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Abstract: In Part I, the influence of processing parameters on the general microstructure of

freeze-cast hydroxyapatite (HA) constructs was explored. This work is an extension of Part I to

investigate the effect of sintering conditions on the microstructure and mechanical behavior of

freeze-cast HA. For constructs prepared from aqueous suspensions (5–20 vol % HA), sintering

for 3 h at temperatures from 12508C to 13758C produced a decrease in porosity of <5% but an

increase in strength of nearly 50%. Constructs with a porosity of 52% had compressive

strengths of 12 6 1 MPa and 5 6 1 MPa in the directions parallel and perpendicular to the

freezing direction, respectively. The mechanical response showed high strain tolerance (5–10%

at the maximum stress), high strain to failure (>20%), and high strain rate sensitivity.

Manipulation of the freeze-cast microstructure, achieved by additions of glycerol and 1,4-

dioxane to the aqueous suspensions, produced changes in the magnitude of the mechanical

response, but little change in the general nature of the response. The favorable mechanical

behavior of the porous constructs, coupled with the ability to modify their microstructure,

indicates the potential of the present freeze-casting route for the production of porous scaffolds

for bone tissue engineering. ' 2008 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater

86B: 514–522, 2008
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INTRODUCTION

In Part I, the influence of processing parameters on the

general microstructure of porous hydroxyapatite (HA) con-

structs prepared by freeze casting of suspensions on a cold

substrate was explored.1 The effects of particle concentra-

tion of the suspension, temperature of the substrate, and

modification of the solidification (freezing) behavior of the

solvent by the addition of glycerol or 1,4-dioxane were

investigated. Freeze casting of aqueous HA suspensions

produced porous constructs with a uniform, lamellar-type

microstructure in which plate-like HA lamellas were ori-

ented in the direction of freezing. Changes in the particle

concentration of the suspension and temperature of the cold

substrate did not severely alter the lamellar-type micro-

structure but changed the porosity, the pore cross-section,

and thickness of the HA lamellas. With increasing particle

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

and pore cross-section of the constructs decreased, but the

thickness of the HA lamellas increased. The addition of 5–

20 wt% of glycerol to the aqueous suspension resulted in

sintered constructs with finer pores and a larger number of

dendritic structures connecting the HA lamellas. On the

other hand, the addition of 60 wt % of 1,4-dioxane to the

aqueous suspension resulted in constructs with a cellular

microstructure and larger pores. This work is an extension

of Part I to investigate the effect of sintering conditions on

the final microstructure and to characterize the mechanical

behavior of the fabricated HA constructs.

In addition to being biocompatible, scaffold materials

should have the ability to be formed into porous constructs

with the relevant anatomical shape, as well as the ability to

be formed economically and reproducibly. The fabricated

scaffold should have the requisite microstructure to support

tissue ingrowth. Interconnected or unidirectional pores with

a mean diameter (or width) of 100 lm or greater, and open

porosity of [50% are generally considered to be the mini-

mum requirements to permit tissue ingrowth and function

in porous scaffolds.2,3 Scaffolds for load-bearing app-

lications such as bone repair and regeneration should also

possess adequate mechanical properties to support physio-

logical loads.

Bone is generally classified into two types: cortical

bone, also referred to as compact bone, and trabecular
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bone, also referred to as cancellous or spongy bone. Corti-

cal bone, found primarily in the shaft of long bones and as

the outer shell around cancellous bone, is much denser,

with a porosity of 5–10%.4 Trabecular bone, found at the

end of long bones, in vertebrae, and in flat bones such as

the pelvis, is much more porous, with porosity in the range

50–90%.5 The mechanical properties of bone vary between

subjects, from one bone to another, and within different

regions of the same bone. The mechanical properties are

also highly anisotropic, as a result of the oriented micro-

structure. However, based on the testing of large speci-

mens, the compressive strength and elastic modulus of

cortical bone have been reported in the range 100–150

MPa and 10–20 GPa in the direction parallel to the axis of

orientation (long axis).6–8 The strength and modulus in the

direction perpendicular to the long axis are typically 1.5 to

2 times lower. A wide range has been reported for the

Young’s modulus (0.1–5 GPa) and compressive strength

(2–12 MPa) of cancellous bone.7,8

A variety of methods have been used to produce porous

scaffolds for bone repair and regeneration, including con-

solidation with a pore-producing phase such as NaCl,

starch, or PVA,9–11 the use of foaming agents,12–14 and

solid freeform fabrication.15–17 Table I provides a summary

which is not meant to be exhaustive, but rather to indicate

representative approaches. Freeze casting has been widely

used for the production of synthetic polymer scaffolds,

such as poly(lactic acid), PLA, poly(glycolic acid), PGA,

and their coploymers, PLGA, as well as natural polymer

scaffolds, such as collagen.21,23,35 It has been applied more

recently to the production of composites of HA and poly-

mers (collagen or biodegradable polymers),20,24 and to bio-

ceramic (HA) scaffolds.1,18,19 The low strength (typically

\1 MPa) of porous constructs of synthetic and natural pol-

ymers, and HA-polymer composites is a limitation for the

repair of load-bearing bones. Recent investigations have

shown that porous HA scaffolds, with a lamellar-type

microstructure and unidirectional pores, can be obtained by

freeze casting of aqueous suspensions.18,19 The microstruc-

ture and strength of the scaffolds can be modified by alter-

ing the particle concentration of the suspension, freezing

rate, and sintering conditions. Compressive strengths as

high as 65 MPa (56% porosity) and 147 MPa (47% poros-

ity) in the direction parallel to the freezing direction were

obtained by testing small thin disks (4 mm 3 5 mm 3
5 mm) cut from the freeze-cast sample. However, the pore

width (or diameter) of these HA constructs (less than �20

lm) is too low for tissue ingrowth.

The objective of the present work was to investigate the

effect of sintering conditions on the microstructure of the

freeze-cast HA constructs and to characterize the mechani-

cal behavior of the fabricated HA constructs. During sinter-

ing, it is expected that the HA lamellas, consisting of a

packing of fine particles and fine pores, will undergo densi-

fication and grain growth, leading to an enhancement in

strength. On the other hand, the unidirectional pores sepa-

rating the HA plates are expected to undergo little change

because the pore widths are much larger than the particle

TABLE I. Summary of Pore Characteristics and Compressive Strength of Porous Scaffolds Fabricated by a Variety of Methods

Technique Material

Open

Porosity (%)

Pore Size or

Dimension (lm)

Compressive

Strength

(MPa) Reference

Freeze casting HA 47–52 5–30 12–18 Present work

HA 50–65 80–110 7.5–20

HA 40–65 20 40–145 18, 19

TIPS PLLA/HA (50:50) 90 50–200 0.4 20

PLGA 93–94 50–60 0.38–0.58 21

PDLLA/Biolgass1 93.5–94 0.07–0.08 22

PLGA 90–96 114–137 0.2–0.9 23

HA/Collagen 95 200–500 0.03 24

Polymer sponge HA 86 420–560 0.21 25

Glass reinforced HA 85–97.5 420–560 0.01–0.175 26

HA 70–77 200–400 0.55–5 27

45S5 Bioglass1 89–92 510–720 0.27–0.42 28

Ca2MgSi2O7 63–90 300–500 0.53–1.13 29

Gel casting HA 76–80 20–1000 4.4–7.4 17

HA 72–90 17–122 1.6–5.8 30

Solid freeform fabrication PCL 61 360 3 430 3 620 3.1 15

HA 35 334 3 469 30 16

HA 41 250–350 34 17

Slip casting 13–93 glass 40–45 100–300 21–23 31

HA 85 200–500 1.09–1.76 32

Gas foaming PLGA 85–96 193–439 0.16–0.29 33

Fiber compacting HA 13–33 50–500 6–13 34
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(or grain) size of the HA plates.36 Because the properties

of the sintered constructs are controlled by their micro-

structure, an understanding of the microstructural develop-

ment during sintering, as well as the influence of the

microstructure on properties, is important.

MATERIALS AND METHODS

Cylindrical HA constructs (�8 mm diameter 3 16 mm)

were prepared by freeze casting suspensions (20 vol % par-

ticles) on a cold steel substrate (2208C), and subliming the

frozen liquid. The solvent in the suspensions consisted of

water, a mixture of water and 5–20 wt % glycerol, or a

mixture of water and 40–60 wt % 1,4-dioxane (referred to

henceforth as dioxane). The glycerol and dioxane additions

were used to modify the freezing (or solidification) of

water, which provided an additional method for manipulat-

ing the microstructure of the freeze-cast constructs. The

procedures were identical to those described in detail in

Part I.1

Sintering was carried out in air for 3 h at temperatures

between 12508C and 13758C, with a heating and cooling

rate of 38C/min. The microstructures of the cross-section of

the green and sintered constructs were observed using scan-

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

kyo, Japan). X-ray diffraction, XRD (D/mas 2550 v;

Rigaku; The Woodlands, TX), was used to identify the

phases present in the starting powder and sintered samples,

using Cu Ka radiation (k 5 0.15406 nm) at a scanning rate

of 1.88/min in the 2y range of 10–808. The volume of open

porosity in the sintered samples was measured using the

Archimedes method. The grain size of sintered constructs

was measured using the linear-intercept method.24 More

than 200 grain boundary intercepts were measured for the

polished samples sintered at different temperature to obtain

a mean value and standard deviation.

The mechanical behavior of the sintered constructs

(�8 mm in diameter 3 16 mm) in compressive loading

was determined according to ASTM-C773 using an Instron

testing machine (Model 4204, Norwood, MA) at a cross-

head speed of 0.5 mm/min. Eight samples were tested, and

the average strength and standard deviation were deter-

mined. The samples were tested in the directions parallel

and perpendicular to the freezing direction. The crosshead

speed of 0.5 mm/min is typical for the testing of dense

specimens according to ASTM-C773. To investigate the

strain-rate sensitivity of the compressive mechanical

response, additional tests were performed at cross-head

speeds of 0.05 mm/min and 5 mm/min. Cross-head speeds

higher than 5 mm/min were impractical with the instrument

and the size of specimens used.

The flexural strength of the sintered constructs was

measured by loading unnotched cylindrical samples (�8 mm

in diameter 3 25 mm) at a crosshead speed of 0.5 mm/min

in three-point bending (overall span 5 20 mm) using an

Instron testing machine (Model 4204). Eight specimens

were tested. The flexural strength was determined from the

equation

r ¼ 8PL

pd3

where P is the load applied to the specimens, L is the over-

all span, and d is the diameter of the specimens.

Strength and porosity values were determined as means

6 standard deviations. Statistical analysis was carried

our using one-way analysis of variance (ANOVA) and

Turkey’s post hoc test, with the level of significance set at

p\ 0.05.

RESULTS

Figure 1 shows the XRD patterns of the as-received HA

powder, the powder calcined for 1 h at 9008C, and of the

freeze-cast material sintered for 3 h at 13758C, the highest

sintering temperature used in the experiments. Each pattern

corresponded to the reference pattern of HA (JCPSD 72-

1243). The XRD peaks for the as-received powder were

broader and had a lower intensity (peak height) than those

for the sintered material, which is an indication that the as-

received powder may have a size in the nanocrystalline

range, incompletely crystallized, or a combination of both.

Within the limits of detection by the XRD (\0.5 wt %), no

additional peaks corresponding to any second phases could

be found in the patterns. It has been reported that HA

decomposed into tricalcium phosphate and tetracalcium

phosphate at temperatures above �13008C,37 and that this

decomposition resulted in a sharp drop in strength and

affected the osteocalstic resorption activity of HA.38,39

However, for the HA powder used in the present work, the

results indicated that sintering temperatures as high as

13758C can be used without detectable decomposition.

In vitro cell culture experiments are currently being per-

formed to evaluate the effect of the sintered HA constructs

Figure 1. X-ray diffraction (XRD) patterns of the as-received HA

powder, the powder heated for 1 h at 9008C, and the freeze-cast
construct sintered for 3 h at 13758C.
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on cell viability and the ability of the constructs to support

cell infiltration into the unidirectional pores.

The effect of the sintering temperature on the open po-

rosity and compressive strength of HA constructs sintered

for 3 h at temperatures between 12508C and 13758C is

shown in Figure 2. The constructs were prepared from

aqueous suspensions containing 20 vol % HA. With

increasing temperature, the porosity decreased slightly,

from a value of 55% at 12508C to a limiting value of

�52% at 13508C. This is an indication that the HA plates

in the lamellar-type microstructure had reached their high-

est density at 13508C. Sintering for much longer time at

13508C or at higher temperatures will lead primarily to

grain growth in the HA lamellas, without any increase in

density. Therefore, sintering for 3 h at 13508C can be taken

as approximately the optimum sintering conditions for the

present system. The compressive strength in the direction

of freezing increased with sintering temperature (Figure 2),

reaching its highest value of 12 6 1 MPa at 13508C, and
showed no further improvement as the sintering tempera-

ture was increased to 13758C. This increase in the com-

pressive strength is a reflection of the decrease in porosity

indicating that the strength improvement is controlled by

the increase in density of the HA lamellas.

As observed in Part I,1 the addition of glycerol to the

aqueous solvent produced a modification of the freeze-cast

microstructure, giving smaller pore diameters and resulting

in a larger number of dendrites connecting the HA plates.

Figure 3 shows the effect of glycerol additions on the po-

rosity and compressive strength of the constructs sintered

for 3 h at 13508C. The constructs were prepared from sus-

pensions with 20 vol % solids. The porosity decreased by

�6%, from �52% to �46%, as the glycerol concentration

in the solvent increased from 0 to 20 wt %. On the other

hand, the compressive strength (in the direction of freezing)

increased by �50%, from 12 6 1 MPa to 18 6 2 MPa.

This increase in the strength can be attributed to the finer

pores, the lower porosity, the larger number of dendrites

connecting the HA lamellas or a combination of the three.

Figure 4 shows stress–strain curves in compression test-

ing for freeze-cast HA constructs prepared from aqueous

suspensions (20 vol % HA) without glycerol and sintered

for 3 h at 13508C. The curves show the behavior of the

constructs in the direction parallel and perpendicular to the

freezing direction. The data shown are engineering stresses

and strains, based on the initial cross-sectional area and

length of the test sample, and do not represent the true

stresses and strains. An interesting feature of the stress–

strain response is the high strain tolerance of the constructs.

Unlike common ceramics which show brittle behavior with

Figure 2. Influence of sintering temperature on the porosity and

compressive strength (in the direction of freezing) of HA constructs

prepared from aqueous suspensions with 20 vol % particles. All
pairs of porosity were significantly different except the pair

between 1350 and 13758C (p 5 0.99); all pairs of compressive

strength were significantly different except the pairs between 1250

and 12758C, 1300 and 13258C, 1350 and 13758C (p 5 0.97, 0.22,
1.0, respectively).

Figure 3. Effect of glycerol addition to the aqueous suspension
(20 vol % particles) on the porosity and compressive strength (in

the direction of freezing) of constructs sintered for 3 h at 13508C. All
pairs of porosity were significantly different; all pairs of compres-

sive strength were significantly different except the pairs between
0 and 5, 5 and 10, 15 and 20 wt % glycerol (p 5 0.69, 0.28, 0.50,

respectively).

Figure 4. Stress–strain behavior in compression testing parallel and
perpendicular to the freezing direction, for HA constructs prepared

from aqueous suspensions (20 vol % particles) and sintered for 3 h

at 13508C. Three different regions are outlined for the curve corre-

sponding to the parallel testing direction: I, elastic region; II, stress
plateau region; III, failure region.
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just an elastic response and failure at low strain (typically

\0.1%), the constructs produced in the present work

showed three distinct regions: an elastic regime in which

the stress-strain response was linear, a stress plateau region

representing a region of highest sustainable loading, and a

failure region of decreasing load-beating ability. The elastic

modulus, determined from the slope of the linear region,

was 0.2 GPa. While the three regions can be observed in

both curves, the stress–strain curve in the freezing direction

had a different shape from that perpendicular to the freez-

ing direction. In the freezing direction, the curve had a

more smoothly varying, asymmetric bell shape, with a

compressive strength (taken as the stress at the peak) of

�10 MPa at a strain of �7%. In contrast, the curve for the

perpendicular testing direction had a large plateau region,

in a strain range of 2–10%, with numerous bumps and val-

leys. The average compressive strength in this plateau

region was �4 MPa. The small peaks and valleys in the

curve presumably resulted from progressive breakage of

the HA lamellas and the dendrites between the lamellas.

Figure 5 shows the effect of strain rate on the compres-

sive mechanical response (in the direction of freezing) for

constructs prepared from aqueous suspension (20 vol %

HA). The response was quite sensitive to the rate of load-

ing (taken as proportional to the cross-head speed). With

increasing strain rate, the peak compressive stress increased

in magnitude and shifted to lower strain. For the same

specimen length (16 mm), increasing the cross-head speed

from 0.05 mm/min to 0.5 mm/min and 5mm/min, produced

an increase in the peak compressive stress of �25 and

�125%, respectively. On the other hand, the strain at the

peak compressive stress decreased from 8% to 5% and 2%,

respectively.

Figure 6 shows the stress–strain curve in three-point

bending for freeze-cast HA constructs prepared from aque-

ous suspensions (20 vol % HA) without glycerol and sin-

tered for 3 h at 13508C. The constructs showed a high

strain tolerance (�6%) in flexure, similar in nature to the

response observed in compression testing, indicating that

the high strain tolerance is not just restricted to compres-

sion. The small peaks and valleys in the stress–strain curve

presumably resulted from crack deflection during delamina-

tion of the HA lamellas. The flexural strength (taken as the

stress at the peak of the stress–strain curve) was 2.5 6 0.9

MPa at a strain of�6%.

The stress–strain behavior in compression for constructs

prepared from suspensions (20 vol % HA particles) with

20 wt % glycerol and sintered for 3 h at 13508C is shown

in Figure 7. In general, the curves showed features similar

to those for constructs prepared without glycerol, but the

load-bearing capacity was higher. The compressive

strengths in the directions parallel and perpendicular to the

freezing direction were 18 6 2 MPa and 7 6 1 MPa,

respectively, compared with values of 12 6 1 MPa and

5 6 1 MPa for similar constructs prepared from suspen-

sions without glycerol. The elastic modulus in the direction

of freezing, determined from the linear region of the curve,

was 0.6 GPa. The use of glycerol also improved the strain

tolerance, with the constructs able to support a stress of

�6 MPa at a strain as high as 20%.

Figure 5. Effect of loading rate on the compressive mechanical

response of HA constructs prepared from aqueous suspension with
20 vol % particles.

Figure 6. Stress–strain behavior in three-point bending for HA con-

structs prepared from aqueous suspensions (20 vol % particles)

and sintered for 3 h at 13508C.

Figure 7. Stress–strain behavior of HA constructs prepared from

suspensions with 20 wt % glycerol and sintered for 3 h at 13508C.
The load was applied in compression, parallel and perpendicular to
the freezing direction.
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Figure 8 shows the stress–strain curves, in the direction

of freezing, for constructs prepared from suspensions (10

vol % HA particles) in which the solvent was 40 wt %

water and 60 wt % dioxane. The mechanical response of

these constructs showed a higher strain tolerance (�60%)

than constructs prepared from aqueous suspensions (Figure

4) or from suspensions with glycerol (Figure 6). As

observed for the testing of constructs prepared from aque-

ous suspensions (Figure 5), the mechanical response is also

sensitive to the rate of loading. The stress–strain curve con-

sisted of three distinct regions: an approximately linear re-

gime, a plateau region in which the stress was almost

constant with increasing strain, and a region of sharply ris-

ing stress. For testing at a cross-head speed of 0.5 mm/min,

the peak compressive stress was 7.5 MPa at a strain of 8%.

The elastic modulus, determined from the approximately

linear region, was 0.1 GPa.

SEM images of the top and middle portions of an HA

construct after completion of the compressive strength test-

ing are shown in Figure 9. The construct was prepared

from aqueous suspensions (without glycerol or dioxane)

containing 20 vol % HA. A highly tortuous surface was

observed at the top surface [Figure 9(a)], unlike the rela-

tively smooth fracture surface commonly observed for brit-

tle materials. The middle portion of the broken construct

[Figure 9(b)], showed almost equally spaced cracks, per-

pendicular to the length of the HA lamellas. Furthermore,

the cracks did not propagate across the entire sample.

Instead, they appeared to terminate after traversing each

HA lamella.

The fractured surfaces, following compressive strength

testing, for the sintered constructs prepared from suspen-

sions (20 vol % HA) with 20 wt % glycerol are shown in

Figure 10. The top part of the fractured surface [Figure

10(a)] appeared to show tortuous crack patterns, not unlike

those in Figure 9(a). Dendrites between the HA plates were

also observed. When compared with the HA constructs pre-

pared from suspensions without glycerol [Figure 9(b)], no

cracks perpendicular to the length of the HA lamellas were

observed [Figure 10(b)].This is presumably due to the fine

pores and the presence of a larger number of dendrites

between the HA lamellas, which provided an alternative

fracture mechanism.

DISCUSSION

The present freeze casting route relied on densifying the

HA lamellas, with little modification of the macropores

between the lamellas, for developing the optimum strength

of the construct. The results indicated that the optimum

strength was achieved without any detectable change in the

XRD pattern of the material by sintering for 3 h at 13508C.
For constructs prepared from aqueous suspensions (20

vol % HA) without glycerol or dioxane, the compressive

strength in the direction of freezing (12 6 1 MPa) was at

the upper limit of the values for cancellous bone (2–12

MPa),8 whereas the elastic modulus (0.2 GPa) was closer

to the lower limit for cancellous bone (0.1–5 GPa).8 The

porosity (55%) was at the lower end for cancellous bone

(50–90%), but the pore size (15 6 10 lm) was considered

to be too low to support tissue ingrowth.40,41

Figure 8. Effect of loading rate on the mechanical response of the

HA constructs prepared from suspensions (10 vol % particles) con-
taining 60 wt % dioxane.

Figure 9. Fractured surfaces, after compression testing, of HA constructs prepared from suspen-

sions without glycerol: (a) top surface, perpendicular to the freezing direction; (b) surface parallel to
the freezing direction.
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Because of differences in pore characteristics (such as

porosity and pore size), a true comparison cannot be made

between the strength values obtained in the present work

and those summarized in Table I for constructs fabricated

by a variety of methods. Nevertheless, the compressive

strengths of the HA scaffolds fabricated in the present

work were at least one order of magnitude higher than the

values for polymer scaffolds or polymer–ceramic composites

prepared by a unidirectional freeze casting method.20–24 The

strengths obtained in the present work were also one order

of magnitude higher than those for porous bioceramic con-

structs with a more isotropic microstructure, such as those fab-

ricated by infiltration of a polymer sponge or by a gas foaming

technique.12,25-27,28-30 Furthermore, the strengths were com-

parable with the values for porous bioceramic constructs fab-

ricated by solid freeform fabrication routes and by more

conventional methods.15-17,31-34

When compared with the results of Deville et al.,18,19

who reported compressive strengths of 65 MPa (56% po-

rosity) and 147 MPa (47% porosity) for HA constructs in

the direction of freezing, the strengths obtained in this

work were far lower. One factor which might contribute to

the difference is the cooling rate of the suspension. The

results of Deville et al.18 showed a large increase in

strength with increasing cooling rate, and the high strengths

reported were for the highest cooling rate used. Faster cool-

ing rates lead to the production of constructs with finer

pores. While the strength was higher, the finer pores were

less favorable for supporting tissue ingrowth. In the present

work, the suspensions were frozen on a substrate at a fixed

temperature (2208C), and the cooling rate corresponded

approximately to the lowest cooling rates used by Deville

et al.18 The compressive strengths obtained in the present

work are comparable to the values reported by Deville

et al. for the lowest cooling rates used in their work. There

was also a difference between the sizes of the specimens

used in the two studies. Deville et al.18 used test samples

(4 mm 3 5 mm 3 5 mm) cut from the sintered material in

which the height to the cross-sectional width was only 0.8.

In the present work, the as-fabricated specimens were

tested according to ASTM-C773 in which the height to di-

ameter ratio was[2.

An interesting property of the HA constructs prepared in

this work was the high strain tolerance, leading to a high

strain to failure (Figure 4). SEM images of the constructs

after compressive strength testing [Figure 9(a)] showed a

highly tortuous crack path. This type of tortuous fracture

surface provided a large increase in the crack path, and has

been proposed as an effective toughening mechanism in bi-

ological composites.42 Furthermore, deflection, branching,

and blunting of the cracks were also observed in the con-

structs after testing [Figure 9(b)]. These toughening mecha-

nisms, coupled with the fine, homogeneous microstructure

presumably resulted in delocalized failure, which provided

the high strain tolerance observed in the stress–strain

curves.

Similar to the behavior of bone43,44 and other natural

materials, the mechanical response of the HA constructs

fabricated in this work was quite sensitive to the rate of

loading (Figure 5). The elastic modulus and the compres-

sive strength were observed to increase with higher loading

rate but the strain to failure decreased. Since HA itself is

brittle, the strain rate sensitivity resulted from the lamellar-

type microstructure developed by the freeze-casting route.

The use of glycerol to modify the freezing behavior of

the solvent resulted in the production of HA constructs

with higher compressive strength and higher strain toler-

ance (Figure 7). The enhanced mechanical response pre-

sumably resulted from the lower porosity, smaller pores,

and the larger number of dendrites between the HA lamel-

las.1 More numerous peaks and valleys were also observed

in the stress–strain curves (Figure 7), particularly in testing

parallel the freezing direction, which presumably resulted

from the progressive rupture of the larger number of den-

drites between the HA lamellas. The additional work

required to rupture these dendrites presumably provided a

strong contribution to the increase in compressive strength

and strain tolerance.45

Figure 10. Fractured surfaces, after compression testing, of HA constructs prepared from suspen-
sions with 20 wt % glycerol: (a) top surface, perpendicular to the freezing direction; (b) surface

parallel to the freezing direction.
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As described in Part I,1 addition of dioxane (60 wt %)

to the aqueous suspension resulted in the production of HA

constructs with a cellular microstructure and larger pores.

Constructs prepared from suspensions with 10 vol % HA

had a porosity of 65% and an average pore diameter of

(100 6 10 lm). These pore characteristics are considered

to be more favorable for tissue ingrowth2,3 when compared

with the fine pores obtained in constructs prepared from

aqueous suspensions with or without glycerol additions.

The mechanical response of the HA constructs (Figure 8)

was similar in nature to the response of bone and other nat-

ural materials such as wood and cork,46 as well as the

response of synthetic scaffolds with an oriented microstruc-

ture prepared by solid freeform fabrication techniques.31

Furthermore, for a cross-head speed of 0.5 mm/min, the

compressive strength (7.5 MPa), taken as the value at the

peak stress, and the strain (8%) at the peak compressive

stress were in the upper range of values for human cancel-

lous bone (compressive strength 5 2–12 MPa and strain to

failure 5 5–7%).8 Based on their microstructure and me-

chanical response, these porous HA constructs prepared

from aqueous suspensions with 60 wt % dioxane may pro-

vide favorable substrates for tissue engineering of bone.

Experiments are currently being performed to evaluate the

biocompatibility of the constructs and to optimize their me-

chanical response.

CONCLUSIONS

The compressive strength of freeze-cast HA constructs was

strongly dependent on the sintering temperature used to

densify the HA. Optimum strength was obtained after sin-

tering for 3 h at 13508C, presumably because of the HA

lamellas in the porous structure reaching nearly full den-

sity. XRD indicated that no new phase was formed in the

HA constructs after sintering at 13508C. Constructs pre-

pared from aqueous suspensions had compressive strengths

of 12 6 1 MPa and 5 6 1 MPa in the directions parallel

and perpendicular to the freezing direction, respectively, a

flexural strength of 2.5 6 0.9 MPa, and strain to failure of

[20%. However, the porosity (52%) and pore size (5–30

lm) were considered to be too low to support tissue

ingrowth. Constructs prepared from aqueous suspensions

with 20 wt % glycerol had higher strength, but lower po-

rosity and finer pores. HA constructs prepared from aque-

ous suspensions (10 wt % particles) with 60 wt % dioxane

had a compressive strength of 7.5 MPa, strain to failure of

60%, and favorable microstructure for tissue ingrowth (po-

rosity �65% and pore size 5 100 6 10 lm). The mech-

anical response of the HA constructs was similar in nature

to that for bone and other natural materials (high strain to

failure and strain rate sensitivity). The favorable mech-

anical response of the porous constructs coupled with the

ability to modify the microstructure and mechanical proper-

ties indicates the potential of the present freeze casting

route for the fabrication of porous scaffolds for bone tissue

engineering.
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