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Abstract: Freeze casting of aqueous suspensions on a cold substrate was investigated as a

method for preparing hydroxyapatite (HA) scaffolds with unidirectional porosity. In the

present paper, we report on the ability to manipulate the microstructure of freeze-cast

constructs by controlling the processing parameters. Constructs prepared from aqueous

suspensions (5–20 volume percent particles) on a steel substrate at 2208C had a lamellar-type

microstructure, consisting of plate-like HA and unidirectional pores oriented in the direction

of freezing. Sintering for 3 h at 13508C produced constructs with dense HA lamellas, porosity

of �50%, and inter-lamellar pore widths of 5–30 lm. The thickness of the HA lamellas

decreased but the width of the pores increased with decreasing particle concentration.

Decreasing the substrate temperature from 2208C to 21968C produced a finer lamellar

microstructure. The use of water-glycerol mixtures (20 wt % glycerol) as the solvent in the

suspension resulted in the production of finer pores (1–10 lm) and a larger number of

dendritic growth connecting the HA lamellas. On the other hand, the use of water-dioxane

mixtures (60 wt % dioxane) produced a cellular-type microstructure with larger pores (90–110

lm). The ability to produce a uniaxial microstructure and its manipulation by controlling the

processing parameters indicate the potential of the present freeze casting route for the

production of scaffolds for bone tissue engineering applications. ' 2007 Wiley Periodicals, Inc.
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INTRODUCTION

The development of new scaffolds and their processing

into structures that have properties tailored for specific

applications, such as the repair of large defects in load-

bearing bones, are becoming increasingly important. In

addition to the scaffold having adequate mechanical proper-

ties for supporting physiological loads, tissue infiltration

and facile integration of the scaffold with surrounding tis-

sue are required for ultimate clinical application.

Certain synthetic and natural polymers, such as poly(lac-

tic acid), PLA, poly(glycolic acid), PGA, copolymers of

PLA and PGA, and collagen are biodegradable, so the scaf-

fold can be gradually replaced by new bone matrix synthe-

sized by tissue-forming cells.1–4 However, the use of

degradable polymers for replacing load-bearing bones is of-

ten challenging because of their relatively weak mechanical

strength.1 To improve the load-bearing properties of biode-

gradable polymer scaffolds, attempts have been made to

reinforce the polymers with particles or short fibers. The

use of reinforcing materials such as hydroxyapatite (HA)

and bioactive glass provides scaffolds that are biodegrad-

able as well as bioactive.5–7

Certain compositions of glasses, glass-ceramics, and

ceramics, referred to as bioactive ceramics, have been

widely investigated for healing bone defects, due to their

ability to enhance bone formation and to bond to surround-

ing tissue.8 Cell-seeded bioactive ceramics are also of inter-

est as potential scaffolds for bone tissue engineering

because they are osteoconductive as well as osteoinductive,

and have the potential for providing higher mechanical

strength than the aforementioned polymers. As the main

mineral constituent of bone, hydroxyapatite (HA) has been

widely investigated as a scaffold material for bone tissue

engineering. Scaffolds of HA, both synthetic and natural,

are biocompatible as well as osteoconductive. They pro-

duce no systemic toxicity or immunological reactions, and

show biological affinity for bony tissues.9 A disadvantage

of HA is its brittleness, which limits the scaffolds to appli-

cations subjected to mainly compressive loading. One
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approach to this mechanical limitation is the use of HA as

the bioactive phase in composites, mainly polymer compo-

sites.9,10 By stiffening a compliant biocompatible synthetic

polymer such as polyethylene (PE) with HA particles (40

vol %), composites with mechanical properties comparable

to those of cortical bone, coupled with bone-bonding ability

due to the HA phase, have been developed.10

A variety of methods have been used to produce porous

scaffolds for bone repair and regeneration, including con-

solidation with a pore-producing fugitive phase such as

starch or PVA,11,12 the use of foaming agents,13,14 and

solid freeform fabrication.15,16 Freeze casting is a technique

which has been used to produce polymeric and ceramic

parts.17–25 It has been applied to the production of synthetic

and natural polymer scaffolds for tissue engineering appli-

cations,17–19 and its application to the production of porous

bioceramic scaffolds is now receiving some interest.26–29

For the production of porous bioceramic scaffolds, such

as HA, the freeze casting route involves rapid freezing of a

colloidally stable suspension of HA particles in a nonpo-

rous mold, and sublimation of the frozen solvent under

cold temperatures in a vacuum. After drying, the porous

green samples are sintered to improve their mechanical

strength. The microstructure and, hence, the properties of

the final sintered body are determined essentially by the

suspension parameters (such as particle size, particle con-

centration, and colloid stability of the suspension), the

freezing conditions (rate and direction of freezing), and the

sintering conditions (temperature and time). By controlling

the growth direction of the ice crystals during freezing, it is

possible to achieve preferential orientation of the porosity,

leading to anisotropic microstructure and properties, mim-

icking the structural characteristics of natural materials

such as bone.

Recent investigations have explored how the processing

conditions, such as suspension concentration, freezing rate,

and sintering conditions, influence the microstructure and

compressive strength of HA scaffolds.28 Directional freez-

ing of aqueous HA suspensions in a cylindrical mold

placed on a cold substrate produced porous constructs with

three distinct zones, each characterized by a different shape

and dimensions of the pores, described as fully dense, cel-

lular, and lamellar. In the lamellar region, which formed

the major portion of the construct, an increase in the freez-

ing rate of the suspension, from 18C/min to 108C/min

resulted in a reduction of the pore width from �40 lm to

�10 lm.

A way to further manipulate the microstructure of the

freeze cast construct is to control the freezing (or solidifica-

tion) behavior of the liquid in the suspension, but this has

received little attention. Certain liquids, such as glycerol and

1,4-dioxane (referred to hereafter simply as dioxane), are

miscible with water, and when added to water modify the

local structure of the aqueous liquid. As a result, they modify

the nucleation and growth of the ice crystals, thereby modify-

ing the freezing behavior of the aqueous liquid. Glycerol

effectively binds to water molecules and disrupts the com-

plete crystallization of ice. This leads to a localized structure,

resulting in a reduced size of the growing ice crystals and in-

hibiting solute rejection.30,31 The addition of glycerol (10–

30 wt %) to the aqueous solvent reduced the viscosity of Al2O3

suspensions stabilized with an anionic dispersant, ammonium

polymethacrylate, and produced more homogeneous micro-

structures after freeze casting and sintering.23 The effects

were explained in terms of the ability of glycerol to both

enhance the colloidal stability of the suspensions and modify

the freezing behavior of water. Dioxane is miscible with

water at any composition under ambient conditions. A study

of the local solvent structure of dioxane-water mixtures32

indicated that the structure changed at three specific composi-

tions when the mole fraction (v) of dioxane in the mixture

was 0.13, 0.3, and 0.7. For v \ 0.13, the mixture consisted

mainly of water molecules with some water-dioxane com-

plexes. For 0.13 \ v \ 0.3, the system consisted mainly of

small clusters of water-dioxane molecules, whereas for v [
0.3, the water-dioxane clusters gradually disappeared and the

mixture evolved gradually to the inherent solvent structure of

pure dioxane.

The objective of the present work was to explore the

microstructural manipulation of freeze-cast HA constructs by

controlling the processing parameters. Using aqueous sus-

pensions as the baseline system, the effects of particle con-

centration and temperature of the cold substrate on the

microstructure were studied. Further manipulation of the

microstructure was explored by controlling the freezing (sol-

idification) of the liquid in the suspension through the use of

water-glycerol and water-dioxane mixtures. In Part II, the

microstructure of the sintered constructs and its effect on

the mechanical behavior are described. An understanding of

the relationship between the processing parameters and the

resulting microstructure is useful for manipulating the micro-

structure and properties of scaffolds for bone repair and

replacement.

MATERIALS AND METHODS

Processing of HA Suspensions

HA powder (Alfa Aesar, Haverhill, MA) with an average

particle size of \0.5 lm, was used in the present work.

The particle size was measured using a laser diffraction

particle size analyzer (Model LS 13 320; Beckman Coulter

Inc., Fullerton, CA). Aqueous suspensions were prepared

by dispersing HA powder in deionized water containing a

dispersant and an organic binder to improve the rheological

behavior. Four anionic and one nonionic dispersants were

investigated in an attempt to determine an effective dispers-

ant for the HA particles used in the present work. The

anionic dispersants were: ammonium polymethacrylate

(Darvan C, molecular weigh MW 5 10,000–16,000; R.T.

Vanderbilt Co., Norwalk, CT), sodium polyacrylate (Darvan

811, MW 5 5000; R.T. Vanderbilt Co.), ammonium polya-

crylate (Darvan 821A, MW 5 3500; R.T. Vanderbilt Co.),
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ammonium polycarbonate (Targon 1128, MW 5 13,000–

15,000; BK Ladenburg GmbH, Ladenburg, Germany). The

nonionic dispersant was an ethoxylated acetylenic diol sur-

factant (Dynol 604, Air Products & Chemicals Inc., Allen-

town, PA). The effectiveness of the dispersants for

stabilizing the suspension against flocculation was investi-

gated by measuring the viscosity of the suspensions as a

function of dispersant concentration, HA particle concentra-

tion, and shear rate using a rotating cylinder viscometer

(Model VT500; Haake Inc., Paramus, NJ).

Based on the viscosity data, suspensions containing 0.75

wt % of Dynol 604 and 1.5 wt % of an organic binder poly

(vinyl alcohol), PVA, (DuPont Elvanol1 90-50, DuPont,

DE), based on the dry weight of the HA powder, and 5–

20 vol % HA particles were prepared by ball-milling for 48 h

in polypropylene containers using Al2O3 grinding media.

The suspensions were de-aired by ball-milling at a low

speed prior to freeze casting.

To explore the effects of a modifier on the solidification

of the solvent during freeze casting, aqueous suspensions con-

taining 5–20 wt % of glycerol (Fisher Scientific, Pittsburg,

PA) or 40–70 wt % dioxane (Fisher Scientific), were also

prepared using the same procedure.

Freeze Casting of Suspensions

Freeze casting was performed by pouring the suspensions

into polyvinyl chloride (PVC) tubes (�10 mm internal dia-

meter 3 20 mm long) placed on a cold steel substrate kept

at a fixed temperature using a freeze dryer (Genesis 25 SQ

Freeze Dryer, VirTis Co., Gardiner, NY) or cooled by liq-

uid nitrogen. Polyurethane foam was used to cover the

PVC tubes to reduce heat transfer from the surrounding

environment to the slurry, ensuring optimum directional

freezing of the system. The arrangement did not provide a

method for providing a fixed cooling rate. Instead, it

allowed the substrate to be kept at a fixed temperature.

Three substrate temperatures were used in the experiments:

21968C, 2508C, and 2208C. The frozen constructs were

subjected to a vacuum of 4 Pa for 48 h in a freeze dryer

(Genesis 25 SQ Freeze Dryer) to cause sublimation of the

frozen solvent. The green constructs were sintered in air

for 3 h at temperatures between 12508C and 13758C, with
a heating and cooling rate of 38C/min.

Microstructural Characterization of Porous HA
Constructs

The microstructure of the cross-sections of the green and

sintered constructs, in the planes parallel to and perpendic-

ular to the direction of freezing, was observed using scan-

ning electron microscopy, SEM (S-4700, Hitachi Co.,

Tokyo, Japan). Since the green constructs (after sublima-

tion of the frozen liquid) were too weak for handling, most

of the characterization experiments were carried out on the

sintered samples. The volume of open porosity in the sin-

tered samples was measured using the Archimedes method.

In addition, the porosity and pore size distribution of open

pores were measured using mercury intrusion porosimetry

(Poremaster, Quantachrome, Boynton Beach, FL).

The width of the pores and the thickness of the HA

lamellas in the sintered constructs were determined from

SEM micrographs of cross-sections in the plane parallel to

the direction of freezing. For each construct, at least 5

SEM micrographs were taken at random positions of the

cross-section, and at least 10 measurements of the pore

width and lamella thickness were made on each micro-

graph, to provide a mean value and a standard deviation.

RESULTS

Rheological Behavior of HA Suspensions
Used for Freeze Casting

Figure 1 shows data for the viscosity as a function of shear

rate for aqueous HA suspensions (20 vol % particles) stabi-

lized with the dispersants Darvan 811, Darvan 821A, Dar-

van C, Targon 1128, and Dynol 604. The concentration of

each dispersant was 1.0 wt %, based on the dry mass of

the particles. At a given shear rate, and particularly at shear

rates \100 s21, Darvan 821A and Dynol 604 reduced the

viscosity of the suspension more effectively, indicating

their ability to better stabilize the particles against floccula-

tion. As with other suspension-based forming methods, the

colloidal stability of the suspension is important for produc-

ing homogeneous green microstructures. In the directional

freeze casting route used in the present work, a high rate of

flocculation can lead to zones with different microstructures

from the bottom to the top of the sample.

The optimum concentration of Darvan 821A or Dynol

604 required to stabilize the HA particles was determined

from data for the viscosity of the suspension (20 vol % par-

ticles) as a function of the dispersant concentration at a

constant shear rate of 100 s21 (Figure 2). The data indi-

cated a minimum viscosity at �0.75 wt % Dynol 604 and

at �1.0 wt % Darvan 821A. Furthermore, at these minima,

Figure 1. Viscosity of aqueous HA suspension (20 vol %) as a func-

tion of shear rate for different dispersants.
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the viscosity of the suspension stabilized with Dynol 604 was

almost three times lower than the viscosity for the suspension

stabilized with Darvan 821A. Similar trends were found for

suspensions containing 5–15 vol % particles, but the data are

omitted for the sake of brevity. The data in Figure 2 indicated

that the viscosity of the suspensions was reduced more effec-

tively using Dynol 604, allowing the incorporation of a higher

concentration of particles for the same given viscosity. Unless

stated otherwise, henceforth the suspensions described are

those stabilized with 0.75 wt % Dynol 604.

Data for the relative viscosity of the suspensions (shear

rate 5 100 s21) as a function of HA particle concentration

are shown in Figure 3. The particle concentration had a

limited effect on the viscosity for volume fractions lower

than �30 vol % but above this value, the viscosity started

to increase steeply. The data can be well fitted by a modi-

fied Krieger-Dougherty equation33,34 of the form:

gr ¼ 1� /
/m

� ��n

where gr, the relative viscosity, is defined as the viscosity

of the suspension, g, divided by the viscosity of the solvent

(water) gL, / is the volume fraction of the particles, /m is

the volume fraction of particles at which the viscosity

becomes practically infinite, and n is a fitting parameter.

The maximum HA particle concentration predicted by this

model was /m 5 45 vol %, with n 5 3.5. In the present

experiments, the suspensions became difficult to pour for

particle volume fractions greater than �25 vol %. As a

result, the highest particle concentration used was 20 vol %

(equal to 45 wt %).

Microstructure of Freeze-Cast HA Constructs

Constructs Prepared From Aqueous Suspensions.

After freeze casting and sintering, the constructs maintained

a uniform cylindrical shape (Figure 4). The green con-

structs, after sublimation of the frozen liquid, were too

weak for handling, so most of the microstructural charac-

terization studies were performed on constructs after they

were sintered. As described later (Part II), sintering at tem-

peratures between 12508C and 13508C produced an

increase in the density of the HA phase of the constructs,

but did not alter the general features of the microstructure.

The microstructural features are therefore described for

constructs sintered under the same sintering conditions (3 h

at 13508C).
Figure 5 shows SEM images of constructs prepared

from suspensions with 20 vol % HA particles on a sub-

strate at 2208C. A uniform lamellar-type microstructure

was observed throughout the whole construct, with the

Figure 2. Viscosity of aqueous HA suspension (20 vol %) as a func-

tion of dispersant concentration for a shear rate of 100 s21.

Figure 3. Relative viscosity at a shear rate of 100 s21 versus vol-
ume fraction of HA particles stabilized by Dynol 604.

Figure 4. Optical image of a sintered HA sample, showing the

shape uniformity. (Scale is in inches.)
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pores oriented in the direction of freezing. This lamellar-

type microstructure is quite similar to the microstructures

of polymeric materials such as collagen prepared for tissue

engineering applications.19,20 For the present system, the

plate-like HA lamellas and the inter-lamellar macropores

were oriented in the direction of freezing. The HA lamellas

had a thickness of 25 6 5 lm and a length of 100–250 lm
in cross section [Figure 5(a,b)] and extended from the bot-

tom of the construct to the top [Figure 5(c–d)]. The aver-

age pore width, determined from SEM micrographs, was

15 6 10 lm. Dendritic structures were present on the sur-

faces of the HA lamellas, and in some cases, they formed

bridges between adjacent HA lamellas.

Mercury porosimetry data (Figure 6) for HA scaffolds

sintered for 3 h at 13508C showed a narrow pore size dis-

tribution, with pore widths in the range 5–30 lm, in good

agreement with the pore widths found in the SEM images

(Figure 5). From the total volume of pores intruded, the

open porosity was �55%, in good agreement with the po-

rosity (52%) found by the Archimedes method. The data

showed that almost all the open pores in the sample were

in this narrow range, indicating the good homogeneity of

the microstructure produced by the present freeze casting

process.

A reduction of the particle concentration of the suspen-

sion or the temperature of the cold substrate did not change

the general lamellar-type microstructure, but produced

changes in the thickness of the HA lamellas, the porosity,

and the pore width. With decreasing particle concentration

(from 20 vol % to 10 vol % and 5 vol %), the HA lamellas

became thinner, the porosity was higher, and the pore

width increased (Figure 7). Decreasing the substrate tem-

perature during freezing from 2208C to 2508C and

21968C resulted in pores with finer cross sections (Figure

8). The lamellar thickness, porosity, and pore width, deter-

mined from SEM micrographs of the sample cross-sections,

are summarized in Table I.

Figure 5. SEM images of the HA sample cross section perpendicular (a, b) and parallel (c, d) to

the freezing direction. The sample was sintered for 3 h at 13508C.

Figure 6. Mercury porosimetry data for the sintered HA sample,

showing the pore volume and the pore size distribution as functions
of the pore diameter.
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Figure 7. SEM images of the sintered HA sample fabricated from suspensions with different parti-

cle concentrations: (a), (b), 10 vol %; (c), (d), 5 vol %. (The cross section is perpendicular to the

freezing direction.)

Figure 8. SEM images of the cross section perpendicular (a), (c), and parallel (b), (d), to the freez-
ing direction, for sintered HA samples fabricated by freezing the suspension on substrates at (a),

(b) 2508C; (c), (d) 21968C.
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Constructs Prepared From Suspensions With Water-

Glycerol and Water-Dioxane Mixtures. Figure 9 shows

the microstructure of sintered HA constructs formed from

suspensions (20 vol % HA particles) in which the solvent

consisted of a mixture of water with 5 and 20 wt % of

glycerol. The freeze-cast green bodies were sintered for 3 h

at 13508C. Compared to the constructs prepared without

glycerol addition (Figure 5), the presence of 5 wt % glyc-

erol in the suspensions had the effect of thickening the

cross-section of the HA lamellas and reducing the homoge-

neity of the microstructure [Figure 9(a,b)]. With higher

additions of glycerol, the microstructure became finer and

more uniform. In general, the glycerol additions had the

effect of increasing the number of dendritic bridges

between the HA lamellas. This increased to such an extent

that the cross-section of the pores changed from a plate-

like morphology to a more rectangular shape. Consequently,

with the increasing concentration of glycerol in the aqueous

solvent, the microstructure became more uniform, the pores

became smaller, and the number of dendritic bridges between

the HA lamellas increased [Figure 9(c,d)]. Mercury porosim-

etry data (Figure 10) of the construct prepared from suspen-

sions with 20 wt % glycerol confirmed the narrow size

distribution of the pores. The pore widths were in the range

1– 10 lm, compared to values of 5–30 lm for similar con-

structs prepared without glycerol (Figure 6).

Microstructures of constructs prepared from suspensions

(10 vol % particles) in which the solvent consisted of water

with 30 wt % and 60 wt % dioxane are shown in Figure

11. With 30 wt % dioxane [Figure 11(a,b)], a coarse lamel-

lar-type microstructure was obtained. However, the micro-

structure changed with increasing dioxane concentration,

giving a cellular type microstructure [Figure 11(c,d)], with

pore diameters of 100 6 10 lm, much larger than the pore

width of constructs prepared from aqueous suspensions

(i.e., 100% water). Increasing the dioxane concentration to

70 wt % did not change the general cellular microstructure,

but the pore diameter decreased substantially, to 50 6
5 lm. Table II summarizes the microstructural parameters

of the constructs prepared from suspensions with aqueous

solvent (100% water), water-glycerol mixtures, and water-

dioxane mixtures.

TABLE I. Summary of Lamellar Thickness, Porosity, and Pore
Width for HA Constructs Prepared From Aqueous Suspensions
With 5, 10, and 20 vol % particles

HA Concentration

(vol %)

Lamellar

Thickness (lm)

Porosity

(%)

Pore

Width (lm)

5 8 6 2 85 6 2 50 6 10

10 15 6 5 70 6 5 25 6 5

20 25 6 5 55 6 2 15 6 10

Figure 9. Effects of glycerol concentration on the microstructure of the sintered HA sample (a), (b)
5 wt %; (c), (d) 20 wt %. (The cross section is perpendicular to the freezing direction.)
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DISCUSSION

For freeze-cast constructs prepared from aqueous suspen-

sions (no glycerol or dioxane additions), the present work

showed the ability to achieve a uniform lamellar-type

microstructure throughout the whole construct, with the

lamellas oriented in the direction of freezing. Compared to

the recent work of Deville et al.,28 in which three micro-

structural zones were observed from the bottom to the top

of the sample (described as fully dense, cellular, and lamel-

lar), no fully dense or cellular zones were observed. A

number of factors may be responsible for the difference

in microstructure observed in this study and the work of

Deville et al. They include differences in the freeze casting

method and the colloidal properties of the HA suspensions

used in the two investigations. For example, in the present

work, the freezing of the suspension was determined by the

temperature of the cold substrate, whereas Deville et al.

used an arrangement that allowed greater control of the

freezing rate. The HA particle size in the present study

(\0.5 lm) was much finer than that (2.4 lm) used by Deville

et al., and a different dispersant was used to achieve a

stable suspension.35 The finer particle size used in the pres-

ent work, coupled with the stable suspension, presumably

reduced the tendency for particle settling and improved the

ease with which particles were expelled from the frozen

liquid during the freeze casting step, giving a homogeneous

microstructure throughout the construct. It should be noted

that a homogenous microstructure, such as that obtained in

the present work, is desirable in many applications because

it generally leads to more reliable and controllable proper-

ties of the construct.

The results also showed the ability to manipulate the

microstructure of the freeze cast constructs by changing the

processing conditions. For aqueous suspensions, lower par-

ticle concentration resulted in the production of constructs

Figure 10. Mercury porosimetry data for the sintered HA sample pre-

pared from suspensions with 20 wt % glycerol, showing the pore vol-

ume and the pore size distribution as functions of the pore diameter.

Figure 11. Effects of dioxane concentration on the microstructure of the sintered HA sample (a),
(b) 30 wt %; (c), (d) 60 wt %. (The cross section is perpendicular to the freezing direction.)
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with higher porosity, larger pore width, and thinner HA

lamellas (Table I). A lower HA particle concentration

allows larger separation distances between the HA lamellas

since the dendritic growth of ice crystals is relatively less

hindered as the particles are pushed at the solidification

front. Particles in more dilute suspensions travel longer dis-

tances and become immobilized when the highest particle

packing density is achieved between two growing dendritic

crystals. The lower HA particle concentration also resulted

in the fewer particles rejected by the ice lamella, leading to

thinner lamellas in the sintered HA sample. From a thermo-

dynamic point of view, a lower substrate temperature

means a larger driving force for the nucleation of ice crys-

tals, which results in the formation of a larger number of

ice nuclei and an increased growth rate of the ice crystals.

By adjusting the particle concentration and substrate tem-

perature, changes in the scale of the microstructural fea-

tures can be achieved without drastically altering the

general lamellar-type microstructure.

Far greater changes in the microstructure of the con-

structs were obtained by modifying the freezing (or solidifi-

cation) behavior of the solvent through the use of liquid

mixtures. Glycerol, with the ability to form hydrogen

bonds, has been found to influence the freezing behavior of

aqueous suspension by destroying the molecular order in

water and reducing the size of ice crystals during the freez-

ing process.30 Glycerol, acting as a cryoprotectant, effec-

tively binds to natural water molecules and disrupts the

complete crystallization of ice, which leads to a localized

amorphous structure, resulting in the reduced size of grow-

ing ice crystals and inhibiting solute rejection.23,31 A small

amount (5 wt %) of glycerol addition to the suspension

was capable of reducing the size of ice crystals and, hence,

the pore diameter in the sintered construct, which in turn

resulted in the thickening of the HA lamellas [Figures

9(a,b)]. With increasing glycerol addition, more localized

ice crystals were formed with less solute rejection during

the solidification process. The large lamellar ice crystals

eventually disappeared due to the formation of the local-

ized ice crystals and smaller crystals were produced in the

frozen samples, which corresponded to fine dendritic pores

in the sintered HA samples [Figure 9(c,d)]. Furthermore,

the well-dispersed HA suspension enabled the formation

of the uniform ice crystals in the frozen sample and, hence,

the homogenous pore structure in the sintered body.

Dioxane has been shown to break the hydrogen bonds in

water,36,37 forming stable dioxane (Diox)-water (H2O) com-

plexes (Diox)m�(H2O)n.
38,39 According to studies of the

local structure,32 these complexes are more prevalent when

the mole fraction of dioxane v is between �0.13 and

�0.30 (�40–70 wt %). The change in microstructure of the

freeze-cast constructs may be attributed to the presence of

these complexes. Below 40 wt % dioxane, the structure of

the solvent was dominated by hydrogen-bonded water mol-

ecules, leading to a lamellar-type microstructure (Figure

11(a,b)], not drastically different from the microstructure

observed for aqueous solvents. For the suspension with

60 wt % dioxane, the freezing of the (Diox)m
�(H2O)n com-

plexes resulted in a cellular microstructure with pore diam-

eters of 100 6 10 lm.

The microstructures obtained in the present work for

HA are similar in nature to those observed in porous con-

structs prepared by unidirectional freezing of collagen sus-

pensions,17–19 solutions of biodegradable polymers, such as

poly(lactic acid), PLA, poly(glycolic acid), PGA, and their

copolymers, PLGA,5 and suspensions of polymers and par-

ticles, such as collagen and HA.20,26,40 The use of suspen-

sions with a low concentration of collagen (typically\5 wt %)

commonly resulted in lamellar or cellular microstruc-

tures such as those shown in Figure 7 and Figure 11(c,d),

but with higher porosity (typically [80–85%). Pore sizes

(diameter or width) in the range 50–500 lm have been

reported, depending on the freezing rate.18,41 Unidirectional

microstructures with tubular pores were obtained using a

thermally induced phase separation (TIPS) technique during

freezing of PLA and PLGA solutions.5 Constructs with po-

rosity of 88–97% and average pore diameter of 30–115 lm
were produced, depending on the concentration of the poly-

mer solution (2.5–10 wt %) and the freezing rate. To

mimic the microstructure and mineral composition of bone,

the production of unidirectional composites of HA with

collagen or a biodegradable polymer (PLA, PGA, or

PLGA) has also been investigated.20,26,40 Typically, these

composite scaffolds have microstructures similar to those

of the unreinforced polymer constructs.

Scaffolds intended for the repair and regeneration of

large defects in load-bearing bones should have sufficient

strength to serve a mechanical function, as well as the req-

uisite microstructure to support tissue ingrowth into the

pores. In Part II,42 the mechanical behavior of the con-

TABLE II. Comparison of Porosity, Pore Widths and General Microstructure for Constructs Prepared From Aqueous
Suspensions, Suspensions With Glycerol, and Suspensions With Dioxane

Solvent Composition

HA Concentration

(vol %)

Pore

Width (lm) Porosity (%)

General

Microstructure

Aqueous 10 25 6 5 70 6 5 Lamellar

20 15 6 10 55 6 2 Lamellar

Water–Glycerol (20 wt %) 10 10 6 5 67 6 2 Rectangular

20 4 6 2 46 6 2 Rectangular

Water–dioxane (60 wt %) 10 100 6 10 65 6 2 Cellular

20 90 6 10 37 6 2 Cellular
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structs prepared in the present work is reported. The micro-

structural parameters that influence tissue ingrowth include

the porosity, the pore diameter, the pore shape and the pore

interconnectivity. Interconnected pores with a mean diame-

ter or width of 100 lm or greater, and open porosity of

[50% are generally considered the minimum requirements

to permit tissue ingrowth and function in porous scaf-

folds.43,44 For constructs prepared from aqueous suspen-

sions (5–20 vol % particles), the mean pore widths

obtained in the present work and by Deville et al.28 are

\40 lm. The ability to produce larger pores (100 6
10 lm), by modifying the freezing behavior of the liquid,

as demonstrated in this work for water-dioxane mixtures

(Table II), provides an important approach for the produc-

tion of HA scaffolds with the requisite microstructure for

bone repair and regeneration.

CONCLUSIONS

Freeze casting of aqueous suspension of HA particles on a

cold substrate produced porous constructs with a uniform,

lamellar-type microstructure in which plate-like HA lamellas

were oriented in the direction of freezing. Changes in the

particle concentration of the suspension and temperature of

the cold substrate did not drastically alter the lamellar-type

microstructure but changed the porosity, the pore width, and

thickness of the HA lamellas. With increasing particle con-

centration in the suspension (5–20 vol %), the porosity and

pore cross section decreased, but the thickness of the HA

lamellas increased. A decrease in the temperature of the

cold substrate (2208C to 21968C) caused a reduction in the

size of the HA lamellas and the pore cross section. The

addition of glycerol (�20 wt%) to the aqueous solvent used

in the suspensions produced finer pores and a larger number

of dendritic structures connecting the HA lamellas. On the

other hand, the addition of 60 wt % dioxane produced a cel-

lular microstructure with much larger pores.
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