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Abstract: Most materials expand when heated, which can lead to thermal stress and even
failure. Whereas thermomiotic materials exhibit negative thermal expansion, the creation of
materials with near-zero thermal expansion presents an ongoing challenge due to the need to
optimize thermal and mechanical properties simultaneously. The present work describes the
preparation and properties of polymer–ceramic composites with low thermal expansion. Ceramic
scaffolds, prepared by freeze-casting of low-thermal-expansion Al2W3O12, were impregnated with
poly(methylmethacrylate) (PMMA). The resulting composites can have a coefficient of thermal
expansion as low as 2 × 10−6 K−1, and hardness values of 4.0 ± 0.3 HV/5 (39 ± 3 MPa) and 16
± 3 HV/5 (160 ± 30 MPa) parallel and perpendicular to the ice growth, respectively. The higher
hardness perpendicular to the ice growth direction indicates that the PMMA is acting to improve the
mechanical properties of the composite.
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1. Introduction

Most materials experience a substantial change in volume with change in temperature. Thermal
expansion can lead to thermal stress and, consequently, damage and fracture, limiting the usable
temperature range of materials [1]. Thermomiotic materials, i.e., materials with negative coefficients of
thermal expansion (NTE) [1], offer the potential to create novel near-zero thermal expansion materials
by use in combination with positive thermal expansion (PTE) materials in composites [1–3]. Such an
approach potentially allows precise tailoring of the bulk coefficient of thermal expansion (CTE) in
conjunction with other physical properties.

Several oxide ceramics are known to display large negative thermal expansion over broad
temperature ranges; the most notable examples are the AM2O8 and A2M3O12 families [4–6]. However,
there are significant challenges to the incorporation of these materials in composites. Reduction of
the thermal expansivity of stiff materials, such as metals and ceramics, by thermomiotic materials
necessarily causes significant thermal stresses in both components [7]. The characteristically low
stiffness and large CTE of polymers make them attractive targets for combination with thermomiotics.
Composites that combine a stiff material with a soft material also can exhibit emergent properties
such as high bending strength, as exemplified by nacreous biominerals [8–10]. Efforts to incorporate
thermomiotic ceramics into composites with polymers have often been complicated by the challenge
of effectively dispersing the ceramic into the polymer and of ensuring effective mechanical coupling
between the components [11,12].

Herein we describe combining a near-zero thermal expansion material (Al2W3O12) with a polymer
(polymethylmethacrylate (PMMA)) to produce composites with 98–34 vol % Al2W3O12 prepared via
unidirectional freeze-casting (Figure 1) and subsequent in situ polymerization. Freeze-casting has
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been used to control or enhance many physical properties of materials [10]; however, studies of its
potential applications have largely focused to date on mechanical [9,13,14], transport [15–17], and
electronic [18–20] properties; aside from one preliminary report [21], the thermal expansivity of
freeze-cast structures has not received significant attention. Investigations of the thermal expansivity
of freeze-cast materials could allow the synthesis of near-zero CTE composites, and understanding the
underlying mechanisms of their thermal expansion could lead to increased robustness of freeze-cast
composites that are subject to thermal cycling [22].
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Figure 1. The steps of unidirectional freeze-casting: (from left to right): dispersion of ceramic particles
(represented by white spheres) in water; anisotropic freezing; removal of ice by sublimation; and
sintering [10].

Unlike conventional techniques used to create near-zero CTE composites (such as sintering or
sol–gel casting), freeze-casting provides good control of both the loading volume and morphology of
the scaffold. In addition, unidirectional freeze-casting can produce anisotropic scaffolds and therefore
can lead to anisotropic composites. Anisotropy allows further tailoring of the material, as the properties
in a given direction are no longer subject to the bounds imposed on an isotropic bulk material [22,23].
Freeze-casting offers many possibilities for generating controlled microstructure [24–26], which, in
turn, could allow the synthesis of composites with a wide range of tunable CTEs [27,28].

The present work uses aluminum tungstate (Al2W3O12) as the thermomiotic component.
Aluminum tungstate has an orthorhombic structure (space group Pbcn); the CTEs along its b- and
c-axes are negative, but expansion along the a-axis is so large and positive that the compound as a
whole exhibits a small positive CTE (1.17 × 10−6 K−1 from 50 to 550 ◦C) [29]. Al2W3O12 belongs to the
A2M3O12 family of materials; these materials have CTEs that range from low positive to negative [5,30].
However, efforts to produce near-zero thermal expansion materials by consolidation of A2M3O12

materials into bulk polycrystals often have been complicated by the large thermal stress produced by
thermal expansion anisotropy, which leads to microcracking and mechanical weakness [22,31,32].
The creation of polymer–ceramic composites with controllable microstructure—and, therefore,
controllable mechanical properties—is highly desirable for this class of materials.

2. Materials and Methods

2.1. Materials

The chemical reagents and their sources were as follows: ammonium bicarbonate (Sigma Aldrich,
St. Louis, MO, USA, 99.0%); ammonium tungstate oxide hydrate (Alpha Aesar, Haverhill, MA, USA);
aluminum nitrate nonahydrate (Alpha Aesar, Haverhill, MA, USA, 98.0–102.0% pure, as reported on the
label); poly(vinyl alcohol) (PVA, Sigma Aldrich, St. Louis, MO, USA, 97%), poly(methylmethacrylate)
(PMMA, Sigma Aldrich, St. Louis, MO, USA, 99%), 3-(methacryloyloxy) propyltrimethoxysilane
(γ-MPS, Alpha Aesar, Haverhill, MA, USA, 97%), sodium lauryl sulfate (SLS, Fluka, Mexico City, NM,
USA, 99%), methyl methacrylate (MMA, Alpha Aesar, Haverhill, MA, USA, 99%), and potassium
persulfate (KPS, Sigma Aldrich, St. Louis, MO, USA, 99.95%).

All reagents were used as received except PVA, which was passed through a 100-mesh sieve
before use to remove clumps and facilitate dissolution.
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2.2. Experimental Methods

2.2.1. Preparation of Aluminum Tungstate Particles

Aluminum tungstate was synthesized by mixing stoichiometric amounts of 0.1 M aluminum
nitrate nonahydrate aqueous solution (200 mL) with 0.1 M tungstate oxide hydrate solution (25 mL).
The pH of the solution was adjusted to 6–7 with 1.5 M ammonium hydrogen carbonate solution and
then stirred for 1 h.

The solution was subsequently centrifuged, and the precipitate was washed twice with ethanol.
The precipitate was dried in a desiccator under vacuum for 10 h and then calcined at 750 ◦C for
1 h in a Lindberg/Blue M TF55035A furnace under dry argon to crystallize the amorphous product.
To reduce mean particle size and facilitate dispersion, the powder was ball-milled with WC balls (1:12
powder:ball mass ratio) for 1 h.

2.2.2. Preparation of Aluminum Tungstate Scaffold

A scaffold was made from the resulting powder via freeze-casting. Each slurry had a total volume
of 2 mL and was composed of 3 vol % PMMA, 1.5 vol % PVA, and varying known proportions of
aluminum tungstate (15 vol %, 41 vol %, or 53 vol %, as noted) in deionized (DI) water. The materials
were mixed in a PM200 planetary ball mill with two 1.25 cm WC balls at 100 rpm for 25 min. The slurries
were freeze-cast immediately afterwards.

The slurries were poured into a poly(ethylene) mould with a copper base and placed on a cold
plate held at −27 ± 1 ◦C, allowing unidirectional growth of the templating ice. After the samples were
completely frozen, they were freeze-dried at −50 ◦C (trap temperature) and 0.02 bar for 24 h. After
sublimation was complete, the green bodies were sintered in air in two stages: the temperature was
increased from room temperature to 500 ◦C at 10 K min−1 and was held at 500 ◦C for 2 h (to remove
the additives), then increased to 1000 ◦C at 10 K min−1 and held at this sintering temperature for 2 h
(to strengthen the scaffold).

2.2.3. Preparation of Aluminum Tungstate/PMMA Composite

After sintering, scaffolds were impregnated with PMMA by emulsion polymerization following
our published procedure for the production of alumina–PMMA composites [33]. The scaffolds were
rinsed with DI water and dried at room temperature overnight. They were then placed in a refluxing
(i.e., evaporating and condensing) solution of 5 mass % γ-MPS in methanol for 2 h and left at room
temperature in solution overnight. The scaffolds were rinsed again and dried at 50 ◦C for 24 h.
A polymerization solution (consisting of 27 mL DI water, 13 mL MMA, 0.058 g SLS, and 0.058 g KPS
per 1 g of scaffold) was first stirred at 40 ◦C for 30 min before the temperature was increased to 80 ◦C.
The scaffold was placed in the solution for 7 h. After polymerization the composites were rinsed and
dried. The mass of the scaffold was determined before and after impregnation.

2.3. Characterization

2.3.1. Thermal Expansion

Samples were prepared for dilatometric analysis by cutting fragments from the center of dried
composites; samples were 2–10 mm in each dimension. Samples were cut by applying a sharp force
to a blade in order to produce clean breaks. The sides of each sample were polished with fine-grit
sandpaper to obtain a flat surface. Loose particles were removed by blowing compressed air across
each sample.

The thermal expansions of the composites were measured using a push-rod dilatometer
(NETZSCH, Upper Franconia, Germany, model DIL 402 C). Each sample was cycled three times;
each cycle consisted of heating at a rate of 10 K min−1 and cooling at a rate of 5 K min−1. The linear
coefficient of thermal expansion was determined from the slopes of the heating and cooling curves
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from the resulting plots of thermal strain as a function of temperature. Dilatometric cooling curves
are, in general, less affected by the formation and healing of microcracks [30], but the results here are
similar for heating and cooling (see below) so both were included in the averages.

2.3.2. Thermogravimetric Analysis

The compositions of the samples were determined using a NETZSCH, Germany, TG 209 F3
thermogravimetric analysis (TGA) instrument. Each sample (mass ≈ 15 mg) was heated at 5 K min−1

from 25 ◦C to 600 ◦C, then held at 600 ◦C for 30 min (to fully degrade the PMMA) [34] under a dry
argon flow (20 mL min−1).

2.3.3. Scanning Electron Microscopy

The internal structures of the scaffolds and composites were examined by SEM. A nanoScience
Instruments, USA, Phenom G2 Pro desktop SEM with a back-scattering detector was used to view
the morphology and porosity of the samples. SEM images were taken at a working distance of
approximately 2 mm with an acceleration voltage of 5 keV.

2.3.4. Density

The densities of the scaffolds and composites were obtained by measurements of the sample
volume and mass, giving density to compare with the bulk. The dimensions of the cylinders were
measured with calipers and were used to calculate the total volume. The masses of the cylinders were
obtained, and porosity was calculated from the literature values for the densities of fully consolidated
Al2W3O12 (5.12 g cm−3) and PMMA (1.188 g cm−3) [35,36].

2.3.5. X-ray Diffraction

The degree of crystallinity, phase, and purity of the aluminum tungstate particles were assessed
by XRD. A Rigaku, Japan, Ultima IV diffractometer with Cu Kα radiation, a diffracted beam
monochromator, and a scintillation detector was used.

2.3.6. Vickers Indentation

The hardness of the composites was measured using Vickers indentation (Model V-100A, Leco
Corporation, St. Joseph, MI, USA) with 5 kg loads and 10 s load times. The dimensions of the
indentations were measured using an Olympus, Japan, BX51M UM optical microscope.

3. Results and Discussion

3.1. Scaffold Synthesis

The size of the particles/agglomerates in the slurry has a strong influence on the growth of
ice during freeze-casting and, consequently, on the morphology of the final product [33,37]. Larger
agglomerates are detrimental to ice growth, as it is more difficult for the growing ice crystals to push
such large particles aside [33,37]. Much smaller agglomerates produce inhomogeneous structures, as
their higher surface area to volume ratios lead to increased ice nucleation [33]. A mixture of large and
small particles (e.g., 400 nm and 40 nm) can lead to good packing during freeze-casting [33,38].

The crude aluminum tungstate particles were composed of agglomerates of smaller particles
(as seen from SEM images). The agglomerates ranged in size from 2 to 120 µm, with an average size of
28 µm (see Figure S1). The average size of the individual particles was 0.2 µm. This precursor powder
was ball milled to reduce the particle size. After milling, the particles were still found to be aggregates
of smaller particles of 0.2 µm. The aggregate size decreased to 0.6 µm, with a range of 0.2 to 2.0 µm
(see Figures S2 and S3).

Homogenous dispersions also are essential to obtaining a consistent lamellar structure. Initially,
slurries were mixed using a magnetic stir bar. However, inspection of the scaffolds by SEM revealed
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that there was a higher proportion of large particles at the base of the scaffolds than in the bulk,
suggesting that they had either fallen out of suspension before freezing or were never dispersed (see
Figure S4). This is undesirable, as a poor dispersion of particles would result in an uneven porosity
throughout the sample. In addition, concentration of large particles at the base would influence the
initial ice crystal growth and subsequently impact the microstructure. Mixing the slurries using a
planetary ball mill was found to decrease sedimentation.

After freeze-casting, the green body was sintered. As there are no reports of aluminum
tungstate being freeze-cast, an appropriate sintering temperature needed to be determined to ensure
strengthening of the green form without degradation of the Al2W3O12 particles or the scaffold’s
microstructure. This temperature must be below the melting point of Al2W3O12, 1260 ◦C. In addition
to strengthening the green body, the sintering should crystallize the material, which had become
partially amorphous during ball milling (see Figures S5 and S6).

Samples of powdered aluminum tungstate were sintered at 1100 ◦C and 1000 ◦C. XRD of ground
samples of the green bodies revealed that both samples became more crystalline after sintering, and
neither showed evidence of decomposition, which is consistent with literature reports [39]. Upon
sintering, the particles regained the crystallinity lost during ball milling (see Figure 2). While the
aluminum tungstate was clearly more crystalline above 1100 ◦C, the internal structure created was
destroyed by sintering at the higher temperature (the sample was slumped and no longer cylindrical).
After sintering at 1000 ◦C, the material was both crystalline and robust.
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Figure 2. XRD diffractograms of aluminum tungstate after sintering at various temperatures, showing
improvement in crystallinity on sintering.

3.2. Structural Characterization of Scaffolds and Composites

After sintering at 1000 ◦C, SEM images confirmed that the internal lamellar structure was retained.
The average Al2W3O12 grain size increased after sintering. SEM images revealed that the morphology
of the aluminum tungstate particles in the scaffolds was distinctly different from that of the particles
added to the slurry, being nodular rather than grainy and foliated (see Figure 3). The particles after
sintering were somewhat larger, 4 µm vs. 0.6 µm on average. This change is likely due to the relatively
high sintering temperature required to restore crystallinity; the rate of aluminum tungstate particle
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growth has been shown to increase significantly above 830 ◦C [40], and densification of bulk Al2W3O12
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Figure 3. SEM images contrasting the structure of the aluminum tungstate particles (a) after and (b, c)
before freeze-casting.

Composites were made in which 98, 64, and 34 vol % of the solid was Al2W3O12. Void space
remained in the composite after impregnation with PMMA for all scaffolds. The porosities and
densities of these composites, as well as their scaffolds of origin, are summarized in Table 1. As the
aluminum tungstate content increased, the porosity of the scaffold and composite decreased. The
decrease in porosity can also be seen from the SEM images (see Figure 4). The microstructures of the
34 and 64 vol % Al2W3O12 scaffolds can be described as bridged lamellar, with a significant number
of aggregates present in the 64 vol % scaffold. The lamellae in the 34 vol % scaffold were ordered on
length scales of hundreds of microns, while those in the 64 vol % scaffold showed ordering only over
shorter distances. The 98 vol % scaffold also showed a lamellar microstructure, but these lamellae
were completely disordered.

Table 1. Porosity and density of scaffolds and composites.

Proportion of Al2W3O12/vol % Porosity 1/% Density/(g cm−3)

In Slurry In Composite 2 Scaffold Composite Scaffold Composite

53 98 38.0 3.4 3.1 3.6
41 64 57.6 34.0 2.2 2.4
15 34 84.4 53.9 0.9 1.2

1 The residual porosity was calculated as the ratio of the volume of space occupied by the aluminum tungstate
and poly(methylmethacrylate) (PMMA) relative to the total volume of the composite. The volumes of PMMA and
aluminum tungstate were determined by the total mass of the composite, the component proportions (determined
by TGA), and their respective bulk densities. 2 Materials are referred hereafter by these proportions of ceramic in
the scaffold or composites.
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Figure 4. SEM images of Al2W3O12 scaffolds before polymerization. Note the increase in porosity
going from (a) 98, to (b) 64, then (c) 34 vol % Al2W3O12, shown perpendicular to the direction of ice
growth. (The large indentations in the 98 vol % sample, presenting as dark shadows, are due to surface
roughness as a result of the cutting of this dense sample.) Image (d) shows the lamella walls of the 34
vol % scaffold.

Note that all composites retained some porosity, even after impregnation with polymer (Figure 5).
SEM images revealed that the composites were homogeneously filled with PMMA, indicating that this
porosity did not arise from poor monomer transport throughout the scaffold. The residual porosity
could be a result of the use of emulsion polymerization to impregnate the scaffold: PMMA produced by
emulsion polymerization is always somewhat porous due to the use of a surfactant [43]. Consequently,
there would be a significant void space in all composites synthesized by this method. Although void
space will not participate directly in thermal expansion, porosity in an ordered microstructure can
change the bulk CTE [27]. Porosity can decrease thermal stress in the composite while also decreasing
the material’s strength. MMA could be polymerized by free radical polymerization without a surfactant
if, for a particular application, void space should be avoided. Alternatively, stronger ceramic–polymer
interactions could possibly be achieved by surface modification of the ceramic, as in our recent studies
of Al2Mo3O12–polyethylene composites [11].
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Figure 5. SEM images of aluminum tungstate: (a) 64 vol % and (c) 98 vol % before and (b) 64 vol %
and (d) 98 vol % after infiltration with PMMA, cut perpendicular to the direction of ice growth.

3.3. Thermal Expansion of Composites

The dilatometric thermograms of the composites, measured both parallel and perpendicular to
the direction of ice growth, are shown in Figure 6. The first heating curve during each run is excluded
as most displayed large negative thermal strains due to desorption of water from the composites
and/or consolidation of the PMMA (see Figure 7). (TGA results shown in Figure S7 in Supplementary
Material indicated that the composites contained 1 mass % of residual water, likely originating from
the polymerization or absorbed from the air.) The composites showed some negative hysteresis when
heated above 110 ◦C, which can be attributed to densification of the surface PMMA layer. SEM images
of the composites before and after thermal cycling in the dilatometer show that the PMMA condensed
(see Figure 7), resulting in increased porosity. As Figure 7 shows, there exists significant porosity at the
interfaces between the PMMA and the Al2W3O12 before cycling. The CTEs of the composites measured
parallel and perpendicular to the direction of ice growth are presented in Table 2. These values can be
compared to the dilatometric CTE of bulk Al2W3O12 (1.5–2.0 × 10−6 K−1) [44] as the empty scaffolds
(which were too fragile to prepare for dilatometric analysis) would be expected to have CTEs within
this range. It is important to note that the thermal expansion behavior of the composites remained
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consistent (and consistently larger than that of bulk Al2W3O12) after the first heating cycle, indicating
that the Al2W3O12 remains in effective mechanical contact with the PMMA. That is, during the heating
and cooling cycles, the thermal expansions of the two components are significantly counteracted
by each other; therefore, the polymer–ceramic interfaces are sufficiently robust to allow transfer of
mechanical forces due to thermal expansion. The consistency of the CTEs upon repeated cycling shows
that the interfaces are not significantly damaged by the thermal stresses put upon them.

Ceramics 2019, 2 FOR PEER REVIEW  9 

 

indicating that the Al2W3O12 remains in effective mechanical contact with the PMMA. That is, during 
the heating and cooling cycles, the thermal expansions of the two components are significantly 
counteracted by each other; therefore, the polymer–ceramic interfaces are sufficiently robust to allow 
transfer of mechanical forces due to thermal expansion. The consistency of the CTEs upon repeated 
cycling shows that the interfaces are not significantly damaged by the thermal stresses put upon 
them. 

 
Figure 6. Dilatometric heating and cooling curves of Al2W3O12/PMMA composites, excluding the first 
heating curve, measured parallel and perpendicular to the direction of ice growth. The red lines 
indicate the heating curves while the blue lines indicate the cooling curves. (a) 98 vol % Al2W3O12, 
parallel to ice growth; (b) 98 vol % Al2W3O12, perpendicular to ice growth; (c) 64 vol % Al2W3O12, 
parallel to ice growth; (d) 64 vol % Al2W3O12, perpendicular to ice growth; (e) 34 vol % Al2W3O12, 
parallel to ice growth; (f) 34 vol % Al2W3O12, perpendicular to ice growth. 

  

Figure 6. Dilatometric heating and cooling curves of Al2W3O12/PMMA composites, excluding the
first heating curve, measured parallel and perpendicular to the direction of ice growth. The red lines
indicate the heating curves while the blue lines indicate the cooling curves. (a) 98 vol % Al2W3O12,
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The CTEs for each experiment were obtained from the slopes of the linear regions of the
thermograms. The CTEs (averaged from 40 to 100 ◦C) are plotted in Figure 8, in comparison with
results predicted from the rule of mixtures [44] and the Turner model [45]. The rule of mixtures is
defined as

αBulk = ∑
i

αiφi, (1)

where αBulk is the CTE of the bulk material and αi and φi are the CTE and volume fraction, respectively,
of the ith component. The volume of the PMMA component was corrected for water loss as deduced
from the TGA data. The Turner model is an extension of the rule of mixtures; it includes the influence
of variations in bulk modulus between components. It is given as [45]

αBulk =
∑i Kiαiφi

∑i Kiφi
, (2)

where Ki is the bulk modulus of the ith component. The experimental CTEs of the composites match
the Turner model significantly better than the rule of mixtures, indicating that the large difference in
stiffness between the two components plays a role in the overall thermal expansion (K = 48 GPa vs.
12 GPa for Al2W3O12 and PMMA, respectively [46,47]). Due to their flexible framework structures,
thermomiotics typically have lower elastic moduli than would be predicted based on the strengths
of their chemical bonds [1,22,48], which, in combination with the large magnitudes of the CTEs of
polymers, often complicates efforts to use thermomiotics to counteract positive thermal expansion.
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Figure 8. Experimental linear CTEs of Al2W3O12–PMMA composites from 40 to 100 ◦C as a function
of ceramic volume fraction, compared with CTEs predicted from the rule of mixtures and the
Turner model.

The Turner model and rule of mixtures are based on assumptions of homogenous composite
microstructure and zero porosity, so they cannot be expected to quantitatively predict the behaviour of
the materials like those reported herein. In fact, given two materials of different CTEs and void space,
it is possible to design a microstructure with a CTE of arbitrary sign and magnitude [27]. Previous
attempts to synthesize composites combining a polymer and a thermomiotic component using, for
example, melt compounding, have been limited by their stochastic microstructures to values between
that of the rule of mixtures and the Turner model, with the results often lying close to that of the rule
of mixtures [11,12,38,49–51]. As demonstrated here, the freeze-casting and polymer infiltration allows
the stiffer thermomiotic component to effectively contain the polymer component and dominate the
thermal expansion of polymer–ceramic composites even when the two components are present in
comparable volume fractions.

3.4. Hardness Measurements

The hardness of the 64 vol % Al2W3O12 composite was measured using a Vickers indenter, both
perpendicular and parallel to the direction of ice growth. The hardness was 39 ± 3 MPa (4.0 ± 0.3
HV/5) parallel to the ice growth and 160± 30 MPa (16± 3 HV/5) perpendicular to the ice growth. This
composite is quite soft (compared with fully dense polycrystalline Al2W3O12 at 4.9 GPa, as measured
by nanoindentation [39]), as expected given its large pore fraction and the relatively low sintering
temperature used to preserve the lamellar microstructure. It should be noted that hardness values
measured by nanoindentation are expected to be larger than those measured by microindentation, as
materials subject to the larger loads of microindentation are more likely to experience microcracking.
However, the microhardness of bulk Al2W3O12 has not been reported. Of note, the composite is
significantly harder in the direction perpendicular to ice growth than in that parallel. This additional
resistance to permanent deformation in the perpendicular direction indicates that the freeze-cast hybrid
structure is, to some extent, effective at arresting crack propagation in that direction, as intended [9].
Due to the small dimensions of the composite samples, it was not possible to perform flexural strength
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measurements. However, the hardness results are consistent with the expected increase in flexural
strength for nacre-like composites [9,52,53].

4. Conclusions

We produced and characterized composites composed of a freeze-cast thermomiotic ceramic,
Al2W3O12, infilled with PMMA. With appropriate ceramic particle size and dispersion in the slurry,
and an appropriate sintering temperature of the freeze-cast product, lamellar scaffolds were made
successfully. These were infilled with PMMA polymer, and their properties indicate that this method
can be used to create composites with controllable thermal expansion. Increased microhardness was
measured in the direction perpendicular to ice growth, suggesting that the lamellar microstructure
and addition of PMMA were able to improve the material’s resistance to microcrack propagation in
that direction. Further development of the freeze-casting method as applied to thermomiotic ceramics
could provide a way to compensate for the intrinsically poor mechanical properties of materials with
low or negative thermal expansion [1,22,42].
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Figure S1: Scanning electron micrographs of aluminum tungstate particles prior to ball milling, Figure S2: Scanning
electron micrographs of aluminum tungstate after ball milling, Figure S3: Histogram of aluminum tungstate
particle sizes after ball milling, Figure S4: SEM images of Al2(WO4)3 scaffolds, illustrating the influence of
improved dispersion techniques, Figure S5: XRD pattern of aluminum tungstate particles after calcination at 750
◦C for various times, Figure S6: XRD pattern of aluminum tungstate after ball milling for various times, Figure S7:
TGA thermogram of an aluminum tungstate-PMMA composite.
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