.2 62 15 16 3.0 

50TMSPM:24TEGDA: 
26EHMA-a2 

yes 2.5 0.4 97 33 4 0.6 

55TMSPM:33TEGDA: 
12EHMA-a2 

yes 0.5 0.2 72 22 14 1.1 

55TMSPM:33TEGDA: 
12EHMA 

no 0.2 — 30 — 20 — 

58TMSPM:17TEGDA: 
25EHMA -a3 

yes 1.8 0.2 85 20 8 2.3 

58TMSPM:17TEGDA: 
25EHMA-a2 

no 0.2 0.05 39 12 21 0.8 

32TMSPM:27TEGDA: 
41EHMA -a2 

yes 0.4 0.01 37 1 9 0.1 
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In two out of the three cases the unhydrolyzed samples show a statistically 

significant lower elastic modulus than comparable hydrolyzed samples. Only one out of 

the three shows a significantly different strength. This is an indication that the hydrolysis 

and condensation reactions are occuring. However, it also seems to be reconfirming that 

some samples are not being completely hydrolyzed. 

The large variation in modulus seems to be a result of two factors. The first is the 

small sample size being measured on a grid geometry. Tested grids seemed to allow 

further variation than traditional tensile bars. The second seems to be the incomplete 

reaction that is occurring in some samples. 

The mechanical properties of the parts that were polymerized and hydrolyzed in 

series are similar to those detailed in section 6.1.1. The observed strengths are quite good 

and the strains to break are high. The strength and extension to break show considerable 

variability. This is due to the low number of samples. Testing the mechanical properties 

of grids adds to the variability. Since each strut breaks independent of the other struts, 

the strength, as measured, is a measurement of the strength of the strongest strut. 

However, when the first strut breaks, the part may undergo a slight torsion. This allows 

the load to be carried differently and allows a higher ultimate strain. 

Even through the large degree of variability, the parts show a clear trend of 

increasing modulus with silica content. The total silica content was calctilated assiuning 

complete hydrolysis and condensation and added in the volume of fumed silica added. 

The increase of modulus with silica content is expected and gives another indication that 

some samples are precipitating as expected. 
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Figure 6.3 Elastic modulus as measured from a 3-point bend test shows an increasing 
trend with increasing volume fractions of silica. 

5 10 

Volume RvctionSlOi 

• TMSPIWTEGDA/EHMA 

• TMSPMH^GDA 

15 

The sample series 87TMSPM:13TEGDA, 33TMSPM:45TEGDA:22EHMA, and 

51TMSPM:19TEGDA:31EHMA were not tested for mechanical properties because the 

samples were slightly cracked or otherwise deformed by the hydrolysis process. Since 

these samples would not provide meaningful data they were excluded from this study. 
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6.1.4.7 Characterization of organic-inorganic hybrids formed with sequential 

polymerization and precipitation 

Examination of the samples under high magnification (Figure 6.4) shows a rough 

surface with many .1 micron sized spherical shaped nodules that are well dispersed 

throughout the polymer matrix. Fumed silica is included in this sample. Again the 

fumed silica used is approximately .01 microns and should aggregate to form branched, 

chain-like structured aggregates a few tenths of a micron long. A few differences can be 

seen between the polymer systems, which were polymerized and hydrolyzed at the same 

time and those that were done in sequential steps (Figure 6.2). First, less chain like 

structures that seem to be attributable to fumed silica are seen. Second, the particles 

appear less pronounced. An unhydrolyzed sample without fumed silica shows no 

significant mineral content. 

Figure 6.4A. Hybrid materials which have been polymerized and subsequently 
hydrolyzed. System 55TMSPM:33TEGDA:12EH1^ is indicated here. 6.4.B. An 

unhydrolyzed sample was shown for comparison. 
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6.1.5 Addition of external silicon source. 

In order to increase the silicon content in the organic-inorganic hybrid materials, 

ethylsilicate was used as a reinforcing agent. Since the volume percent mineral content 

of the previous organic-inorganic materials was limited to just over 11 vol. % silica, 

including fumed silica, additional silica is needed to produce highly reinforced polymers. 

These hybrids were produced by adding 3S-weight percent ethyl silicate to the 

74TMSPM;26TEGDA system. This allows for an additional 17 vol. % silica, raising the 

total volume fraction silica to 25.6%. The production of these parts followed the same 

procedure detailed for precipitation after polymerization. The slurry was written onto a 

substrate, which was transferred to an oxygen free glove box, where the reaction 

occurred. The part was immersed in a .01M NaF solution for 1 week. Weight and size 

were both monitored throughout the process. Both are included in Table 6.11. The 

weight loss is less than expected and less than the comparable part that has no 

ethylsilicate added. Shrinkage is significantly less than expected but greater than 

comparable part with no ethylsilicate added. Surprisingly, the ethylsilicate part seems to 

show greater shrinkage in the thickness of the strut. 
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Table 6.11 Shrinkage during the processing of TMSPM:TEGDA and TMSPM 
ethylsilicate parts. 

Sample Wt. 
loss % 

Average 
Linear 

Shrinkage % 

Expected 
Shrinkage 

Vol. % 

% Shrinkage 
of part 
height 

% 
Shrinkage of 
part length 

% Shrinkage 
of strut 

thickness 
74TMSPM: 
26TEGDA-

a2 

12.9 4.3 25.0 4.0 6.1 3.0 

35 wt.% 
ethyl silicate 

and 
74TMSPM; 
26TEGDA 

3.9 7.4 63.0 3.1 5.1 13.9 

With the additional volume of hard inorganic filler, it is expected that the modulus 

should increase significantly. Instead, a decline in modulus was seen in comparison to 

the base material without ethyl silicate added. This is believed to be a result of 

incomplete reaction and the plasticization of the polymer by ethyl silicate. Results are 

shown in Table 6.12. 

Table 6.12 Modulus and strength as measured by 3-point bend. The values given are an 
average of two samples, which were both reinforced with ethylsilicate. 

Sample E(GPa) Stdev Strength 
(MPa) 

Stdev Strain 
% 

Stdev 

74TMSPM:2 
6TEGDA-a2 

0.8 0.1 52 0.3 7 1.4 

35 wt.% ethyl 
silicate and 

74TMSPM;2 
6TEGDA 

0.14 .06 12 3 17 4 
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cracking. Unfortunately, solid freeform fabrication reduces the degree of control over the 

reaction conditior^s. Additionally, these composites are limited to low-volume fractions 

of inorganic material resulting in mechanical properties that are typical for soft to hard 

polymers. 

6.2 Mineralized Gels 

Organic-inorganic hybrid materials utilize in situ precipitation to develop 

composites with a small-scale inorganic reinforcing phase. However, the mechanical 

properties are poor due to the low volume fractions of inorganic phase. An ideal 

processing route for composites would require little energy to produce a well-dispersed 

material with a high volume fraction of reinforcement. A potential method that would 

meet these requirements would allow the reactant to either diffuse into and precipitate 

within a polymer part or allow high volume concentrations of reactant to be present 

within the polymer system during processing, and later be induced to precipitate. Highly 

swollen polymer gels with reactants contained within them fit this description. 

Crystal growth in gels has been studied for a long time. Most of the work has 

focused either on growing specific crystal structures at low concentrations in the gel, or 

the inhibition of crystals. This work focuses on utilizing polymer gels to influence the 

crystal growth of high volume fractions of crystals within a polymer gel. The ability of 
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the polymer to interact with growing crystals and the ability of the gel to influence the 

concentration of reactants through osmotic forces will be utilized. 

In addition to this added control of crystal growth, swollen gels offer potential 

processing advantages. Typical volume fractions of reinforcement for thermoplastics are 

approximately 25 to 30 vol. %, limited by the lack of processability and dispersion of 

particles in polymer or monomer at higher volume f^tion.^ Similarly, processing 

constraints for short fibers, which use injection molding, limit volume fraction to 40% at 

an aspect ratio of 10 and 10 vol. % with an aspect ratio of 50.^57 xhe limitation is 

caused by shear forces, which result in breaking of fibers, and the percolation threshold. 

The following sections will discuss the development of mineralized gels: 

mineralized gel system selection (6.2.1), mineral phase formation and identification 

(6.2.2), morphology of composites (6.2.3), volume fraction and shrinkage (6.2.4) and 

mechanical properties (6.2.5). 

6.2.1 Mineralized gel system selection 

The development of mineralized gels went through several steps. First, CaCh 

agarose disks were immersed in a counter ion solution to form precipitate and measure 

the extent of precipitation that would occur inside a swollen gel. Next an alternating 

agarose gel approach process was used; in which one layer of gel contained CaCh while 

the next contained Na2C03 or NH4HPO4. Finally, an agarose gel loaded with suspended 

CaS04 particles was immersed in a counter ion solution. 
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6.2.1.1 Precipitation results for CaCh agarose disks immersed in a counter ion solution 

The first set of mineralized gels focused on the use of gel disks. A 6 wt. % 

solution of agarose and either IM or 2M CaCh was cast into disks, allowed to cool, and 

solidify. The part was then placed into a Na2C03 solution, which ranged from .5M to 

2M. The weight change was monitored for 96 hours. After which the disk was placed 

into water for rinsing for 41 hours and then dried for ISO hours. Similar studies were 

done with NaHCOj and (NH4)2HP04. For the agarose gels, in which CaCOs was 

precipitating, the maximum possible wt. % when using the IM CaCb gels was 62 wt. %. 

When using the 2M CaCh gels the best result was 77 wt %. Likewise for the 

(NH4)2HP04 system, if all of the precipitate formed Ca3(P04)2, there was a maximum of 

63 wt. % for the IM CaCh gels and 78 wt. % for the 2M CaCh. The weight percents that 

resulted from this study are shown in Table 6.13 

Table 6.13 Weight percent of mineral formed in an agarose gel charged with CdClj and 
immersed in either Na2C03, NaHCOs, or NH4HPO4 

Weight percent mineral precipitated in an agarose gel through the inward 
diffusion of the given salt 

Concentration 
CaCh 

Na2C03 NaHCOs NH4HPO4 
Concentration 

CaCh 
.5M IM 1.5M 2M 2.5M .5M IM IM 2M 

IM 46% 49% 54% 40% 30% 57% 59% 35% 35% 
2M 42% 32% 41% 39% 36% — ~ 36% 35% 
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The disks showed various degrees of effectiveness. All carbonate disks showed 

high weigh fractions of precipitate occurring within them. However, when the external 

concentration of carbonate is IM or higher for the NaaCOa solution, the gel collapses into 

a dish like shape. The precipitation must be occurring more densely in the outer layers, 

causing their stiffening. At IM, the NaHCOj solution showed no dishing and potential 

uniform precipitation. By contrast, the phosphate system appeared to have most of the 

precipitation occurring at the surface regardless of concentration. The results seem to 

indicate that osmotic pressure is playing an important role in the development of uniform 

precipitation. 

To emulate this process, solutions of 4% agarose and 2M CaCh were written 

using freeform fabrication. Parts immersed into a NaHCOs solution showed good 

mineralization. Parts immersed into a (NH4)2HP04 solution developed a heavy exterior 

skin of precipitation that increased with increasing (NH4)2HP04 concentration. 

The next developmental stage attempted to freeform a 4% agarose charged with 

2M CaCla directly into various concentration solutions of (NH4)2HP04. However, there 

was no adhesion to the substrate or to the previous layer. Most of the agarose solutions 

written were less dense than the (NH4)2HP04 solution and the layer floated, making the 

addition of successive layers nearly impossible. 
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6.2.1.2 Alternating agarose gel layers 

The next attempt to produce mineralized gels intended to take advantage of the 

layer-wise processing ability of solid freeform fabrication. The procedure included 

writing alternating layers; the first layer was agarose gel charged with various 

concentrations of CaCb and the second layer was agarose charged with various 

concentrations of (NH4)2HP04 or NaHCOs. If the lines were thin enough and the inter-

diffusion fast enough, it was assumed that mineral precipitation would occur nearly 

uniformly throughout the layers. 

Instead the precipitation occurred primarily at the interface. Casting an agarose 

gel that was charged with IM CaCb into a graduated cylinder created an example system. 

A second layer was created when a gel charged with IM (NH4)2HP04 was cast onto the 

first layer. The precipitation was then monitored over a six-month period. Figure 6.6 

shows the slow development of precipitation. 
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months the interface was approximately S mm thick, with some outer crystals reaching as 

far as 1 cm from the center of the interface. 

The minimal penetration of precipitation into either layer is characteristic of the 

results seen regardless of the concentrations used in either layer for the precipitation of 

phosphate and carbonate into the agarose system. 

6.2.1.3 Uniformly mineralized gels through an agarose gel loaded with a slightly soluble 
salt 

Uniformly mineralized gels were created upon the realization that agarose would 

gel in the presence of a slightly soluble salt such as calcium sulfate. Gelling solutions 

were made by mixing agarose, calcium sulfate powder, and water. The solution, which 

was held at 60°C, was then written onto a substrate using fireeform fabrication. The 

solution gelled almost instantaneously as it was written onto the cool substrate. The 

formed gel was then submerged into a .IM to 2M solution of (NH4)2HP04or NaHCOa. 

The part was then washed and dried. Using this procedure, a nearly uniform precipitation 

occurred throughout the part. Two to three slight rings were present syimnetricaliy 

around the cross-section of most agarose parts. The same pattern was seen in agarose 

parts that had no precipitation present. This indicates that the rings might be a product of 

the drying process. 
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All agarose parts used the procedure detailed here. The remainder of the results 

in this section of the chapter on mineralized gels will use this procedure. Where 

modifications are undertaken, they will be detailed. 

6.2.2 Mineral phases formed 

The mineral phases formed during these studies were characterized using X-ray 

diffraction (XRD). The XRD graphs will be detailed in Figures 6.7 - 6.9 while reference 

patterns for calcium carbonate (CaCOa), hydroxyapatite (Caio(P04)6(OH)2), brushite 

(CaH(P04)'2H20), and calcium sulfate (CaS04) will be compared to actual data in Tables 

6.14 - 6.17. The samples used for this analysis were produced by using 5 wt. % agarose, 

15 wt, % CaS04, with the balance being water. 

Figure 6.7 shows the diffraction pattern for crystals formed by immersing a 

CaS04 bar in a counter ion solution composed of IM Na2C03 held at a pH 7. The XRD 

pattern shows well-defined peaks that closely match a calcite reference. Crystal size was 

calculated at approximately .5 jim using the Scherrer Formula: p=kAyDcos(0), where P 

is the peak width in radians, A. the x-ray wavelength, D the crystal size, and k the Scherrer 

which was assumed to be 1. XRD Crystal size is smaller than particle size seen in SEM 

images. 
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Figure 6.7 Powder X-ray diffraction pattern for a part formed by immersing a CaS04 bar 
in a counter ion solution composed of 1M Na2C03 held at a pH 7. Peaks match those 

expected for calcite. 
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in 

90. 70. 80. 50. 50. 30. 40. 20. 10, 

Table 6.14 d spacing for di£B:action pattern and the corresponding 
d spacing for a reference calcite spectrum 

20 d/A° reference calcite d/A" 

23.02 3.860 3.860 medium 
23.94 3.714 
24.48 3.633 
25.04 3.553 
26.56 3.353 
29.36 3.040 3.035 strong 
33.70 2.657 
35.80 2.506 
35.98 2.494 2.495 medium 
39.36 2.287 2.285 medium 
39.54 2.277 
43.14 2.095 2.095 medium 
47.18 1.925 
47.48 1.913 1.913 medium 
48.48 1.876 1.875 medium 
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Figure 6.8 shows the dif&action data for a part formed by immersing a freeformed 

CaS04 gel in a IM (NH4)2HP04 solution. The data is clean and the peaks compare well 

to the reference patterns seen for brushite and octacalcium phosphate. Brushite has 

considerably larger peak intensities and thus appears to be the primary mineral included 

in the sample (Table 6.15). By comparing the pattem to Table 6.17, which details the 

starting materials, a strong indication that complete conversion of the calcium sulfate is 

occurring. Using the Scherrer Formula the crystal size is approximately 0.1 |im. 

Figure 6.8. XRD for inorganic crystals contained within an agarose polymer produced by 
placing a CaS04 gel in a IM NH2H2PO4 solution with a pH of 7. 
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Table 6.15 Details the d spacing related to each peak and the corresponding reference 
peaks and expected intensities for a brushite sample. 

20 d'A" reference intensity reference 
d/A° brushite d/A" OCP 

11.6 7.622 7.609 strong 
20.68 4.292 4.243 strong 
20.9 4.247 
23.38 3.802 3.740 
25.92 3.435 3.425 
29.16 3.060 
29.36 3.040 3.050 medium 
30.48 2.930 2.933 medium 
31.74 2.817 2.837 
32.16 2.781 
33.4 2.681 2.669 
34.28 2.614 2.625 weak 
40.54 2.223 2.215 
41.42 2.178 2.173 weak 
50.2 1.816 1.815 weak 
79.76 1.201 

Figure 6.9 shows the diffraction patterns for samples formed using a counter ion 

solution of 1M NH2H2PO4 at pH 10. The difi&action pattern matches closely to the 

reference hydroxyapatite pattern. Portions of the dif&action are very broad indicating 

that some amorphous hydroxyapatite is present. Additionally, there are unidentified 

peaks, which might indicate that the mineral phase is actually a mixture of different 

calcium phosphates. Again the Scherrer equation was used to find an average particle 

size of250 A°. 
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Figure 6.9 XRD pattern for calcium phosphate crystals with reaction of pH 10. The 
pattern matches closely with a reference for hydroxyapatite. 

#2 SOUVIGNICnAlNIV ARIZ (ni5K E-5G1 

Table 6.16 d spacing for diffraction pattern and the corresponding 
d spacing for a reference calcite spectrum 

20 d/A° Reference HA d/A° 

25.90 3.437 3.440 strong 
28.36 3.145 3.170 
29.40 3.036 3.080 medium 
31.80 2.812 2.814 strong 
32.10 2.786 2.778 strong 
32.90 2.720 2.720 strong 
34.30 2.612 2.631 medium 
39.22 2.295 2.262 medium 
41.80 2.159 
45.10 2.009 
46.78 1.940 1.943 medium 
48.00 1.894 1.890 medium 
50.66 1.800 
53.24 1.719 2.495 medium 
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The starting materials for these parts are CaS04 and either NaaCOa or NH2H2PO4. 

An unreacted part would contain only CaS04 because the part is washed repeatedly to 

eliminate any counter ions. Table 6.17 shows the X-ray diffraction pattern for the 

starting materials. No starting material can be seen in any of the X-ray diffraction 

patterns. 

Table 6.17 X-ray diffraction patterns for the starting materials 
or the production 0 ' in situ mineralized parts. 

CaS04 NH4H2PO4 
d/A d/A 

3.499 5.324 
2.849 3.751 
2.328 3.078 
2.209 3.067 
1.869 2.660 
1.750 2.653 
1.748 2.388 
1.648 2.015 

2.009 

6.2.3 Mineralized gel morphology 

In order to gain insight on the microstructure formed in the mineralization of 

agarose, scanning electron microscopy (SEM) was used to examine the composites. The 

samples used for this analysis were produced by using S wt. % agarose, IS wL % CaS04, 
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with the balance being water. The procedure used to produce brushite, hydroxyapatite, 

and calcite were repeated here and the part's phases labeled accordingly. 

6.2.3.1 Calcium sulfate agarose composites 

Figure 6.10 shows SEM pictures of a calcium sulfate agarose part that was simply 

dried immediately after freeforming. Once dried, the parts contain 55 vol. % CaS04 and 

45 vol. % agarose. The calcium sulfate particles are irregularly shaped ranging from 

nearly spherical to elongated and elliptical. There are some crystal phases that seem to 

show sharp orthogonal crystal faces. The calcium sulfate particles are regularly dispersed 

uniformly throughout the matrix and range from 1 ^m to approximately 20 )im in size. 
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plastic reinforcement that is obtained from ground limestone. Typically, calcite used for 

reinforcement is rhombohedral with a diameter of S^un. The distribution of particles 

sizes obtained during the energy consuming grinding procedure is much larger than seen 

here. ̂ 58 

The fracture surface displays an extremely well-dispersed inorganic phase. A 

pocket of polymer surrounds the calcite crystals. The micrograph shows empty pockets 

where the calcite crystal was pulled out of the matrix during fracture. Past studies have 

shown that the properties of filled polymer compounds are dependent upon the micro-

morphology of the polymer surrounding the filler particles. Extensive toughening of a 

composite was found when the particles were well dispersed. Brittle failure is common 

when the dispersion is poor.^^S 

This composite should display approximately 45 vol. % mineral. The composite 

appears to have a slightly higher vol. fraction from the fracture surface seen in the 

Images. 





146 

6.2.3.3 Brushite agarose composites 

Figure 6.12 shows SEM pictures of the fracture surface of the brushite agarose 

composites. At 500x magnification, the fracture surface appears uniform. Cubic and 

rectangular fi^gments ranging from 1-10 {om in size can be seen on the surface and 

embedded in the polymer that appear to be crystalline. Again, no particles that resemble 

the particles seen in the CaS04 agarose composite exist. 

At 8000x magnification, the same fracture surface reveals an intricate 

microstructure. This more detailed structure shows that there is an intricate association 

between the polymer and the matrix. Plate-like crystals can be seen imbedded within the 

agarose matrix. Crystals vary from .5 jim and cubical to S^un and plate-like. The 

inorganic phase seems to compose a high proportion of the total volume. It is difficult to 

make an accurate estimate of the actual volume fraction of inorganic material, but it 

should contain 40 vol. % brushite. 
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6.2.4 Volume fraction and shrinkage. Characterization of the reaction process. 

To gain further information on the reaction process, the reaction was monitored 

through weight loss and shrinkage. Weight loss was measured to obtain an estimate of 

the degree of completion of the reaction, while shrinkage was measured to monitor the 

volume change and assure a complete reaction. 

6.2.4.1 Weight loss and conversions 

To measure the extent of reaction, several samples were written into 3 cm x 1cm x 

I cm bars. The sample was weighed and then immersed in a solution of either 

(NH4)2HP04 or NaaCOs. The pH was controlled so that the proper mineral phases would 

be formed. The part remained in the solution for one week after which the part was dried 

and weighed. The weight change from the starting material to the ending material was 

recorded. The weight of mineral content of the final dried part was also calculated by 

subtracting off the weight of the agarose. 

A theoretical final weight of mineral was then calculate by subtracting off the 

weight loss due to drying, the weight of the agarose, and the weight change due to the 

complete conversion of calcium sulfate to hydroxyapatite, brushite, or calcite. It was 

assumed that the sulfate, ammonium, and sodiimi salts were completely removed from 
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the part during the washing process. The yield as a % of theoretical was then calculated 

as the percentage of the final weight mineral from the experimental data compared to the 

final weight mineral from the theoretical calculation. 

Extracting the agarose then reconfirmed the experimental weight of mineral. The 

weight of mineral was obtained by weighing a dried part, boiling the part in distilled 

water, washing the remains with boiling water, and then drying the part. All of the data 

for the extracted mineral reconfirmed the weight of the mineral used for the calculation of 

the mineral yield as a % of theoretical. 

Table 6.18. Conversion of calcium sulfate to hydroxyapatite, brushite, or calcite. Sample 
indicates the ratio between £^arose and mineral. Theoretical yields were calculated by 
extracting the mineral phase and measuring the mass compared to the expected mass. 

Sample PH Yield as % of 
theoretical 

Solid loading 
Volume % 

Mineral phase 

1:4 10 100 62 hydroxyapatite 
1:3 10 100 55 hydroxyapatite 
1:2 10 100 45 hydroxyapatite 
1:1 10 100 30 hydroxyapatite 
2:1 10 94 16 hydroxyapatite 
1:4 7 74 65 brushite 
1:3 7 75 61 brushite 
1:2 7 77 53 brushite 
1:1 7 60 30 brushite 
2:1 7 61 18 brushite 
Sodium bicarbonate solution 
1:4 8 94 62 calcite 
1:3 8 69 56 calcite 
1:2 8 60 47 calcite 
1:1 8 93 30 calcite 
2:1 8 97 17 calcite 
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The data in Table 6.18 shows that nearly quantitative conversion of calcium 

sulfate to hydroxyapatite occurs regardless of the amount of calciiun sulfate suspended in 

agarose. Brushite shows somewhat less than quantitative conversion, ranging from 77% 

conversion at best, to 60% conversion at the low end. The incomplete reaction is most 

likely due to the conversion of calcium sulfate to mineral phases other than just brushite. 

Many of the calcium phosphates have lower calcium to phosphate molar ratios than 

brushite, or contain more water or hydroxyl groups than brushite. This would lead to the 

complete conversion of calcitun sulfate to some form of calcium phosphate, but with a 

lower theoretical yield. The yield for the agarose calcium carbonate parts is very good 

for the 1:4,1; 1, and 2:1 agarose, calcium sulfate parts. However, a much lower yield is 

seen for the 1:3 and 1 ;2 parts. This is unexpected as XRD shows complete conversion. 

Weight loss must be due to the precipitation outside of the agarose gel. 

6.2.4.2 Shrinkage 

Shrinkage was measured by taking the length, width, and height of bars 

immediately after written. The same was done for grids, where the struts' width, length 

and thickness were recorded. The parts were formed of 5 wt. % agarose, 15 wt. % 

CaS04, and 80 wt. % water. The parts were then immersed in a (NH4)2HP04 solution 

held at pH 10. The parts were washed and dried. The final dimensions of the part were 

then recorded and compared to the beginning dimensions. Data in Table 6.19 shows the 
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degree of shrinkage seen in both bars and grids. The values show that for grids and bars 

shrinkage is similar. Volume shrinkage varies between 81.2 % for the brushite bar and 

85.8% for the hydroxyapatite bar. This is slightly less than the 89% of the volume that 

the water occupies and may indicate that either incomplete drying is occurring or that 

complete conversion is occurring, but drying results in some porosity. No porosity is 

indicated in the SIZMs. 

Table 6.19 Linear Shrinkage of mineralizing gel samples. Samples are composed of 
approximately 80 wt % water, 15 wt. % CaS04 and 5 wt. % agarose. The mineral phase 

produced is hydroxyapatite. 
Sample Average 

shrinkage 
(%) 

Strut 
width 
(%) 

Length 
(%) 

Strut 
thickness 

(%) 

Bar 
thickness 

(%) 

Bar 
width 
(%} 

Volume 
loss (%) 

Hydroxyapatite 
gel grid 

47.8 50.2 49.2 43.9 ~ — 85.8 

Hydroxyapatite 
bar 

49.5 — 50.0 — 49.4 44.2 85.8 

Brushite bar 48.7 ~ 49.8 — 49.4 46.7 81.2 

6.2.5 Mechanical Properties: 

Mechanical properties were measured using a 3-point bend test. The strength, 

elastic modulus, and strain to break were all calculated according to the equations 

detailed in the experimental section. All samples tested and included for the calculation 

of mechanical properties were bars. 
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The elastic modulus for agarose was 3 GPa while the strength was 25 MPa. The 

mechanical properties were tested on three samples bars prepared by casting 10 wt. % 

agarose solution. The mechanical properties are displayed in Table 6.20. The impact of 

water on the mechanical properties is dramatic. Figure 6.15.2 shows that the modulus 

drops sharply with increasing weight fraction water. For example, with only 8 wt % 

water the modular has decrease to 0.8 GPa. 

Figure 6.15.2 Impact of water on the modulus of agarose. Samples were tested using 3-
point bend apparatus on an Instron. 
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The elastic modulus for all of the hydroxyapatite composites ranged from 1.5 GPa 

to 5 GPa. Similarly the strength ranged fiom 9 MPa to 31 MPa. Data is tabulated in 

Table 6.20. The Hydroxyapatite samples with 10 wt. % water have moduli higher than 
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seen in typical plastic material. The impact of water on mechanical properties will be 

discussed fully in section 7.2.4 of the discussion chapter. 

Table 6.20 Mechanical test data on mineralized gel samples in three-point bend. Mean 

Sample Wt. % 
water 

Vol. % 
Mineral 

E 
(GPa) 

Stdev Strength 
(MPa) 

Stdev Strain to 
Break 
(%) 

Stdev 

Agarose 3 0 3.0 .2 25 4 2.9 0.2 
Agarose/ 

Hydroxyapatite 
31 55 1.9 0.3 23 4 2.5 0.6 

Agarose/ 
Hydroxyapatite 

20 55 3.0 0.7 14 4 1.7 0.4 

Agarose/ 
Hydroxyapatite 

11 55 4.2 0.8 20 6 1.0 0.1 

Agarose/ 
Hydroxyapatite 

6 55 2.3 0.7 14 2 1.7 0.2 

Agarose/ 
Brushite 

33 61 1.3 0.3 65 15 3.5 0.9 

Agarose/ 
Brushite 

a 40 6.6 1.4 84 40 0.9 0.2 

Agarose/ 
Calcium Sulfate 

a 55 4.6 0.7 46 25 1.0 0.6 

Agarose/ 
Calcite 

a 45 5.3 1.4 83 17 1.3 0.3 

The elastic modulus shows an increasing trend with decreasing water content 

until the sample had approximately 11% water. To dry further than 11% water, the 

sample had to be heated to 210°C. Samples showed no further weight loss after 24 hours 

but remained at 210°C for 48 hours. The sample turned slightly brown when heated for 

this duration. Excluding the 6 wt. % water hydroxyapatite sample, the mechanical 

properties of all samples advance beyond agarose samples with comparable wt. % water. 
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The differences in elastic modulus are not significant at a 95% confidence interval 

(Figure 6.20). Excluding the samples that contain 6 wt. % water, a general trend of 

decreasing strain to break with decreasing water content occurs (Figure 6.21). 

6.2.5.1 Calcium sulfate agarose composite properties 

Three bars were produced which contained 55 vol. % mineral. The mean elastic 

modulus for these samples was 4.6 GPa, while the mean strength was 67 MPa. Modulus 

values ranged from 3.8 GPa to 5.1 GPa. Strengths ranged from 26 MPa to 61 MPa. The 

strength and modulus values seen are similar to those seen in reinforced thermoplastic. 

These mechanical properties are displayed in Table 6.13. Figure 6.16 shows a typical 

stress strain curve for a calcium sulfate agarose composite. The curve indicates that at 

low displacement the material behaves elastically. However, at higher displacements the 

slope declines giving a more plastic material. The plastic behavior allows the material to 

be tougher than a similar elastic material that does not yield. 
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Figure 6.16. Stress-strain curve of a 3-point bend test on a calcium sulfate agarose 
composite 
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6.2.5.2 Calcite agarose composite properties 

Similar results were achieved for the calcite agarose composites. Seven bars were 

produced which contained 45 vol. % mineral. The mean elastic modulus for these 

samples was 5.3 GPa, while the mean strength was 90 MPa. Modulus values ranged 

from 3.8 GPa to 7.6 GPa. While the strengths ranged from 71 MPa to 113 MPa. The 

strength and modulus values seen are above those of typical polymers. These mechanical 

properties are displayed in Table 6.13. Figure 6.17 shows a typical stress strain curve for 
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a calcite agarose composite. The curve is less linear than either the brushite or the 

hydroxyapatite agarose composite. 

Figure 6.17. Stress-strain curve for 3-point bend test of calcite agarose composite 
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6.2.5.3 Brushite agarose composite properties 

Similarly, mechanical data was gathered for the brushite agarose composites. 

Nine bars were produced which contained 40 vol. % mineral and 33 wt. water. The mean 

elastic modulus for these samples was 1.3 GPa, while the strength was 65 MPa. The 

strength and modulus values seen are above that of agarose with similar water content. 

Additional samples were produced in which the wt. % water was not measured. The 

mean modulus for these samples was 6.6 GPa with a standard deviation of 1.4 GPa. 

These samples were dried at 110°C until no further weight loss was occurring; a 

procedure that is similar to the hydroxyapatite samples which had 11 wt. % water. Figure 

6.18 shows a typical stress strain curve for a brushite agarose composite. The curve is 

nearly linear until fracture indicating less chain slippage. However, a small region, which 

resembles a plastic yield, is seen at high deflections. 
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Figure 6.18. Stress-strain curve for a 3-point bend test of a brushite agarose composite. 
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6.2.5.4 Hydroxyapatite agarose composite properties 

Figure 6.19 shows a typical stress strain curve for a hydroxyapatite agarose 

composite. The curve is nearly linear with little plastic region. Samples were produced 

with various weight fractions of water. The mechanical properties (Figures 6.20 and 

6.21) were dependent on the weight firaction water. Elastic modulus shows an increasing 

trend with decreasing water content until less than 10 wt. % water, when the trend 

reverses. Strain to break shows a decreasing trend with decreasing water content until 

less than 10 wt. % when once again the trend reverses. Mechanical data is tabulated in 

Table 6.20. The modulus is higher than agarose with similar weight firactions. 
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Figure 6.19 Stress-strain curve for a 3-point bend test of a hydroxyapatite agarose 
composite. 
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Figure 6.20 Elastic modulus shows an increasing trend with decreasing water content 
until less than 10 wt. % water when the trend reverses. 
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Figure 6.21 Strain to break shows a decreasing trend with decreasing water content until 
less than 10 wt. % when the trend reverses. 
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6.2.6 Development of large-scale parts through freeform fabrication 

A separate issue from the development of mineralized gels is the development of 

large-scale parts. Casting the slurry can just as effectively produce ail of the parts 

discussed throughout this chapter as producing them by freeform fabrication. However, 

all materials discussed in this chapter have limited part size when produced as bulk parts. 

This is a direct result of the diffusion time needed to reach the center of the part. Since 

the diffusion time scales as the square of distance, any increase in size dramatically 

effects the time needed for the reaction to occur. Immersing a grid structure in a counter 
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occurred within the polymer matrix. Resulting in up to 60 vol. % of an inorganic phase 

being included in a polymer matrix. These parts were formed with out cracking. 

The resulting mechanical properties improved over the base polymer but 

significantly less than expected given the high loadings that were achieved. The 

precipitated calcium phosphate formed either a plate-like or fibrous morphology but 

demonstrated little alignment. An aligned fibrous phase should show improved 

mechanical properties. 

6 J Reinforced Gels 

The Mineralized gels produced in this study have shown disappointing 

mechanical properties. One limitation of the current technique is the inability of 

mineralized gels to mimic nature's ability to produce aligned fibers within a polymer 

matrix. Reinforced gels offer an alternative means of incorporating an oriented fiber 

within a loaded composite material. 

Solid freeform fabrication has been used in past research to produce composite 

parts with oriented inorganic phases. Combining fireeform fabrication's ability to 

align fibers with the ease of processing seen with the swollen agarose gel offers potential 

for composite materials with a high volume firaction of aligned fibers. 

Agarose v/ollastonite composites with up to 35 vol. % wollastonite were created 

by adding treated wollastonite fibers to a 5 wt. % solution of agarose. To produce this 
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system wollastonite fibers were treated with HCI and continually washed to neutralize the 

fibers basic surface. The fibers were then added to a 5 wt. % agarose solution and written 

using freeform fabrication to form a final part. 

Using this procedure parts with excellent mechanical properties and ordered fiber 

morphologies resulted. 

6.3.1 Materiab development for fiber reinforced gels 

Development of wollastonite agarose composites underwent several 

developmental stages. First attempts focused on including untreated wollastonite fibers 

into an agarose gel. Slight phase separation occurred in the solution, but the agarose still 

gelled. To try to reduce the phase separation several different procedures were used. 

First, the fibers were washed in distilled water. This had little impact on the final parts. 

Second, different polymers that were capable of gelling in the presence of wollastonite 

were used including polyvinyl butyral and poly(methyl methacrylate). These new 

polymers did not wet the wollastonite fiber. To improve the bonding between the 

polymer and fiber, silane-coupling agents were used. However, no improvement was 

noted. Finally, an acidic wash proved to neutralize the basic nature of wollastonite and 

allowed the production of wollastonite agarose composites. 
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Composites were limited to 35 vol. % fiber because at higher volume firactions 

processing was limited by wollastonite fibers clogging the writing needle (18-gauge 

needle). Similarly, using smaller diameter needles resulted in clogging at lower volume 

fractions fiber. Using a larger diameter needle allowed the production of parts with 

higher volume fractions of fiber. However, the extruded material was lumpy indicating 

that the fibers were aggregating. These parts showed uniform shrinkage, indicating that 

no orientation of the fibers resulted from extrusion through needles with larger diameters 

than that of the 18 gauge needle. 

To determine the extent of drying and uniformity of the drying process, 

shrinkage was measured. The length, width, and height were measured immediately after 

the writing of these materials. The part was then dried using the process explained in the 

experimental section 5.3.1. The final dimensions of the part were then measured. 

Shrinkage was calculated as the percent of linear loss in length, width, and height. 

Expected volume loss was calculated assuming that the total volume loss should be equal 

to volume that water occupies in the swollen part Assimiing uniform shrinkage allowed 

the calculation of shrinkage along each dimension. Shrinkage is shown in Table 6.21. 
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Table 6.21 Shrinkage of agarose bars reinforced with wollastonite. 

Sample Bar 
height 

shrinkage 
(%) 

Bar width 
shrmkage 

(%) 

Bar length 
shrinkage 

(%) 

Vol. loss 
(%) 

Expected shrink^^e and 
volume loss for 35 vol. % 
wollastonite agarose part 

63.3 63.3 63.3 95.1 

35 vol. % wollastonite in 
agarose 90 48 22 96 

Shrinkage for the fiber-reinforced composites is dependent upon write direction. 

The directional notation used in this study is explained below in Figure 6.23. Shrinkage 

along the length of the bar is only 22% compared to the expected 63.3% assuming 

uniform shrinkage. Shrinkage in width is slightly less than expected while shrinkage in 

height is 90%, which is far greater than expected. 

Figure 6.23. Diagram of a typical fiber reinforced gel. The parallel lines on the part 
surface indicate the write direction. 

height 
length 

width 



170 

Short fibers apparently limit shrinkage in a similar mechanism to the manner in 

which they reinforce composites. If a fiber ran the length of the part, no shrinkage would 

be expected in the part along the fiber length. This is simply because the fiber will not 

shrink and the soft polymer matrix will be compliant and shrink only in the directions 

allowed by the fiber. Similarly, with short fibers, there is fiiction between the fiber and 

the matrix. If the fiber is long enough, stresses build up. Since the polymer is more 

compliant than the fiber, it is forced to shrink in accordance with the fiber. Since the 

fiber is aligned along the length direction minimal shrinkage should be encountered in 

this direction. A weight was placed on the part in the height direction to minimize 

warping during drying. The plate exerts a downward force and partially inmiobilizes the 

base and surface of the composite. This encourages shrinkage along the height direction. 

The volume loss is 96%, which is slightly larger than expected for the composite 

material. Apparently, the volume fraction of fiber contained in the composite is less than 

that contained in the agarose, woUastonite, and water solution. Since each part was 

produced without using an entire syringe of formulation, it is possible that many of the 

fibers remained in the syringe. 

6.3,3 Morphology of reinforced gets 

SEM images of the firacture surface of a 35 vol. % woUastonite agarose 

composite show that a high degree of fiber alignment was achieved. A scan across the 
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best fiber remforced composites. However, it is important to view this data with caution 

since the tested bars were only 1mm in height due to the large shrinkage in this 

dimension. 

Table 6.22 Mechanical properties of agarose bars reinforced with wollastonite. 

Sample Vol. % 
filler 

E (GPa) Stdev Strength 
(MPa) 

Stdev 

33 vol. % wollastonite 
in agarose 

35 20 2.5 60 10 

The stress strain curve (Figure 6.25) is nearly completely linear. A slight 

decrease in slope is seen at large displacements. The sample does not break within the 

confines of the 3-point bend test. At Just under Snun, the sample ends start to touch the 

upper plate of the 3-point bend apparatus. Thus the strength is a lower limit estimate. 
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Figure 6.25 Stress-strain curve for 3-point bend test on wollastonite agarose composite. 
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6.3.5 Reinforced gels summary 

3-point bend test is sensitive to variation in part thickness. Thus large shrinkages 

in the z-axis limit our ability to accurately measure mechanical properties. The 

processing of these materials is very time consuming and difficult because fibers often 

clog the needle. Still, reinforced gels show potential for excellent mechanical properties 

and further validate the model of using a highly swollen gel for the production of 

composite materials. The moduli reported here for reinforced gels far exceed the 

properties of typical polymers and are in line with advanced composites. 
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6.4 Combination reinforced and mineralized gels 

To minimize shrinkage, composites were formed with using a combination of 

both the mineralization and the reinforcement methods. Treated fibers were added to a 

solution that contained CaS04, agarose, and water. The solutions and final parts that 

resulted from the formulation are shown below in Table 6.23. 

Table 6.23 Weight fractions and volume fractions of combination gels 

Original solution wt. % Final composite vol. 
% 

water 83.4% — 

agarose 4.2% 45.9% 
CaS04 9.9% — 

hydroxyapatite — 39.4% 
wollastonite 2.5% 14.7% 

The viscosity and processability of the solution resembled the agarose gels that 

were loaded with calcium sul&te. Once parts were formed the parts were immersed in 

either a pH 7 or pH 10 solution of NH4HPO4 for one week. Parts were then dried using 

the same procedure used to dry the mineralized gels. 
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The picture shown in Figure 6.26b shows a similar sample to the sample shown 

in Figure 6.26a, except the sample in 6.26a was immersed in pH 10 solution. The fibers 

again appear to be well imbedded in the polymer matrix. The fibers make up about 5 - 10 

vol. % of the composite. Fibers are well dispersed throughout the matrix but do not 

appear to have any alignment with the write direction. The calcium phosphate mineral 

phase appears to resemble the mineral phase of the brushite samples from the mineralized 

gels. It is possible that the surface chemistry of the wollastonite fibers is influencing the 

calcium phosphate precipitation. 

Figure 6.26b. Wollastonite and brushite reinforce an agarose matrix. 
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6.4.2 Properties of combination mineralized and reinforced composites 

Shrinkage in these samples was uniform and similar to that seen for the 

mineralized gels. This is expected since the wollastonite content is low. Similarly, the 

mechanical properties of these parts are much closer to the mechanical properties 

exhibited by the mineralized gels (Table 6.24). The modulus for the combination 

mineralized and reinforced composites are much poorer than the modulus measured for 

the reinforced composites. The low voliune fraction of wollastonite is partially 

responsible. In addition, the part could have had a significant portion of water contained 

in the composite. 

Table 6.24 Mechanical properties for combination gels. 
Sample E(GPa) Strength (MPa) 

Wollastonite hydroxyapatite 
(pH 10) agarose composite 

1.5 34 

Wollastonite brushite (pH 7) 
agarose composite 

3.0 31 

6.4.3 Combination mineralized and reinforced gels results summary 

Reinforced gels were formed through the inclusion of wollastonite fibers in an 

inorganic matrix. Freeform fabrication allowed the alignment of the inorganic phase. 
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The mechanical properties of these materials were poorer than expected. This may be 

accounted for by the water being contained in the sample as well as the by the lack of 

oriented wollastonite fiber. The mechanical properties reported here are similar to those 

of agarose and those reported for typical polymers. 
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7. DISCUSSION 

Processing difficulties limit polymer composites to approximately 30 vol. % 

inorganic material. This study uses three distinct synthetic schemes in an attempt to 

develop composite materials with higher volume fraction of a well-dispersed inorganic 

phase. The first approach uses a polymerizable alkoxysilane monomer. The organic 

portion of the monomer is polymerized and the silane portion is subsequently or 

simultaneously mineralized. This group of materials has been widely studied under the 

category of organic-inorganic hybrid materials. These materials have not been widely 

accepted because of difficulties with; 

• Processing (7.1.1) 

• Shrinkage and cracking (7.1.2) 

• Incorporating high volume firactions of inorganic (7.1.3) 

This study successfully addresses processing and shrinkage problems, but is unsuccessful 

at incorporating high volume firactions of inorganic material, which could give improved 

mechanical properties. Specific issues discussed include material selection, slurry 

viscosity, part porosity and geometry as it impacts drying, and material selection as it 

relates to material brittleness. 
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The second approach to highly loaded composites, which in this study has been 

referred to as mineralized gels, uses a highly swollen polymer gel that contains calcium 

sulfate. Through an ion exchange reaction calcium phosphate and calcium carbonate are 

precipitated within the gel. This is a new approach to composite materials. The 

discussion will focus on these materials ability to overcome the processing, shrinkage, 

and volume fraction issues that plague typical polymer composites. The mechanical 

properties of these materials are similar to those of many polymer materials. These 

material's mechanical properties will be discussed in full. 

The third approach to highly loaded composite materials is reinforced gels. 

Reinforced gels are an adaptation of mineralized gels. They utilize a highly swollen 

polymer matrix and incorporate inorganic fibers directly into the polymer. These 

materials are at an early experimental stage. Since these materials share many similar 

characteristics with mineralized gels they will be discussed in conjunction with these 

materials. 

7.1 Organic-inorganic hybrid materiab 

Organic-inorganic composites are designed to capitalize on the flexibility and 

toughness of polymers and capitalize on the stifbess and optical properties of ceramics. 

Before the introduction of sol-gel chemistry these composites were formed only through 

blending of the two solid phases. However, sol-gel chemistry has allowed the 
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precipitation of the inorganic phase directly into the polymer. This has allowed 

homogenous composites in which relatively small inorganic particles are well dispersed 

throughout a polymer matrix. 

The inorganic portion of the composite is formed by the hydrolysis (7.1 and 7.2) 

and condensation (7.3) of the silane which can be represented by the following reaction 

scheme: 

sSi-0R+H20-> sSi-OH+ROH (7.1) 

sSi-OH +0H-->. sSi-0- + H2O (7.2) 

sSi-0- + HO-Si -> sSi-O-Sis + OH" (7.3) 

KF is an effective catalyst, which results in a faster and more complete 

condensation reaction. ^ ^ F operates as a catalyst by displacing OR*. It attacks the Si 

group to form a penta-fimctional silicon atom. Water adds to the silicon with proton 

substitution from water to an ether and elimination of F and ROH. The net of the 

reaction above is the formation of a silicon-oxygen-silicon network and the elimination of 

ethanol. 

Organic-inorganic composites utilize this precipitation method of formation of 

the inorganic directly into a polymer matrix. This chemistry allows alternative 

processing techniques for the formation of composite materials. 

Section 7.1.1 will discuss the special considerations that were undertaken to 

allow the freeform fabrication of composite parts while utilizing sol-gel chemistry. 
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Section 7.1.2 will explain how a grid structure, formed through freeform fabrication, 

allowed part formation without cracking. Finally, section 7.1.3 will show how the 

mechanical properties of these materials compare with properties predicted by composite 

theory. 

7.1.1 Processing of organic-inorganic composites 

This study shows that through freeform fabrication of a polymerizable 

alkoxysilane slurry onto a substrate, organic-inorganic hybrids can be formed. 

Simultaneous polymerization and mineralization occur when both hydrolysis (KF) and 

polymerization (AIBN) catalyst are included the system. This allows the slurry to be 

reacted directly to form a fmal net part. Alternatively, when only the polymerization 

catalyst is included, the reaction yields a polymer network. Subsequent immersion in a 

catalyzed solution then results in the hydrolysis and condensation of the incorporated 

silane. Freeform fabrication is a key to the success of this study because it allows the 

formation of complex geometries, which can be utilized to reduce cracking (7.L2.2), 

modify mechanical properties (7.1.3.3), and decrease the diffiisionai distances (7.2.3). 

Freeform fabrication requires a thixotropic solution or a solution that gels 

quickly. As a result, special considerations must be taken when selecting materials used 

for the processing of these materials. 
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7.1.1.1 Simultaneous polymerization and condensation during freeforming. 

The use of freeform fabrication to form organic-inorganic composites is difficult 

when both polymerization and hydrolysis catalysts are included because the viscosity of 

the slurry is constantly changing. The addition of 8 wt. % fVmied silica to the 

TEGDA/EHMA/TMSPM system [tetra(ethyleneglycol) diacrylate (TGDEA), 2-

ethylhexyl methacrylate (EHMA), and 3-(trimethoxysilyl)propyI methacrylate 

(TMSPM)] renders the solution thixotropic. Upon addition of KF and water the slurry 

progressively becomes less thixotropic so that within 10 minutes of catalyst addition, a 

written layer no longer possesses a thixotropic nature. As the viscosity continually 

decreases a written layer quickly becomes incapable of supporting subsequent layers 

without slumping. 

Fumed silica contains surface silanol groups. Hydrogen bonding between surface 

silanol groups on adjacent fumed silica particles results in a rigid gel-like colloidal 

network. If the silanol groups formed upon the hydrolysis of TMSPM condense with 

the silanol groups from the fumed silica, the fumed silica will no longer form a colloidal 

network and the viscosity will drop. The viscosity constantly decreases over time 

indicating that the TMSPM is reacting with the fumed silica. 

To further test this theory an unpolymerized TEGDA/EHMA/TMSPM monomer 

system was mixed with water and a stoichiometric amount of .OlM NaF solution, without 

fumed silica. Once mixed, the solution immediately phase separated. The solution was 

periodically miited to minimize phase separation. Within approximately I minute of 
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mixing, the system turned slightly opaque. After which the solution's viscosity increased 

steadily throughout the process, until a gel was formed approximately 10 minutes after 

mixing. An identical test was run for the THEA/EHMA system and showed similar 

resiilts but no phase separation. Both soliitions only exhibit decreasing viscosity if fumed 

silica and NaF are present. Thus, indicating that the viscosity is decreasing because 

hydrogen bonding between silanol groups is reduced when silanol groups condense with 

TMSPM. 

Using freeform fabrication to form parts through simultaneous polymerization 

and condensation is successful only if the polymerization reaction is initiated 

immediately after the addition of the fVuned silica. To initiate the reaction as quicidy as 

possible parts were written quickly and continuously onto a hot plate. Parts were 

successfully formed and tested using the simultaneous polymerization and condensation 

strategy, however, resultant materials exhibit inconsistent properties. 

7.1.1.2 Freeform fabrication with subsequent precipitation 

Due to the limited control and inconsistency of parts formed using simultaneous 

polymerization and precipitation, the monomer was first polymerized to form a polymer 

network, and subsequently hydrolyzed and condensed to form the reinforcement. 

TEGDA/EHMA/TMSPM monomers were mixed together with fiuned silica and AIBN. 

The viscosity of the mixture was monitored for 2 weeks with no noted change. The 
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stability of the viscosity allows the system to be easily freeformed, polymerized, and 

subsequently immersed in a catalyzed solution. This method allowed more consistent 

production of organic-inorganic composites. This allov/ed further characterization of 

these materials. 

7.1.2 Limiting cracking and shrinkage 

Brinker ̂  7 clearly explains shrinkage and cracking in sol-gel derived ceramic 

materials. Shrinkage of gels is attributable to the condensation reaction between silanol 

groups and forces associated with the evaporation of the remaining liquid phase. These 

forces cause a compliant material to shrink. As the condensation reaction continues, the 

flexible network stiffens and begins to resist further shrinkage. This is referred to as the 

critical point. At the critical point, the surface of the network starts to contain 

unsaturated pores. Now, the surface material and the bulk material begin to behave 

differently. Faster shrinkage happens at the surface. The resulting difference in 

shrinkj^e rates leads to the build up of stresses. When the stresses exceed a critical level, 

cracking occurs. Similar forces cause shrinkage and cracking in organic-inorganic 

composite materials. Typical brittle materials have extensions to break which range 

between 0.2% and 2.0%. 

Grffith explained the fracture of brittle materials. When a brittle material is 

strained energy is stored by the changing of bond lengths throughout the material. 

Fracture occurs at a flaw or crack, when the stored energy is transmitted to the fracture 
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surface. Essential, he stated that fracture results in the formation of two new surfaces on 

each side of a crack, in a process that requires energy. In order for failure to occur, the 

strength of the material must be reached and the elastic strain energy must be sufficient to 

propagate the crack. Non crystalline polymeric behave as brittle materials at 

temperatures below Tg. 

At temperatures above Tg non-crystalline polymeric materials are tougher than 

brittle materials because deformation energy is stored and dissipated in the elongation of 

polymer chains. Clearly, polymer chains can undergo significant deformation without 

any stretching of covalent bonds. Elastic materials routinely have elongation to break in 

excess of 500%. The maximum extensibility of a polymer chain, contained in an 

elastomer, is the product of the number of repeat units and the length of a repeat unit. 

Andrady showed rupture typically occurs at 80-90% of maximum chain extensibility.''" 

Thus, the shorter the molecular weight between crosslinks, the shorter the strain to break. 

Using polymeric materials that have Tg's below room temperature will result in 

materials that undergo greater strains to break and will be able to handle the shrinkages 

experienced in this smdy. This study found that either monomer selection or part 

geometry could reduce part cracking. Monomer selection is critical for these materials in 

that it effects phase separation and the ability of the part to undergo shrinkage during the 

synthesis of the materials. Likewise, grid geometry shows an important role in a part's 

ability to shrink without cracking. 
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7.1.2.1 Monomer selection in limiting shrinkage and cracking 

In selecting a polymerization system, it is important to consider both shrinkage 

and the potential maximum volume fraction inorganic included in the final composite. 

Cracking can occur from several sources. First, a system should be selected to allow 

synthesis without cracking. 

Free radical polymerization of methacrylate systems typically results in nearly 10 

vol. % shrinkage, which is generally linear with respect to reaction time. The 

polymerization and cure of highly crosslinked systems at temperatures near or below the 

glass transition temperature can result in cracking. 1^1,162 Thus, it is important to chose 

polymer systems that are capable of withstanding polymerization forces. For example, 

the polymerization of THE A is a very fast reaction. If polymerization occurs 

simultaneously with the hydrolysis and condensation reactions, which result in a high 

degree of crosslinking, the fast polymerization can cause the polymer to be destroyed. 

The addition of EHMA slows the reaction rate, decreases the degree of crosslinking, and 

increases network flexibility. All factors combine to allow the polymerization of this 

system. 
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Figure 7.1 The polymerization of THEA is very rapid, causing stresses to build in the 
part and the destruction of the part. 

The second source of shrinkage in organic-inorganic hybrids is due to the 

hydrolysis and condensation reactions. In the first reaction system 

(TEGDA/EHMA/TMSPM), shrinkage occurs during the hydrolysis of TMSPM because 

an alcohol group is replaced with a smaller hydroxyl group. The condensation reaction 

results in the expulsion of water and an increase in density from the corresponding 

change of organic to inorganic material. By contrast, in the THEA/EHMA system, the 

hydrolysis results in the expulsion of a polymerizable alcohol, meaning that the only 

shrinkage this system undergoes is due to a change in density occurring during the 

condensation reaction. The expected shrinkage for the hydrolysis and condensation of 

each polymer system used in this study is detailed in Table 7.1. 
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Table 7.1 Calculated expected shrinkage. Based on loss of organic and change in part 
density. 

Sample 

Mole 
fractions 

Expected shrinkage 

Volume (%) Sample TMSPM TEGDA EHMA 

Expected shrinkage 

Volume (%) 
32TMSPM:27TEGDA: 

41EHMA 
0.32 0.27 0.41 12.3 

33TMSPM:45TEGDA: 
22EHMA 

0.33 0.45 0.22 11.8 

50TMSPM:24TEGDA: 
16EHMA 

0.50 0.24 0.26 18.9 

51TMSPM:19TEGDA: 
31EHMA 

0.51 0.19 0.31 19.4 

52TMSPM:27TEGDA: 
21EHMA 

0.52 0.27 0.21 19.3 

53TMSPM:36TEGDA: 
llEHMA 

0.53 0.36 O.Il 18.9 

55TMSPM:33TEGDA: 
12EHMA 

0.55 0.33 0.12 19.8 

58TMSPM:17TEGDA: 
25EHMA 

0.58 0.17 0.25 22.1 

65TMSPM:26TEGDA: 
9EHMA 

0.65 0.26 0.09 23.6 

87TMSPM:13TEGDA 0.87 0.13 0.00 31.9 
74TMSPM:26TEGDA 0.74 0.26 0.00 26.4 
65TMSPM:35TEGDA 0.65 0.35 0.00 22.8 
60TMSPM:40TEGDA 0.60 0.40 0.00 20.8 
50TMSPM:50TEGDA 0.50 0.50 0.00 17.0 

THEA EHMA Vol. % Shrinkage 
80THEA:20EHMA 0.80 0.00 0.20 6.3 

Table 7.1 'ihows expected shrinkage values calculated due to the loss of alcohol 

from the TMSPM monomer and from the density changes for both the TMSPM and 

THEA systems. The shrinkage for the TMSPM monomer system ranges from 11.8 vol. 

% when 33 mol. % TMSPM is used to 31.9 vol. % when 87 mol. % TMSPM is used. 

The expected shrinkage does not always increase with increasing mole fraction TMSPM, 
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because different volumes of fumed silica are used in each composite. The 80 mol % 

THEA/EHMA system undergoes only 6.3 vol. % shrinkage, significantly less shrinkage 

than seen in the TMSPM/TEGDA/EHMA system. Clearly shrinkages that range between 

6 vol. % and 32 vol. % are larger than the strain to break of typical brittle materials. 

7.1.2.1.1 Copolymers using EHMA form polymers that allow stress to relax out 

One route to forming materials that can better withstand shrinkage is to use a 

polymer that is compliant. A compliant or rubbery polymer with a low crosslink density 

has limited cracking in previous work on poiycerams because it can withstand greater 

strains. 

One route to forming a rubbery polymer, while continuing to use an acrylate, is 

the modification of the polymer side groups. In general, the Tg of the organic-inorganic 

composite follows the Couchinan equation: 

Tg = (c,Tg, + C2KTg2)/(c, + C2K) (7.4) 

where ci and cz are the weight fractions of the two components. K is ACpa / ACpi, where 

ACp is the change in specific heat at Tg. For the simple polymer systems used in this 

study, this equation simplifies and the Tg of the copolymer is simply a weighted average 

of each polymer's Tg. 
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For a polymer system to be elastic at room temperature, the Tg of the final 

copolymer must be below room temperature. The Tg of the polymer of EHMA is -10°C, 

while the Tg of the polymer of TMSPM is estimate at 25°C, and the Tg of the polymer of 

TEGDA was found to be 19°C.^^ In order to assure the production of a rubbery 

polymer at room temperature, EHMA is used. 

The hydrolysis and condensation reactions result in the crosslinking of polymer 

molecules. As previously discussed, this significantly reduces the strain to break. In the 

TMSPNLTEGDA/EHMA shrinkages of up to 30 vol. % are being experienced during the 

hydrolysis and condensation reactions. This corresponds to strain up to 11%, which is far 

in excess of the strain to break of most brittle materials. Any elastic behavior that allows 

increased strain to break will help in the formation of hybrid parts with reduced cracking. 

7.1.2.1.2 Copolymers using THEA undergo little shrinkage as a result of hydrolysis and 
condensation reactions 

An alternative route to adding EHMA and allowing the composite to undergo 

large shrinkages is the use of a polymer system (THEA/EHMA) that reduces the amount 

of shrinkage involved in the processing reaction. As stated earlier the polymerization of 

THEA alone is very fast and thus requires the addition of EHMA. The reaction involves 

the cleavage of the acrylate fix)m the silica during the hydrolysis step. The reaction 

process is detailed below: 
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si(-ays^>^4 + H2O • \X^J/VOH + HO-S 

The polymerization is initiated by the addition of the thermally initiated catalyst, AIBN. 

Polymerization can occur before or after the hydrolysis and condensation reaction. Little 

shrinkage occurs because the leaving group of the alkyoxysilane is the polymerizable 

group. In typical sol-gel chemistry, the reaction requires the evaporation or extraction of 

the alcohol-leaving group from the part. 

The use of THE A results in approximately 6.3 vol. % shrinkage, which is 

significantly less shrinkage than seen in the TMSPM/TEGDA/EHMA polymer system. 

The shrinkage that does occur is primarily due to the change of density associated with 

conversion from an organic liquid to an inorganic solid. By producing a polymer system 

that undergoes less shrinkage, fewer stresses associated with shrinkage occur, and parts 

are less likely to crack. 

Even though shrinkage is minimized, cracking still occurs in most solid parts 

during the hydrolysis and condensation steps. A grid structure was introduced to further 

advance these materials. 
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7.1.2.2 Grid structures reduce cracking 

An alternative approach to producing materials that minimize stresses related to 

shrinking is the use of a grid geometry. The thin struts allow the organic-inorganic 

materials to undergo the shrinkage and stress related to polymerization, hydrolysis, and 

condensation. 

The processing of a bar sample and a grid sample were monitored to assess the 

critical points in the processing of these materials. Both a bar and a grid easily 

accommodate shrinkages related to the polymerization of these materials. The next step 

is the hydrolysis and condensation of these materials. Small cracks start to develop 

during this phase in the solid bar. As the part is dried, the cracks expand and envelop the 

entire solid bar. The thin grid strut is capable of undergoing the entire synthesis process. 

Brinker clearly states that thinner structures allow more uniform drying. Uniform 

reaction and drying processes lead to uniform shrinkage and reduced cracking. To 

understand this, picture a solid organic-inorganic hybrid bar that is polymerized but not 

yet hydrolyzed or condensed. When tliis part is immersed in the reaction solution, the 

hydrolysis and condensation reactions begins at the surface, where the polymerized 

material first comes in contact with the catalyst and water. This reaction results in 

shrinkage of the surface first Since the interior material is not yet experiencing 

shrinkage, but is attached to the surface material, the surface material will experience 

tension while the interior material will experience compression. If these forces are 

greater than the material's strength, cracking will occur. Once a surface crack has started. 
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propagation can occur at much lower stresses. The part strength required to overcome 

the forces associated with drying is plotted in Figure 7,2. Drying forces were plotted 

rather than forces related to the hydrolysis and condensation reaction because it is during 

drying that the majority of cracking occurs. It is important to note that this graph is 

indicative only of the relationship between part thickness and drying stresses because 

several assumptions were made that may not hold. The following equation was used as 

derived by Brinker and Sherrer for evaporative drying of sol-gel materials as a porous 

structure: 

Where a is the strength, Hg can be estimated as the bulk modulus, Ve is the drying rate, 

L the part thickness, and 

For this chart Hg is estimated as the elastic modulus of an unhydrolyzed part (1 .OE+10^ 

Pa.s). The evaporation rate, Ve, was experimentally measured at .0003 g/cm^.s. D, the 

permeability, was estimated at 5.0E-15 cm^/sec. The bulk viscosity of the liquid, ni, was 

estimated at .001 Pa.s. An additional assumption relates to the fact that the forces 

calculated firom equations 7.5 and 7.6, consider only those forces that result from 

a = HgVE/L[(acosh(a)/sinh(a))-ll (7.5) 

a = (L'^T^i/DHg) (7.6) 
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capillary action. In order for capillary forces to be present, the organic-inorganic hybrid 

material must have a slightly porous structure. This is not a bad assumption as previous 

work has shown that polymer networks in a glassy state can be approximated as a porous 

network. 168 

Figure 7.2 Drying stress versus part thickness. 
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A grid part has struts that are approximately .02 to .05 cm thick, while a typical 

bar has a thickness of .5cm to 1cm. Clearly the bar will experience greater forces than a 

grid structure and requires much greater strengths to withstand processing conditions 

without cracking than necessary with grid structiu^s. 

7.1.3 Mechanical properties of organic-inorganic hybrid materials 

There are several models for the estimation of mechanical properties of composite 

materials. Likewise, there are several models for the estimation of the elastic modulus of 

composite materials. Two common models are the Voigt Model, also known as the rule 

of mixtures, and the Reuss Model. 

Evoigt ~ EfVf + EmVm (7.7) 

^Reuss ~ EinEf/(Ef( 1 -Vf)+Vf£ni) (7.8) 

Where Ef is the elastic modultis of the fibers, Em the elastic modulus of the matrix, Vf is 

the volume fraction of fibers, and Vm the volume fraction of matrix. 

The Voigt model assumes perfect bonding between an inorganic phase and the 

matrix. This leads to the assumption that the strain in the matrix will equal the strain in 

the inorganic particles. Since the modulus of the inorganic is generally two to three 
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orders of magnitudes higher than the modulus of the matrix, the inorganic carries a major 

portion of the applied load. The model generally does not hold because perfect bonding 

between matrix and inorganic is rare and because different Poisson contractions result in 

additional stresses. Other models have taken geometry, bonding, and Poisson ratio into 

consideration and give more accurate predictions. However, for this discussion the Voigt 

model is sufficient and gives an upper bound. 

The Reuss Model is generally used to predict the elastic modulus of a fiber 

composite where the fibers are arranged transverse to the applied load. It is derived as a 

series model and the matrix is allowed to undergo much greater strains than the inorganic 

material. This model is applicable in cases such as low volume fractions of a poorly 

bonded composite, where the matrix would be allowed to undergo much greater strains 

than the inorganic material. With this model, the modulus stays low until much higher 

volume fractions of inorganic are incorporated into the matrix. Clearly this model serves 

as the lower bound for the elastic modulus of composite materials. 
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Figure 7.3 The Reuss Model and the Voigt Model are displayed in comparison to the 
mechanical properties of the organic-inorganic composite materials produced in this 

study. 
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By examining the elastic modulus of the composite materials with respects to the Voigt 

and Reuss models the composite's modulus falls between the upper and lower bound. 

The lower bond approximates the composite's modulus more closely. 

The matrix modulus, Em, is 0.2GPa and was measured experimentally on an 

unhydrolyzed sample of 55TMSPM:33TEGDA.i2EHMA. Different matrix formulations 

should have different moduli because each component polymer of the copolymer has a 

different modulus. The modulus of the TMSPM/TEGDA/EHMA systems is significantly 

higher than that predicted by the Reuss Model, indicating that there is significant bonding 

between the polymer matrix and the inorganic material. This is expected, as there is a 

covalent bond between the polymer and the inorganic group. 
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7.1.3.1 Mechanical properties of the THEA/EHMA system 
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The modulus of the THEA/EHMA system is .9 GPa, when 80 mol. % THEA: 20 

mol. % EHMA is used. This system contains approximately 11.5 vol. % silica and 

should show similar bounds on the elastic modulus as shown in Figure 7.3. While the 

average elastic modulus of the THEA system is less than that of a comparable 

TMSPM/TEGDA/EHMA system, they are not statistically different. No covalent inter­

phase bonding is expected in this system. However, Novak noted that proper reaction 

conditions can produce interpenetrating networks that could behave as if there is bonding 

between phases. Examination of the SEM micrographs in Figure 6.1b,c, gives no 

indication that inter-phase bonding is occurring in the THEA/EHMA system. The 

mechanical properties of this system are limited because even if the polymerization could 

be run exclusively using tetra(2-hydroxyethylacrylate) silane the volume fraction of 

inorganic is still limited to 7.5 vol. % inorganic. Such small volume fractions cannot 

effectively reinforce a polymer matrix. Since silica has a modulus of approximately 60 

GPa and acrylate a modulus less than 1 GPa, it is difBcult to imagine a stiff composite 

composed of these two materials, with such low volume fractions filler. 
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7.1.3.2 Mechanical properties with the addition of ethylsilicate reinforcement 

It was theorized that with the addition of greater volume fractions of inorganic the 

modulus of the hybrid materials should increase. Ethyl silicate was added in proportions 

great enough to form parts with over 24 vol. % silica. In this case, as shown in Figure 7.3 

the mechanical properties follow the Reuss Model. The SEM micrograph shows more 

pronounced particles. This indicates phase separation induced by the presence of 

additional inorganic. With stronger phase separation, there is less surface area for 

interaction between polymer and inorganic. As a result, the interface between organic 

and inorganic is weaker. The poor interface properties translate to an inability to 

dissipate strains and poor mechanical properties. 

7.1.3.3 Impact of a grid structure on mechanical properties 

Mechanical properties of grid geometry materials show a toughening effect 

related to the grid (Figure 7.4). By enclosing empty space, grid structures stop crack 

propagation. By this means a critical flaw in a singular strut doesn't necessarily lead to 

catastrophic failtire of the entire part. Instead, it appears that as the first strut breaks the 

remaining struts compensate by dispersing the load. Additionally, as one-strut breaks, 

torsion occurs, causing higher strains and lower stresses. 
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Figure 7.4 Impact of a grid structure on the mechanical properties. The grid structure 
results in a tougher part. 
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7.1.4 Organic-Inorganic hybrid conclusions 

This study shows an important mechanisms for the processing of organic-

inorganic composite materials. The use of a grid structure in conjunction with carefully 

chosen reaction systems allows for the production of large parts with little cracking. 
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However, the mechanical properties of these materials are limited by an inability to 

incorporate high volume fractions of a well-dispersed inorganic phase. The use of an 

external silicon source does not improve the mechanical properties of these materials. 

12 Mineralized gels 

The mineralization of a swollen polymer gel is a successful strategy for the 

formation of polymer composites because it avoids some of the typical problems 

associated with the processing of composite materials. Mineralized gels form polymer 

composites with hJgh volume fractions of inorganic, with good mechanical properties, 

and no cracking. This section will discuss the mechanisms used to: 

• Avoid cracking (7.2.1) 

• Produce high volume fraction of inorganic (7.2.2) 

• Allow processing of large parts (7.2.3) 

• Allow good mechanical properties (7.2.4) 

7.2.1 Cracking 

When calcium sulfate contained in a swollen polymer gel is converted to calcium 

phosphate or calcium carbonate, mineralized gels are formed. In mineralized gels. 
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polymer and inorganic compose 15% of total part volume, while water comprises the 

remaining 85 vol. %. The evaporation of water to form dry parts results in very large 

shrinkages. When agarose is chosen as the polymer matrix, drying of the composite 

without cracking was possible. Polymers other than agarose were not nearly as 

successful. 

The selection of the proper polymer minimizes cracking and allows the formation 

of composites with high volume fractions of filler. The proper selection of a polymer gel 

is critical for the successful production of polymer composite by this route. 

7.2.1.1 The role of the polymer gel in minimizing cracking 

Choosing a polymer gel for mineralization requires the consideration of several 

variables including the inertness of the gel for the given precipitation reaction, the ease of 

gel formation, adequate mechanical properties, and finally, the gel should be capable of 

swelling. In addition, the polymer gel plays a major role in the reduction of cracking. 

In considering the selection of a polymer with adequate mechanical properties, it 

is important that the gel be firm, not brittle, and capable of supporting the developing 

precipitate. Additionally, the gel must dry to form a tough matrix capable of supporting 

and adding to the mechanical properties of the final composite. Most swollen polymers 

fit these criteria. However, most swollen polymers are not suitable for the formation of 
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polymer composites through the mineralized gel route. The special role of agarose and 

swollen polymer gels will be elaborated in the following sections. 

7.2.1.1.1 Water as a plasticiser of agarose aids the drying process 

Returning to Brinker's arguments (detailed in section 7.1.2), we recall that 

shrinkage of silica gels is attributable to the condensation reaction between silanol groups 

and forces associated with the evaporation of the remaining liquid phase. For highly 

swollen agarose gels, shrinkage results only from the evaporation of water. Cracking 

occurs if the flexible network stiffens and the forces incurred during shrinkage exceed the 

strength of the polymer. A tough polymer will resist cracking if its strength is higher 

than the drying stresses. 

The use of plasticisers to soften polymeric materials is a common and well-

understood process. In simple terms, a plasticiser will lower the Tg of a polymer 

material. A glassy material can become plastic or elastic with the addition of small 

weight percents of a plasticiser. Plasticisers have been shown to decrease moduli and 

yield stresses and increase the strain to break.'^' 

When agarose is highly swollen it behaves elastically but breaks and tares with 

strains in excess of 30-35%. As the material begins to dry, it passes into a transitory 

phase where agarose behaves plastically (approximately 10-15 wt. % water). During this 

plastic region agarose undergoes large permanent deformations without cracking. This 

lasts until approximately 3 wt. % water; at this point agarose begins to behave as a brittle 
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material. Figure 7.5 shows stress strain curves measured using 3-point bend test on 

several different agarose bars with different weight fractions water. 

Casting several 5 wt. % agarose bars produced the samples shown in Figure 7.5. 

The agarose bars were dried and subsequently immerged in water until the proper 

swelling was reached. The sample was then placed in a capped vial to allow the water to 

equilibrate in the sample. After a minimum of 24 hours the sample was weighed and 

immediately tested for mechanical properties. Figure 7.5 shows the results of the 

mechanical testing. 

Figure 7.5. 3-pt bend test showing the impact of water content on mechanical properties 
of agarose 
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It is important to note that the samples used in this graph are all of different sizes and that 

several of the samples did not break within the confines of the experimental set-up. In 

order to completely interpret this graph Table 7.2 should be examine as well. For the 

agarose sample with 8 wt. % water, a high slope is seen initially. Then, at higher strains 

the slope decreases, indicating that even at low volume fractions of water, agarose 

toughens. Table 7.2 shows that the strain to break increases from 3% for the sample with 

3 wt. % water, to greater than 7.8% for the sample with 8 wt. % water. Clearly, it takes 

very little water to increase the compliance of the network to a point where it is capable 

of handling larger strains and becomes less likely to crack during the drying process. The 

moduli of samples with different wt. % water are plotted in Figure 7.6. 

Table 7.2 Mechanical properties of agarose with various weight percents water contained 
in the sample. Many samples did not break within the confines of the 3-point bend test. 
The strain for these samples values listed for these samples are maximum strains tested. 

Strain to break would be much larger. 

Wt. % 
Water 

E(Pa) Strength 
(Pa) 

Strain 

3.0% 3.0E+09 2.5E+07 2.9% 
8.3% 7.3E+08 2.8E-K)7 >7.8% 
17.5% 3.9E-K)8 7.8E-K)6 >8.2% 
22.6% 3.0E+08 6.6E+06 >14.0% 
35.9% 9.5E+07 3.3E+06 >10.5% 
55.5% 4.2E+07 1.8E+06 >11.4% 
57.5% 2.5E+07 4.2E-K)5 >12% 
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Figure 7.6 moduli of agarose with various wt. % water, which were measured using 3pt. 
bend test 

i 
i 

4000.00 

3000.00 

Z 2000.00 

1000.00 

0.00 
0% 10% 20% 30% 

Wt % water 

40% 50% 60% 

Figure 7.6 further confirms the impact of water on the mechanical properties of agarose. 

With only 8 wt. % the modulus drop from 3 GPa to less than 1 GPa. 

At low weight fractions of water, agarose behaves plastically and has a 

significantly reduced modulus. This allows the polymer matrix to remain compliant until 

nearly all of the water has evaporated. A 5% agarose solution was produced and allowed 

to gel, in the shape of a rectangle (25 mm x 32 mm x 32 mm). The part was set in an 

open environment and the weight and volume loss was monitored over time. Figure 7.7 

shows volume loss, weight loss, and total weight % water contained in a polymer sample. 

This figure shows that by the time the agarose sample has reached the plastic regime (10-

ISwt. %water) nearly all shrinkage has occurred. This figure shows that volume loss and 

weight loss are consistent until approximately 90 % of the volume-weight loss has 
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occurred. It is believed that the discrepancy is due to experimental error in measuring 

volume loss due to part warping. 

Figure 7.7 Weight and volume loss due to evaporation of water from a swollen agarose 
part over time 
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The shrinkage of agarose differs from the shrinkage of organic-inorganic hybrids in that 

the swollen agarose gel only has to accommodate shrinkage due to evaporation. Organic 

inorganic hybrids must also accommodate shrinkage due to the hydrolysis and 

condensation reactions. Evaporation rate (Figure 7.8) was measure through out the dry 

process and is shown to decrease during the process. As the evaporation rate decreases 

the rate of strain due to shrinkage also decreases. Strain rate in elastomers is inversely 

proportional to strain to break.'^ As a part dries more slowly, polymer chains are 

increasingly able to relax and withstand small strains. No similar decline in reaction rate 
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is seen in organic-inorganic hybrid materials. The combination of polymer toughness, 

plasticization by the reaction environment, and slowing shrinkage rate makes mineralized 

gels less likely to crack than the organic-inorganic composites. 

Figure 7.8 Evaporation rate over time of a swollen agarose part. 
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7.2,2 High volume fraction of a weil-dispened inorganic contained exclusively within 

the polymer matrix 

Several factors work in conjunction to provide a high volume firaction of a well-

dispersed inorganic phase that precipitates only within the polymer matrix. First, it is 
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important to use a slightly soluble salt, in this system CaS04, which allow the inclusion of 

higher calcium concentrations than comparable calcium salt solutions. Second, an 

ionized gel plus specific reaction conditions provide for a net influx of ionic moieties and 

precipitation exclusively within the polymer network. Finally, the reaction conditions 

provide for a well dispersed inorganic precipitate. 

7.2.2.1 The Polymer gels influence on precipitation 

The agarose polymers used in these experiments contain approximately 1-2% 

monomer groups that are cable of being ionized. A slightly ionized gel is critical in 

degree of swelling and osmotic pressure. 

The degree of polymer swelling is important because if the gel exudes water upon 

formation, it will expel reactants and precipitation will occur in the surrounding solution. 

However, the other extreme also causes difficulty in drying. A part that swells 

excessively has a high water content and must undergo additional shrinkage during 

drying increasing the likelihood of warping and voids. 

The agarose systems show a net influx of reactant into the polymer network. The 

uptake or discharge of water by various concentrations of agarose gel in 0.1 M, 0.5M, 

and IM ammonium phosphate solutions at a pH 7 was measured. The data is shown in 

Table 7.3. Without osmotic pressure, considerable precipitation should occur outside the 

gel. No exterior precipitation is seen. 
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Table 7.3. Weight gain or loss of an agarose gel (1-5 wt. %) immersed ui a solution 
containing either 0.1M, 0.5M, or 1M ammonium phosphate At pH 7. Additionally, a 

calcium sulfate part was included for comparison. 

% Weight Change 
sample Solution 24hrs 70hrs 168hrs 

1% .IM -52.6 -52.0 -52.1 
2% .IM 0.3 0.1 1.2 
3% .IM 0.3 0.6 0.4 
4% .IM 0.5 0.8 0.6 
5% .IM 0.5 0.8 0.8 

CaS04 .IM 0.3 0.4 0.3 
1% .5M -48.7 -49.2 -48.8 
2% .5M 1.5 1.7 2.2 
3% .5M 1.4 1.8 1.6 
4% .5M 3.0 3.2 3.2 
5% .5M 2.6 2.8 3.0 

CaS04 .5M 3.3 3.5 3.2 
1% IM -9.2 -9.7 -9.7 
2% IM 6.6 5.7 6.4 
3% IM 5.6 5.5 5.4 
4% IM 6.3 6.0 6.1 
5% IM 7.0 5.7 5.8 

CaS04 IM 5.8 4.8 5.2 

Dilute (1%) agarose gels expel water in order to reach an equilibrium level of 

swelling. This de-swelling is less in solutions ofhigher salt concentrations. At higher 

concentrations of agarose, the gel swells slightly and this swelling is increased in 

solutions with higher salt concentrations. This type of behavior is known in the swelling 

of other ionic networks. Gels containing solid calcium sulfate swell similarly to pure 

agarose gel. 
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There are several factors which effect the overall swelling of the agarose 

polymer and allow the precipitation of the to occur exclusively within the gel. These 

include: 

• an enthalpic term related the interaction of agarose with water 

• an entropic force related to the change in network structure 

• a term related to the diffusion of ions from the surrounding solution to inside the gel 

because of the high external ion concentration difference. The solubility product of 

Ca2S04 is 3 X 10'^ while the external solution is IM. Clearly, the ions in the external 

solution are much more concentrated. 

• finally, a term for the net attraction of solution into the gel due to the immobilized 

ions contained in the gel. Typical of the Donnan equilibrium, each fixed charge 

attracts several counter-ions. In order to form no net charge; the anionic species 

must also enter the agarose gel resulting in a large net inward flow of ions. Due to 

the immobility of the ionic groups on the agarose, the mobile ion concentration 

inside the gel exceeds the external concentration. 

• An osmotic pressure results from the difference in ion concentration which tends to 

drive solvent into the gel from the less concentrated external solution 

The combination of these forces allow for an initial swelling, which if 

superimposed on the difiusion and precipitation processes lead to a net inward flux of 

solution and no exterior precipitation. Eventually, equilibrium is reached when the 

ionized gel has the same chemical potential as the external solution. 



214 

7.2.2.2 Slightly Soluble Salt 

Polymer composites were produced through an ion exchange reaction in a 

polymer gel. In this system CaS04, a slightly soluble salt, was dispersed within an 

agarose solution held at 65°C. Upon cooling, the solution gelled. The agarose, water, 

and CaS04 part was submerged in a counter ion solution containing either phosphate or 

carbonate. The net reaction resulted in the replacement of calcium sulfate with a less 

soluble calcium salt. Drying the part resulted in high volume fractions of calcium 

carbonate and calcium phosphate. By comparison, parts formed with soluble salts must 

have salt concentration less than IM. At higher concentrations the ionic charges induce 

phase separation in agarose solutions and inhibit the gelling mechanism. By loading 

samples with solid calciiun sulfate instead of soluble calcium salts, higher concentrations 

of calcium can be included, resulting ui high volume fractions of the frnal calcite, 

brushite, or hydroxyapatite. The following table shows expected volume fractions 

hydroxyapatitein the final composite formed from CaCh and CaS04 starting material. 
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Table 7.4 Volume fraction of inorganic obtained through CaS04 and CaCb. 

Ratio CaS04:agarose Volume fraction HA 
1:1 31% 
2:1 47% 
3:1 57% 
4:1 64% 
5:1 69% 

Concentration CaCI2 Volume fraction HA 
1M 22% 
2M 23% 

72.2.3 Precipitation of a small uniform inorganic phase within a polymer matrix 

The precipitation of the inorganic phase depends upon the reaction condition. 

The precipitation reaction can be limited by nucleation, rate of diffusion, dissolution rate, 

or reaction rate. 

A nucleation-limited reaction would result in the growth of large spherical 

particle at nucleation sites. It is very unlikely that this system is nucleation limited. 

In general precipitation occurs when Ksp is exceeded. 

K,p = [C+][A-](fc+fa-) (7.9) 

Where fc+ fa- is the square of the mean activity coefficient of the ions, [C+] is the 

cation concentration, and [A-] the anion concentration. It is important to note that it is 

the product that matters. It is possible to raise the concentration of just one of the two 
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species and have precipitation occur. The Ksp for CaS04 is 3x10"', while the Ksp for 

hydroxyapatite is lO'^^ and at pH = 10 [OH]=lO"*. As phosphate ions diffuse into the 

agarose matrix, supersaturation is exceeded. Since the surrounding solution contained 

phosphate concentrations ranging from .1 to IM the supersaturation was exceeded by a 

factor of 833 to 8333. At these supersaturation levels spontaneous nucleation should 

occur very readily. 

The precipitation reaction is then either limited by diffusion of dissolution. 

Before immersion in the external solution, the dissolution rate of calcium sulfate in the 

matrix will be limited by it's solubility product. Upon immersion in the solution, the Ca^^ 

remains trapped in the gel due to influx explained in section 7.2.2.1. Now, counter-ion 

begins to diffuse into the matrix from the external solution. Two scenarios exist; 

dissolution rate is either faster or slower than diffusion. 

If dissolution is much slower than diffusion, the phosphate or carbonate will 

diffuse throughout the entire agarose gel before significant dissolution occurs. There will 

be an immediate precipitation due to the reaction of the solvated calcium with the influx 

of phosphate. This precipitation will be minor but could result in the formation of a ring 

structure as calcium ions diffuse to meet the incoming counter ions. A slight ring 

structure has been noted in final parts. However, slight rings are also seen in agarose 

parts without mineral precipitation due to drying stresses. Then upon dissolution of 

calcium, precipitation of the mineral will occur immediately and uniformly. 

If dissolution is faster than diffusion the CaS04 dissolves as soon as the local 

calcium concentration allows the product of the calcium and sulfate concentrations to 



217 

become lower than Ksp. Since the precipitation reaction is fast, calcium will precipitate 

with the counter ion immediately upon dissolution. There will be no time for the 

diffusion of precipitate to other parts of the gel. Uniform precipitation will result. 

While it is unclear whether the rate-determining step is dissolution or diffusion, 

either mechanism results in uniform precipitation throughout the polymer gel. 

7.2.3 Processing of Large Parts 

The grid structure is important because long-range diffusion can quickly become 

a limiting factor in these systems, since the mineralizing gel requires the inward diffusion 

of solution. If the diffusion does not reach the interior, a hard shell around a soft core 

will result. The benefits of a grid structure can easily by demonstrated using simple 

diffusion where 2D= 1^/t. Where D is the diffusion coefficient, I is the distance for 

diffusion and t is the time for diffiiison. The diffusion of ions in agarose varies greatly 

depending upon the ion. Past studies have shown diffusion rates that range from 1.7S x 

10'^ to 5 X 10*^ cm^/s. As an example, if diffusion is assumed to be S x 10"^ and the ions 

had to diffuse to the center of the agarose gel which was 2 cm away it would take a little 

over S days. By comparison if the part was composed of lnun struts and the solution was 

stirred to provide for no depletion, the time for diffusion is reduced to approximately 4 

hours. The use of grid structures allows for quick processing of these materials. 
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7.2.4.1 Modeling of mechanical properties. 

The mechanical properties of various agarose composites have been tested and 

presented in Figure 6.20. Figure 7.9 shows the stiffest hydroxyapatite and brushite 

agarose composites plotted in comparison to both the Voigt and Reuss Models. The 

modulus of the matrix used for both models was 3 GPa. Thus, no correction takes into 

account the weight fraction water in these samples. Water plays an important role the 

modulus of the matrix, and thus these models are poor predictors of mechanical 

properties. However, the models (Figure 7.9) indicate that the Reuss model is a better 

predictor for the mechanical properties seen in these samples. While the hydroxyapatite 

crystals show some anisotropy, there is little ordering present. This limits the mechanical 

properties of these samples. Only the brushite and the agarose samples are included on 

this graph as they have similar moduli which does not distort the models. 
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Figiire 7.9 Model of the mechanical properties of mineralized gels 

140 

120 

100 

i. 
40 

1(10 
-20 

Volume Fraction Mineral 

Voigt Model 

Reuss Model 

• hiydroxyapatite 
(11% water) 

• Brushite (33 wt. % 
water) 

The modulus of the hydroxyapatite sample with approximately 60 vol. % inorganic falls 

below the Reuss line. However, the hydroxyapatite composites shown in this figure 

contained 11 wt. % water. Figure 7.6 demonstrates the dramatic impact that a small 

weight percent water has on the modulus of the matrix. The use of 3 GPa for the 

modulus of the matrix is poor estimate of the true modulus of the matrix. 

Figure 7.10 shows the mechanical properties of agarose hydroxyapatite samples 

produced using known volume fi:action of water. The Ruess and Voigt models were 

recalculated by replacing the 3.0 GPa agarose modulus with a modulus for the matrix, 

which was extrapolated from the data shown in Figure 7.6. The volume fraction mineral 

for all samples and the models is 55%. 
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Figure 7.10 Water content has an impact on the modulus of the matrix, which has a direct 
impact on the modulus calculated using Voigt and Reuss Models. Hydroxyapatite data 

shown in this graph is identical to the experimental data shown in Table 6.20. 
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The modulm of the composites formed through the mineralization of these parts clearly 

follow the Reuss Model. Table 7.5 further details the comparison of the composite's 

modulus to the Ruess Model. 

Table 7.5 Selected moduli for 55 vol. % hydroxyapatite agarose composites in 
comparison to the Reuss model. 

Wt. % water 
E(GPa) 

Wt. % water Reuss Model Hydroxyapatite 
data 

stdev 

6% 0.3 2.3 0.8 
11% 1.3 4.2 0.7 
20% 0.8 3.0 0.3 
31% 0.3 1.9 0.2 
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At low volume firactions of water the experimental data has poorer properties 

than the Reuss model. There are three potential explanation for the decreased mechanical 

properties. In order to dry the composite beyond 11 wt. % water, the sample were 

exposed to 210°C for 48 hours. Piu'e agarose dried more readily than the composites and 

did not need to be dried at these higher temperatures. 

• The elevated temperatures may have damaged the structure of the agarose. Agarose 

gels form through physical interactions that result in triple helix formations. The 

triple helix structures can then align to form crystalline structures. The plastic and 

elastic nature of the polymer with increasing weight fractions water indicates that 

these physical crosslinks are easily disrupted. The presence of inorganic precipitate 

may inhibit the formation of these structures. 

• The calcium phosphate could also be hydrated to form a softer mineral, although this 

seems unlikely due to the decrease in mechanical properties with lower weight 

percent water. 

• Finally, the high temperatures could result in some unwanted chemical reactions. 

However, the weight loss plateaus, indicated that polymer degradation is not 

occurring. 

At higher weight fractions water, the hydroxyapatite modulus become superior. 

The experimentally measured modulus is between 250% and 350% of the Reuss model. 

This is a small increase in modulus in comparison to the percent difference between the 

Reuss and Voigt models. This indicates that there is no real alignment and that there is 

poor bonding between the matrix and the hydroxyapatite. 
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The impact of water on the mechanical properties was only studied for 

hydroxyapatite samples. Similar trends are expected for the modulus of the composite 

regardless of the mineral used for reinforcement. Since water content was not measured 

in most of these samples, it is not possible to accurately model the mechanical properties 

of sample other than hydroxyapatite. Overall, the mechanical properties in this study fail 

to mimic those of bone, but are good in comparison to typical polymers. 

Figure 7.11 shows the modulus of the wollastonite composite in comparison to 

the Reuss and Voigt models. The moduli fall much closer to the Voigt model indicating 

that the fibers are aligned. Again, it must be noted that the data shown here was taken on 

a 3-point bend test with a sample thickness of .1mm. Reinforced gels show significant 

promise for the formation of materials with improved properties. 

Figure 7.11 Modulus of a wollastonite agarose composite in comparison to the Voigt and 
Reuss model for the modulus of composite materials. 
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7.2.5 Mineralized Gel Conclusions 

The use of a highly swollen slightly ionic gel where all of the precipitation occurs 

before shrinkage associated with drying allows the production of highly loaded 

composite materials. These materials have good mechanical properties due to the high 

volume fraction of a well-dispersed inorganic phase. The mechanical properties follow 

expectation set by composite theory. 
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8. CONCLUSIONS 

Solid freeform fabrication was effectively used in conjunction with biomimetic 

techniques to form composite materials. Organic-inorganic composite materials were the 

first materials examined in this study. By utilizing freeform fabrication to produce grid 

structures organic-inorganic composites were synthesized without being limited by 

cracking. The materials showed a wide range of modulus values. The best materials 

were as stiff as hard polymers while others were more similar to elastomers. The 

inability of this processing technique to readily incorporate high volume fractions of 

inorganic materials limits the potential of these materials. 

Mineralized gels used a highly swollen slightly ionic gel in combination with a 

slightly soluble salt to produce a highly loaded composite material. These materials 

showed modulus values that ranged from approximately 1 GPa to 6 GPa. The wide 

variety in mechanical properties is attributed to the inability of agarose to be easily dried. 

These materials were produced without cracking and showed a uniformly distributed 

mineral phase. 
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