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Magnetic field aligned freeze casting is a novel method to fabricate porous, anisotropic ceramic

scaffolds with a hierarchy of architectural alignment in multiple directions. A weak rotating magnetic

field applied normal to the ice growth direction in a uniaxial freezing apparatus allowed the

manipulation of magnetic nanoparticles to create different pore structures and channels with long-

range order in directions parallel and perpendicular to the freezing direction. Porous scaffolds

consisting of different host ceramics (hydroxyapatite (HA), ZrO2, Al2O3, or TiO2) mixed with varying

concentrations (0–9 wt%) of Fe3O4 nanoparticles were fabricated by freeze casting under three different

conditions: (1) no magnetic field, (2) a static magnetic field of 0.12 T, or (3) a rotating magnetic field of

0.12 T at 0.05 rpm. The HA, ZrO2, and Al2O3 scaffolds showed biphasic material properties with separate

Fe3O4-rich and Fe3O4-poor regions. The TiO2 scaffolds showed homogeneous distributions of Fe3O4

throughout the macrostructures, which resulted in aligned pore channels parallel to the magnetic field,

normal to the ice growth direction. In the magnetic field direction, the compressive strength and

stiffness of the TiO2 scaffolds containing Fe3O4 was doubled. The enhanced mechanical performance of

the field aligned TiO2 scaffolds are the result of the long-range microstructural order in multiple

directions—(1) the magnetic field direction and (2) the ice growth direction.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

A common unifying theme in the study of natural materials is
the presence of anisotropy and architectural hierarchy over
multiple length scales [1,2]. This type of directional order allows
biomaterials to be lightweight, high strength, and multifunc-
tional [3]. Abalone nacre and bone, for instance, are structural
materials with exceptional mechanical properties designed for
body support; and, impact resistance in the case of nacre, or blood
flow and joint movement in the case of bone [4,5]. These proper-
ties result from highly ordered, structural alignment in multiple
directions across several length scales. In the field of bio-inspired
design, many new technologies to fabricate high-performance,
multifunctional materials that mimic the nano-/micro-structural
features of natural materials are being explored with varying
success.

Of these, freeze casting has become a most promising new
technique to fabricate porous ceramic scaffolds [6,7]. Potential
applications range from bone replacements [8–10] and tough
hybrid composites (upon infiltration of a second phase) [10–13],
ll rights reserved.

: þ1 858 534 5698.

).

al., Magnetic freeze casting
8

to separation filters, insulators, catalyst supports, or piezoelectric
devices [7,14–17]. Freeze casting of ceramics is a physical process
in which an aqueous slurry composed of a solid phase (e.g.,
ceramic powder) and a fugitive liquid carrier (e.g., water) is
directionally frozen in a mold, then sublimated to remove the
frozen liquid phase, and finally sintered to partially densify and
strengthen the green constructs [6,7,18]. During the freezing
process, ceramic particles are pushed between and trapped
within growing lamellar ice crystals [6,7,18]. The thermody-
namics that govern the phenomena of particle rejection and
entrapment are explicated by Wegst et al. [18] and Deville
et al. [19], where constitutional supercooling drives instabilities
(or undulations) in the freezing front that lead to the nucleation
and growth of well-ordered, interconnected ice channels. Intricate
microstructural features, such as surface roughness, wall thick-
ness, pore geometry and inter-lamellar bridging, may be con-
trolled by altering the slurry properties or changing the freezing
direction and solidification kinetics [8–10, 20–30]. An inherent
drawback of these scaffolds is their lack of strength and stiffness
transverse to the direction of ice growth. That is, the outstanding
mechanical properties usually celebrated in these materials only
exist in a single uniaxial direction, parallel to the freezing
direction [27]. For many applications, this may not be proble-
matic. However, applications such as bone replacements or tough
inspired by nature, Materials Science & Engineering A (2012), htt
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hybrid composites that require substantial mechanical perfor-
mance in multiple directions may not be well-suited by conven-
tional freeze casting.

Some attempts to introduce greater microstructural control
have been previously reported. Fu et al. [9] and Munch et al. [27]
used additives, such as glycerol, dioxane, ethanol or sucrose, to
modify the microstructure (e.g., lamellar or cellular) and surface
roughness (e.g., smooth or dendritic) of freeze-cast scaffolds by
changing the eutectic phase diagram of the colloidal suspensions.
Munch et al. [27] showed that patterning the freezing surface can
manipulate the long-range ordering of ice lamellae by controlling
the initial direction of nucleation. Zhang et al. [31] fabricated
dense/porous bilayered ceramics by applying an electric field
during freezing. Moon et al. [22], Macchetta et al. [24], and Koh
et al. [25,30] demonstrated the concept of radial cooling to
construct porous ceramics with radial channel alignment. Regard-
less, none of these modifications have been shown to significantly
enhance the mechanical properties in planes normal the ice
growth direction. New additions to conventional freeze casting
techniques that may align microstructural features and increase
the strength and stiffness in multiple directions are still of great
interest.

One mechanism commonly used to align small-scale materials,
such as carbon nanotubes or ferrous nanoparticles, is an external
magnetic field [32–38]. Magnetic fields are particularly useful in
materials fabrication when physical barriers, such as the walls of
a mold, restrict the manipulation of materials through direct
contact. In ceramics processing, high magnetic fields (410 T)
have been shown to control the texture of feeble magnetic
ceramics, such as HA, Al2O3, or TiO2 [39–45]. Unfortunately, high
magnetic fields are produced by special superconducting magnets
that are infeasible in most laboratories due to their high cost, high
energy consumption, and safety concerns [34]. In contrast, small
magnetic particles such as magnetite (Fe3O4) are known to
aggregate into linear-chain clusters in the direction of relatively
weak magnetic fields (o1 T) [36,38,46]. Mashkour et al. [34]
showed that it is possible to align cellulose fibers doped with
Fe3O4 using a permanent magnet with a field strength o0.18 T.
Using this concept, low magnetic fields may align the complex
microstructures in freeze-cast ceramics containing small amounts
of Fe3O4.
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Fig. 1. Magnetic freeze casting setup, illustrating the magnet rotation, ice growth, and

magnetic flux path (Y-axis) directions is represented by the X-axis.
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Inspired by the helicoidal structure of the narwhal tusk, an
external rotating magnetic field was applied to a conventional
freeze casting system for the first time. A permanent neodymium
magnet and cast iron flux path distributors were used to direct a
magnetic field perpendicular to the ice growth direction. Porous
scaffolds with structural alignment in both the longitudinal (i.e.,
ice growth direction) and transverse (i.e., magnetic flux direction)
planes were fabricated from nonmagnetic ceramic powders
mixed with small amounts of Fe3O4 nanoparticles. The compres-
sive mechanical properties of the scaffolds were measured in
directions perpendicular and parallel to the magnetic flux path
and freezing directions. This work introduces the novel concept of
magnetic freeze casting and explains its potential as a simple, low
cost processing method to fabricate porous, anisotropic ceramic
scaffolds with a hierarchy of architectural alignment in multiple
directions.
2. Materials and methods

2.1. Magnetic freeze casting setup

Samples were prepared using a custom built freeze casting
unit and rotating permanent magnet. Fig. 1 shows a picture of the
magnetic freeze casting setup. The freeze casting unit consists of a
copper cold finger immersed in a liquid nitrogen bath. A band
heater and thermocouple linked to a PID controller are attached
to the copper cold finger in order to control the cooling rate of the
copper surface at the bottom of a polyvinyl chloride (PVC) mold
with a 20 mm inner diameter. The rotating permanent magnet is
constructed from a 1.32 T neodymium rare earth magnet, grade
N42 (2.5�10�10 cm3) (Applied Magnets, Plano, TX). Two cast
iron channel arms, threaded stainless steel rods, and cast iron flux
path distributors are attached to the neodymium magnet to direct
and concentrate the magnetic flux path through the PVC mold
perpendicular to the ice growth direction (Z-axis). The magnetic
field strength can be varied from 0 to 0.15 T by adjusting the
distance of the flux path distributors with the threaded rods. The
permanent magnet device was hung by a vertical aluminum shaft
connected to a 3 V, 1.6 A, 233 oz-in geared bipolar stepper motor
(RobotShop Inc., Swanton, VT), controlled by an electronic user
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interface, Arduino Uno-R3 (SparkFun Electronics, Boulder, CO),
capable of rotating the magnet 0.05–0.50 rpm about the Z-axis.
Finite element models (FEM) of the magnetic flux path distribu-
tions were developed using the software, FEMM 4.2 (David
Meeker, Waltham, MA).

2.2. Sample preparation

Aqueous slurries of 10 vol% HA (Trans Tech, Adamstown, MD),
ZrO2 (Sigma Aldrich, St. Louis, MO), Al2O3 (Sigma Aldrich, St.
Louis, MO), or TiO2 (Sigma Aldrich, St. Louis, MO) powders were
mixed with varying concentrations of 0–9 wt% (0–8 vol% of the
total solids) Fe3O4 nanoparticles (Sigma Aldrich, St. Louis, MO).
Table 1 shows the physical properties of the ceramic powders, as
received. All slurries contained 1 wt% of each: organic binders,
polyethylene glycol (PEG) (Alfa Aesar, Ward Hill, MA) and polyvinyl
alcohol (PVA) (Alfa Aesar, Ward Hill, MA), and an ammonium
polymethacrylate anionic dispersant, Darvans 811 (R. T. Vander-
bilt Company, Inc., Norwalk, CT). The slurries were ball milled in an
alumina grinding medium for 24 h, followed by degassing under
low vacuum for 10–20 min. Approximately 10 mL of the degassed
slurries were poured into the PVC mold and frozen at a constant
rate of 10 1C/min. Samples were frozen under three different
magnetic field conditions: (1) no magnetic field; (2) a static
magnetic field of 0.12 T; and (3) a rotating magnetic field of
0.12 T at 0.05 rpm. After freezing, the samples were removed from
the mold with a hydraulic press and lyophilized in a bench-top
freeze dryer (Labconco, Kansas City, MO) at �50 1C and 350 Pa for
72 h. The porous green constructs were then sintered in an open air
furnace for 3 h at predetermined temperatures of 1300 1C for HA
and ZrO2, 1500 1C for Al2O3, and 900 1C for TiO2 with heating and
cooling rates of 2 1C/min.

2.3. Material characterization

The relative density (rrel) and porosity (f) of the scaffolds
were measured by mass (m) and volume (V) with respect to that
of a fully dense material of equal composition (r0), as shown in
Table 1
Properties of ceramic powders, as received. Information reported by m

Magnetite (Fe3O4) Hydroxyapatite (HA

Crystal systema Cubic Hexagonal

Density (g/cm3) 4.95 3.15

Molar mass (g/mol) 231.53 502.31

Particle size (mm)b o0.05 1–3

a Crystal systems confirmed by XRD measurements.
b Particle sizes measured from SEM micrographs.

Table 2
Elemental analysis of sintered HA, ZrO2, Al2O3, and TiO2 scaffolds conta

0.12 T, showing the concentration (wt%) of iron (Fe) and host elements (

regions of the scaffolds.

Hydoxyapatite (HA) Zirconia (ZrO2)

Element (wt%) Element (

Fe3O4-rich Fe 5.78 Fe 8

Region Ca 36.56 Zr 6

P 15.83 O 3

O 41.82 – –

Fe3O4-poor Fe 0.08 Fe 0

Region Ca 45.89 Zr 7

P 15.29 O 2

O 38.73 – –

Please cite this article as: M.M. Porter, et al., Magnetic freeze casting
p://dx.doi.org/10.1016/j.msea.2012.07.058
Eqs. (1) and (2):

rrel ¼
r
r0
¼

m=V

gr0Fe3O4
þð1�gÞr0host

ð1Þ

f¼ ð1�rrelÞ � 100% ð2Þ

where r¼m/V is the measured sample density, r0Fe3O4
and r0host are

the densities of fully dense Fe3O4 and host ceramic (HA, ZrO2,
Al2O3, or TiO2), respectively, and g is the weight fraction of Fe3O4.
The average pore sizes and channel widths of the scaffolds were
measured using ImageJ software. Table 3 lists the average
densities and porosities of the TiO2 scaffolds.

Energy-dispersive X-ray spectroscopy (EDX) was performed
with a Philips XL30 field emission environmental scanning
electron microscope (FEI-XL30, FEI Company, Hillsboro, OR). The
samples were coated with iridium using an Emitech K575X
sputter coater (Quorum Technologies Ltd., West Sussex, UK).
Elemental mapping and analyses were performed at 20 kV using
an Oxford EDX attachment and Inca software.

X-ray diffraction (XRD) was performed with a Miniflex II XRD
machine (Rigaku, The Woodlands, TX) to confirm the crystal
systems of the as-received ceramic powders (Table 1) and
characterize the crystal structures of the TiO2 scaffolds before
and after sintering.
2.4. Micro-computed tomography (mCT)

Two TiO2 scaffolds containing 3 wt% Fe3O4, made with (1) no
magnetic field and (2) a rotating magnetic field of 0.12 T at
0.05 rpm, were scanned on a micro-computed tomography
(mCT) unit, Skyscan 1076 (Skyscan, Kontich, Belgium). The scaf-
folds were positioned inside a Styrofoam tube and imaged at
9 mm isotropic voxel size, applying an electric potential of 70 kVp
and a current of 200 mA, using a 1 mm aluminum filter. A beam
hardening correction algorithm was applied during image recon-
struction. Images and 3D rendered models were developed using
Skyscan’s Dataviewer and CTVox software.
anufacturers unless otherwise noted.

) Zirconia (ZrO2) Alumina (Al2O3) Titania (TiO2)

Monoclinic Hexagonal Tetragonal

5.89 4.00 4.26

123.22 101.96 79.87

0.2–0.5 2–5 0.2–0.5

ining 3 wt% (�3 vol%) Fe3O4 made with a static magnetic field of

Ca, P, Zr, Al, Ti, O) in the Fe3O4-rich (edge) and Fe3O4-poor (center)

Alumina (Al2O3) Titania (TiO2)

wt%) Element (wt%) Element (wt%)

.27 Fe 7.83 Fe 1.64

1.29 Al 47.40 Ti 61.07

0.44 O 44.77 O 37.29

– – – –

.20 Fe 0.33 Fe 1.61

1.17 Al 51.69 Ti 61.65

8.62 O 47.98 O 36.74

– – – –
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Fig. 2. Finite element model (FEM) showing the magnetic flux path and

density distributions through the permanent magnet apparatus shown in Fig. 1.

According to the legend (bottom), the highest flux density is shown in purple,

while the lowest flux, density is shown in light blue. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)

Table 3
Density, porosity, and compressive mechanical properties of TiO2 scaffolds containing 1–9 wt% (0–8 vol%) Fe3O4 made with no magnetic field and a static field of 0.12 T.

The ultimate compressive strength and Young’s modulus of the scaffolds were measured in three directions: ice growth direction (Z), magnetic field direction (Y), and

transverse direction (X). Sample size: N¼10.

Density Porosity Ultimate strength (MPa) Young’s modulus (MPa)

(g/cm3) (%) X Y Z X Y Z

0 wt% Fe3O4

No field 0.5370.01 87.670.1 0.670.1 0.670.1 4.770.6 48724 48724 144755

Static field – – – – – – – –

1 wt% Fe3O4

No field 0.5570.02 87.170.5 1.170.3 1.170.3 8.970.5 58725 58725 430792

Static field 0.5570.01 87.170.3 1.470.2 2.070.5 9.070.7 45730 142757 4127139

3 wt% Fe3O4

No field 0.5170.01 88.070.3 0.970.3 0.970.3 7.470.2 48720 48720 459774

Static field 0.5270.01 87.770.2 1.470.2 2.470.6 6.370.7 55729 117742 332795

9 wt% Fe3O4

No field 0.4770.02 89.270.4 0.870.2 0.870.2 5.070.6 3378 3378 451774

Static field 0.4770.02 89.270.4 0.970.1 1.870.3 3.270.8 3478 113743 123750

*All data reported as average7standard deviation.
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2.5. Microscopy

Optical microscopy images were taken with a VHX-1000
digital microscope system equipped with a CCD camera (KEY-
ENCE Corporation, Osaka, Japan).

Scanning electron microscopy (SEM) images were taken at
10 kV on a Philips XL30 field emission environmental scanning
electron microscope (FEI-XL30, FEI Company, Hillsboro, OR). For
SEM preparation the samples were sputter-coated with iridium
using an Emitech K575X sputter coater (Quorum Technologies
Ltd., West Sussex, UK).

2.6. Mechanical testing

Compression testing of the TiO2 scaffolds was performed on an
Instron machine (Instron 3342, Norwood, MA) with a 500 N load
cell at a crosshead velocity of 0.005 mm/s. The scaffolds were cut
into small samples of approximately 5�5�5 mm3 and tested in
three orthogonal directions (see Fig. 1): (1) ice growth direction
(Z-axis); (2) magnetic flux path direction (Y-axis); and (3) trans-
verse direction (X-axis). To ensure testing of the homogeneous
region and avoid the high-density regions of the scaffolds (i.e., the
outer perimeter and the bottom 5 mm of the scaffold [20]), the
cubic samples were cut from the center core of the scaffolds
(10�10 mm2) between 5 and 30 mm from the bottom. The com-
pressive ultimate strength and Young’s modulus were determined
from the maximum stress and the linear slope of the stress–strain
curves, respectively.
3. Results and discussion

Directing a magnetic field through the ceramic slurries per-
pendicular to the ice growth direction was accomplished by
channeling the field through the flux path distributors seen in
Fig. 1. Fig. 2 shows a 2D finite element model (FEM) illustrating
the magnetic field lines and density throughout the permanent
magnet system. Measurements of the magnetic field strength
using a Gauss meter and observations of the field direction using
iron filaments in a clear test tube confirmed that the magnetic
field through the PVC mold in the experiments described here
was 0.12 T and normal to the freezing direction.

Fig. 3 shows images of freeze-cast HA, ZrO2, Al2O3, and TiO2

with 3 wt% (�3 vol%) Fe3O4 frozen at 10 1C/min under a rotating
magnetic field of 0.12 T at 0.05 rpm. As seen in the images, the
HA, ZrO2, and Al2O3 scaffolds showed two distinct phases of the
Please cite this article as: M.M. Porter, et al., Magnetic freeze casting
p://dx.doi.org/10.1016/j.msea.2012.07.058
host ceramic (HA, ZrO2, Al2O3) and Fe3O4 when fabricated under
the influence of the external field. The TiO2 scaffolds, on the other
hand, did not show separate ceramic phases, suggesting that the
Fe3O4 nanoparticles were well distributed and absorbed into the
TiO2 scaffold. Additionally, the Fe3O4 phase of the HA, ZrO2, and
Al2O3 scaffolds seemed to densify and deform the macrostruc-
tures after sintering (Fig. 3, right images).

Fig. 4 shows elemental mappings of the iron (Fe) concentration
in sintered HA, ZrO2, Al2O3, and TiO2 scaffolds containing 3 wt%
Fe3O4 made with a static magnetic field of 0.12 T. As seen in the
elemental maps, gradients of varying Fe concentrations were
observed in the HA, ZrO2, and Al2O3 scaffolds (Fig. 4a–c). Alter-
natively, Fe in the TiO2 scaffold was evenly distributed through-
out (Fig. 4d). Table 2 shows measured concentrations of Fe and
the host elements (Ca, P, Zr, Al, Ti, O) of each scaffold taken from
Fig. 4. The Fe3O4-rich region was measured at the edges of the
scaffolds closest to the poles of the external magnetic field, while
the Fe3O4-poor region was measured at the center of the scaffolds
inspired by nature, Materials Science & Engineering A (2012), htt
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Fig. 3. Images of different ceramic scaffolds containing 3 wt% (�3 vol%) Fe3O4 nanoparticles made with a rotating magnetic field of 0.12 T at 0.05 rpm. Left images of each

scaffold were taken after lyophilizing and before sintering. Right images were taken after, sintering for 3 h at predetermined temperatures of 1300 1C for HA and ZrO2,

1500 1C for Al2O3, and 900 1C for TiO2. All scaffolds, before sintering were 20 mm in diameter.

d 500µmc 500µma 500µm b 500µm

FeFe Fe FeHA/Fe3O4 ZrO2/Fe3O4 Al2O3/Fe3O4 TiO2/Fe3O4

Increasing Fe concentration (0 – 10 wt%)

Fig. 4. Elemental mapping of iron (Fe) concentration in sintered (a) HA, (b) ZrO2, (c) Al2O3, and (d) TiO2 scaffolds containing 3 wt% (�3 vol%) Fe3O4 made with a static magnetic

field of 0.12 T. According to the legend (bottom), the highest concentration of Fe is shown in white, while the lowest concentration of Fe is shown in black. Images were taken in

the transverse XY-plane, perpendicular to the direction of ice growth. The magnetic field direction is shown with blue, horizontal arrows. All scale bars are 500 mm.

a

b

c

d
e

f

500µm 500µm500µm

50µm 50µm 50µm

50µm50µm50µm

ZrO2/Fe3O4HA/Fe3O4 Al2O3/Fe3O4

Fig. 5. From left to right, micrographs of sintered HA, ZrO2, and Al2O3 scaffolds containing 3 wt% (�3 vol%) Fe3O4 made with a static magnetic field of 0.12 T. ((i)–(iii))

Optical images of the different scaffolds showing the Fe3O4 phase transitions. ((a), (c) and (e)) Magnified SEM images of the Fe3O4-rich regions. ((b), (d) and (f)) Magnified

SEM images of the Fe3O4-poor regions. All images were taken in the transverse XY-plane, perpendicular to the direction of ice growth. Images ((i)–(iii)) show the locations

of images ((a)–(f)), respectively. The magnetic field direction is shown with blue, horizontal arrows. All micrographs were imaged at 15 mm from the bottom of the

scaffolds.
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away from the poles of the external field. It is apparent that
the Fe concentrations in the Fe3O4-rich and Fe3O4-poor regions
of the TiO2 scaffold were nearly equal. However, the highest
concentrations of Fe in the HA, ZrO2, and Al2O3 scaffolds were
Please cite this article as: M.M. Porter, et al., Magnetic freeze casting
p://dx.doi.org/10.1016/j.msea.2012.07.058
located at the edges (Fe3O4-rich region), closest to the poles of the
external magnetic field.

Fig. 5 contains magnified optical and SEM micrographs of the
sintered HA, ZrO2, and Al2O3 scaffolds made with a static
inspired by nature, Materials Science & Engineering A (2012), htt

dx.doi.org/10.1016/j.msea.2012.07.058
dx.doi.org/10.1016/j.msea.2012.07.058
dx.doi.org/10.1016/j.msea.2012.07.058
dx.doi.org/10.1016/j.msea.2012.07.058


20 30 40 50 60

In
te

ns
ity

2-Theta(degree)

Pseudobrookite

Magnetite

Anatase – Before sintering (25°C) 

Rutile – After sintering (900°C, 3hr) 

Fig. 7. X-ray diffraction (XRD) patterns of TiO2 scaffolds containing 3 wt% (�3 vol%)

Fe3O4 before and after sintering at 900 1C for 3 h. Before sintering the TiO2 is anatase

(blue) and after sintering the TiO2 is rutile (red). Peaks corresponding to magnetite

(Fe3O4) and pseudobrookite (Fe2TiO5) are marked by the arrows in the XRD patterns

before and after sintering, respectively. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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magnetic field of 0.12 T. In the optical images (Fig. 5i–iii), the
distribution of color further suggests that the Fe3O4 (brown/
purple/yellow) concentrated to the poles of the magnetic field
and separated from the host ceramic (white). The microstructures
of the Fe3O4-rich (brown/purple/yellow) and Fe3O4-poor (white)
regions are distinctly different. The Fe3O4-rich HA (Fig. 5a) has
thick lamellar walls and large pores (20–50 mm), while the Fe3O4-
poor HA (Fig. 5b) has thin lamellar walls and small pores (10–
20 mm), similar to a pure HA scaffold. The Fe3O4-rich ZrO2 (Fig. 5c)
is more dense with narrow lamellar walls aligned in the direction
of the magnetic field. The Fe3O4-poor ZrO2 (Fig. 5d) is a porous
structure with random alignment, similar to a pure ZrO2 scaffold.
The Fe3O4-rich Al2O3 (Fig. 5e) has a dense microstructure with
larger ridges aligned in the direction of the magnetic field, while
the Fe3O4-poor Al2O3 (Fig. 5f) has a random alignment similar to a
pure Al2O3 scaffold. This biphasic behavior was not observed in
the scaffolds made with no magnetic field. Instead, the two
phases were well mixed and evenly distributed throughout,
resulting in the homogeneous microstructures shown in Fig. 6a–c.

Table 1 lists the physical properties of the ceramic powders in
the as-received condition. Although the driving forces behind the
Fe3O4-host, particle-particle interactions observed in Fig. 4 are
not fully understood, it is known that the motion of magnetic and
nonmagnetic particles in a colloidal suspension under an external
magnetic field is governed by magnetic dipole, electrostatic, van
der Waals, and hydrodynamic forces [47–49]. Brownian motion,
which dominates collisions of colloidal particles o1 mm, is
dependent on the concentration, size, and density of the particles
[47]. There seems to be no relation linking the initial particle size
or molar mass to the biphasic behaviors observed in Fig. 4a–c
(compare with Table 1). Therefore, it may be reasonable to
assume that the similar densities of the Fe3O4 (4.95 g/cm3) and
TiO2 (4.26 g/cm3) would allow for the homogeneous mixing seen
in Fig. 4d. The different crystal systems may also play a role in the
particle-particle interactions observed, but this has yet to be
determined. Though it may be useful to develop composite
materials such as those with two distinct phases (Fig. 5), this
was not main objective of this work. Thus, the remainder of this
paper focuses on the physical and mechanical properties of the
TiO2 scaffolds.

X-ray diffraction patterns of TiO2 scaffolds containing 3 wt%
Fe3O4 (Fig. 7) show that the crystal structure of the TiO2

transformed from anatase before sintering to rutile after sintering
at 900 1C. It is also apparent in Fig. 7 that the Fe3O4 initially
present before sintering was absorbed into the TiO2 scaffolds after
sintering, forming a small amount of the iron titanium oxide,
pseudobrookite (Fe2TiO5).

Fig. 8 shows SEM micrographs of TiO2 scaffolds containing
3 wt% Fe3O4 produced with no magnetic field (top), a static
magnetic field (center), and a rotating magnetic field (bottom).
The scaffolds made with no magnetic field showed directional
alignment only in the longitudinal ice growth direction, repre-
sented by a green arrow. Fig. 8a shows the edges and some faces
HA/Fe3O4

50µm

Fig. 6. Micrographs of sintered (a) HA, (b) ZrO2, and (c) Al2O3 scaffolds containing 3 w

15 mm from the bottom of the scaffolds.
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of lamellar sheets oriented in the longitudinal YZ-plane. In the
transverse XY-plane (Fig. 8b), there is no uniform alignment of the
micro-channels, but several small domains (�100–500 mm) of
similarly oriented channels—an intrinsic property of most freeze-
cast ceramics [27,50,51]. Scaffolds made with a static field of
0.12 T showed directional alignment in both the longitudinal
(Fig. 8c) and transverse (Fig. 8d) planes. The weak magnetic field,
represented by a blue arrow, introduced some order of channel
alignment parallel to the field direction. Fig. 8c shows the faces of
lamellar sheets propagating along the longitudinal ice growth
direction (green arrow). The magnetic field (blue arrow) forced
the lamellar sheets in orientations along the field direction.
Although not all the lamellar sheets were aligned throughout
the entire scaffold, a vast majority of the micro-channels showed
preferred alignments parallel to the field direction, resulting in
large domains (c500 mm) of similarly oriented channels, as seen
in Fig. 8d. Scaffolds made with a rotating magnetic field of 0.12 T
at 0.05 rpm also showed some order of alignment in the long-
itudinal (Fig. 8e) and transverse (Fig. 8f) planes. The lamellar
sheets of the scaffolds with a rotating field seemed to be skewed
by the field rotation, resulting in slanted lamellar sheets oriented
�301 off-axis from the ice growth direction (green arrow), seen in
Fig. 8e. Long-range alignment of the micro-channels (10–20 mm
pores) in the transverse plane was not apparent in the scaffolds
made with a rotating field. Instead, aligned macro-channels
(�50 mm pores) were created by the magnetic field rotation.
Fig. 9 shows mCT images of a sintered TiO2 scaffold contain-
ing 3 wt% Fe3O4 made with a rotating magnetic field. The 3D
ZrO2/Fe3O4 Al2O3/Fe3O4

50µm 50µm

t% (�3 vol%) Fe3O4 made with no magnetic field. All micrographs were imaged at

inspired by nature, Materials Science & Engineering A (2012), htt

dx.doi.org/10.1016/j.msea.2012.07.058
dx.doi.org/10.1016/j.msea.2012.07.058
dx.doi.org/10.1016/j.msea.2012.07.058
dx.doi.org/10.1016/j.msea.2012.07.058


M.M Porter et al. / Materials Science & Engineering A ] (]]]]) ]]]–]]] 7
reconstruction (Fig. 9a) and top view (Fig. 9b) of the scaffold show
a spiraling perimeter of higher density material. This helicoidal,
high-density perimeter may add torsional rigidity to the scaffold.
Fig. 9c shows the larger macro-channels aligned in the direction
of the magnetic field (blue arrow). Interestingly, these macro-
channels did not appear in the scaffolds made with no magnetic
field or a static magnetic field. It seems that the subtle move-
ments and realignments of the Fe3O4 particles caused by the field
rotation at the freezing front disrupted the uniformity of ice
crystal growth, resulting in the macro-channels observed in
Fig. 9c. The high-density perimeter seen in Fig. 9b, however,
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Fig. 8. SEM micrographs of TiO2 scaffolds containing 3 wt% (�3 vol%) Fe3O4 made

with no magnetic field (top), a static magnetic field of 0.12 T (center), and a

rotating magnetic field of 0.12 T at 0.05 rpm (bottom). Left images show micro-

structures in the longitudinal YZ-plane. Right images show microstructures in the

transverse XY-plane. The ice growth direction is shown with green, vertical

arrows. The magnetic field direction is shown with blue, horizontal arrows. All

micrographs were imaged at 15 mm from the bottom of the scaffolds. (For

interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

c

ba b

Fig. 9. Micro-computed tomography images of a sintered TiO2 scaffold containing 3 wt%

reconstruction of the scaffold showing the high-density (dark brown) and low-density

only the high-density regions around the perimeter of the scaffold. (c) Image of the t

bottom of the scaffold. The magnetic field direction is shown with the blue arrow

(For interpretation of the references to color in this figure legend, the reader is referre
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was similarly observed in the scaffolds made with a static field,
showing a slightly higher density at the edges adjacent to the
magnet poles.

Compression tests on the TiO2 scaffolds were preformed on
samples cut from the central region of the cylindrical scaffolds
(10�10 mm2) to avoid any edge effects from the high-density
perimeters. Fig. 10 displays the results from compression tests on
TiO2 scaffolds with 3 wt% Fe3O4 made with no magnetic field
(dotted lines, orange bars) and a static magnetic field of 0.12 T
(solid lines, purple bars). As seen in the representative stress–
strain plot (Fig. 10a), the ultimate compressive strength of the
scaffolds made with no field (dotted lines) was �7.5 MPa in the
ice growth direction (Z) and o1 MPa in the transverse plane (X,
Y). When the scaffolds were fabricated under a static field (solid
lines), the strength in the ice growth direction (Z) decreased
slightly to �6.5 MPa. Nevertheless, the strength and modulus in
the direction of the magnetic field (Y) was more than doubled!
Fig. 10b and c show the increases in compressive strength and
stiffness of the scaffolds made with a static magnetic field,
respectively. The directional alignment of the micro-channels in
the scaffolds made with a static field (Fig. 8d) added significant
strength and stiffness in the direction of the magnetic field.

To see the effect of Fe3O4 on the TiO2 scaffolds, several samples
with varying concentrations of 0–9 wt% (0–8 vol%) Fe3O4 were
prepared and tested. Fig. 11 contains plots of the strength and
modulus in the magnetic field (Y) and ice growth (Z) directions
versus initial concentration of Fe3O4 (wt%). As seen in Fig. 11a and
b, introducing a static magnetic field of 0.12 T doubled both the
strength and modulus of the scaffolds containing 1–9 wt% Fe3O4

in the magnetic field direction (Y). The strength and modulus in
the ice growth direction (Z), on the other hand, decreased with
the introduction of a static magnetic field and increasing Fe3O4

(Fig. 11c and d). Table 3 summarizes the physical and mechanical
properties of the TiO2 scaffolds containing 0–9 wt% Fe3O4. The
decrease in strength and stiffness of the TiO2 scaffolds in the ice
growth direction (Z) with increasing Fe3O4 concentration seems
to be related to the decrease in density, and corresponding
increase in porosity, of the scaffolds (Table 3). This trend is most
likely related to the sintering characteristics of the two phases.
Fig. 12 shows SEM micrographs of the lamellar wall surfaces of
TiO2 scaffolds containing 0–9 wt% Fe3O4 sintered at 900 1C. As
seen in Fig. 12a, the TiO2 scaffold containing 0 wt% Fe3O4 is
composed of small particles {500 nm. The TiO2 scaffolds made
with 1–9 wt% Fe3O4 showed significant grain growth with larger
rod-like particles c500 nm (Fig. 12b–d). This observation is
consistent with the fact that iron additives may be used as
sintering aids in ceramics processing to promote grain growth
and agglomeration [52,53]. Adding Fe3O4 to the TiO2 scaffolds
5mm5mm

c

(�3 vol%) Fe3O4 made with a rotating magnetic field of 0.12 T at 0.05 rpm. (a) 3D

(light brown) regions. (b) Top view of the scaffold with opacity adjusted to show

ransverse XY-plane perpendicular to the ice growth direction at 20 mm from the

. An aligned macro-channel (�50 mm wide) is noted with the white arrow.

d to the web version of this article.)
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increased the strength and stiffness at low iron concentrations
with and without a magnetic field (Table 3). In the magnetic field
direction (Y), increasing the Fe3O4 concentration from 1 to 9 wt%
had very little effect on the resulting mechanical properties
Please cite this article as: M.M. Porter, et al., Magnetic freeze casting
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(Fig. 11a and b). Conversely, increasing the concentration of
Fe3O4 from 1 to 9 wt% decreased the strength and stiffness of
the scaffolds in the ice growth direction (Z), especially when
fabricated under a static magnetic field (Fig. 11c and d). The
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Fig. 12. SEM micrographs of the lamellar wall surfaces of TiO2 scaffolds sintered at

900 1C, containing varying concentrations of Fe3O4: (a) 0 wt% Fe3O4; (b) 1 wt%

(�1 vol%) Fe3O4; (c) 3 wt% (�3 vol%) Fe3O4; (d) 9 wt% (�8 vol%) Fe3O4.
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normal, directional alignment caused by the magnetic field seems
to have disrupted some of the long-range order produced by the
growing ice lamellae, which led to a decrease of mechanical
integrity in the longitudinal, ice growth direction.

The unusual phenomenon of decreasing density with increas-
ing Fe3O4 concentrations (Table 3) agrees with observations
reported by Zhang et al. [54] that an increase in iron-doping
(atom% Fe) of TiO2 arrests nanocrystalline particle growth at
increased temperatures (4500 1C). Although iron additives can
promote grain growth during sintering, high concentrations of
iron (41 wt%) in the TiO2 scaffolds may limit the size increase of
nanocrystalline particles, which in turn, inhibits densification and
diminishes the mechanical properties. Therefore, increasing the
Fe3O4 concentration decreased the density, strength, and stiffness
of the TiO2 scaffolds in the ice growth direction, but not the
magnetic field direction. The optimal concentration of Fe3O4

added to the TiO2 scaffolds is �1 wt%, since the mechanical
properties are nearly doubled in the magnetic field direction (Y)
and remain unchanged in the ice growth direction (Z) with the
introduction of a static magnetic field of 0.12 T.
4. Conclusions

Magnetic field aligned freeze casting is a new method to
fabricate anisotropic ceramic scaffolds with highly porous, direc-
tionally aligned microstructures. The addition of an external
magnetic field to a conventional freeze casting unit allows the
interconnected pore channels to be aligned in two directions:
(1) the ice growth direction and (2) the magnetic field direction.

A variety of ceramic materials can be freeze cast into porous
scaffolds. Under the influence of a weak magnetic field (0.12 T),
the inter-particle interactions between the Fe3O4 nanoparticles
and the host ceramic (hydroxyapatite (HA), ZrO2, Al2O3, or TiO2)
determine the final microstructures and mechanical properties of
the freeze-cast scaffolds. Fe3O4 was well distributed throughout
the TiO2 scaffolds, but separated into distinctly different phases in
the HA, ZrO2, and Al2O3 scaffolds. The TiO2 scaffolds fabricated
with a static magnetic field showed channel alignment in, not
only the ice growth direction, but also the magnetic field direc-
tion. The directional order induced by the static field doubled
both the strength and modulus in the magnetic field direction of
the TiO2 scaffolds containing 1–9 wt% Fe3O4. The mechanical
properties in the ice growth direction decreased by adding a
magnetic field and increasing the Fe3O4 concentration. Even so,
Please cite this article as: M.M. Porter, et al., Magnetic freeze casting
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the loss in strength and stiffness in the ice growth direction was
insignificant compared to the gain measured in the magnetic field
direction at low Fe3O4 concentrations (1 wt%).

The concept of magnetic freeze casting may be used in a
variety of future applications. The magnetic field strength and
rotation speed may be adjusted to introduce varying degrees of
micro-/macro-channel alignment or spiraling regions of high-
density reinforced perimeters (Fig. 9b) to make scaffolds with
exceptional torsional rigidity. Scaffolds composed of feeble mag-
netic ceramics, such as HA or Al2O3, may be aligned similar the
TiO2 scaffolds reported here by coating magnetic nanoparticles
before freezing. High aspect ratio nanowires or nanotubes may be
added and aligned in a ceramic slurry to create ‘‘nano-bridges’’
between adjacent lamellae for enhanced strength and toughness.
Conductive nanostructures, such as carbon nanotubes or metallic
nanoparticles, may be added and aligned to improve the con-
ductivity of scaffolds for potential electronic and energy storage
devices. Finally, magnetic hybrid composites could be fabricated
as high-performance, multifunctional materials for a variety of
structural or medical applications.
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