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Freeze casting has proven to be a versatile processing route to fabricate bio-inspired (‘‘nacre-like’’) hybrid
composites that exhibit unique combinations of strength and toughness (damage-tolerance). To date,
however, the effects of small changes in the architecture of such composites on their mechanical
properties have been poorly investigated. Here we examine the influence of microstructural features such
as ceramic/polymer ratio, layer thickness, and presence of bridges between ceramic lamellae, on the
mechanical performance of the resulting composites. To this end, we compare the flexural strength
and resistance to failure of a suite of silicon carbide/polymethyl methacrylate (SiC/PMMA) layered
composites made by polymer infiltration of freeze-cast SiC scaffolds with various architectures. Our com-
posite structures all show an increasing fracture resistance with crack extension (rising R-curve behavior)
due to extrinsic toughening mechanisms such as uncracked-ligament bridging, inelastic deformation of
ductile layers, lamellae pull out and ceramic bridge fracture. We show that a fine tuning of the composite
architecture can lead to SiC/PMMA samples with a dendritic morphology, which exhibit the best strength
and toughness. Specifically, the presence of ceramic bridges connecting the lamellae is seen to provide a
strengthening effect similar to the mineral bridges between aragonite platelets in nacre, where they
prevent debonding and limit platelet sliding; additionally, the fracture of these bridges between lamellae
during crack extension is a potent toughening mechanism, thereby conferring optimal damage tolerance
to the material.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The mechanical properties of structural materials, particularly
in the quest for tougher and stronger (damage-tolerant) materials,
have been an important topic of research for many decades [1].
Although ceramics are often ideal candidate materials when high
specific strength, stiffness and creep resistance are required, their
inherent brittleness and flaw sensitivity severely limit their
potential use for many structural applications.

Natural materials such as nacre, bone or dentin, are biological
composites in which highly brittle minerals (hydroxyapatite, arag-
onite, etc.) and soft biopolymers (collagen, chitin, cellulose, lignin,
etc.), are combined in complex hierarchical structures. Despite
containing significant amounts of the brittle component, the
mechanical properties of these materials, in particular their frac-
ture toughness, are quite exceptional and invariably exceed those
of the individual constituents [2]. The excellent fracture resistance
of biological composites, however, does not necessarily result
from conventional measures of the toughness, such as the
crack-initiation toughness KIc, but rather from the fact that these
materials can sustain subcritical cracking without catastrophic
failure, the latter being a function of their crack-growth
toughness which can be assessed in terms of so-called rising
crack-resistance curve (R-curve) behavior. Such fracture resistance
results from a combination of toughening mechanisms that occur
both ahead of the crack tip, i.e., intrinsic mechanisms largely asso-
ciated with plasticity, and those occurring primarily in the wake of
a propagating crack, i.e., extrinsic mechanisms associated with
crack-tip shielding1 [3].
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Nacre, the ‘gold standard’ for biomimicry with both high
strength and toughness, has been the source of inspiration for
many synthetic hybrid materials that aspire to combine strength
with deformability [4–9]. Comprising �95 vol.% of aragonite
(CaCO3) platelets surrounded by thin layer of proteins, nacre dis-
plays a fracture toughness that is at least one order of magnitude
higher than that of either the mineral or the bio-polymers.2 This
result is achieved through a precise architecture that resembles that
of a brick wall, and the clever design of the interface. Specifically,
hard aragonite platelets as the ‘‘bricks’’ provide for strength and
the organic layer as the ‘‘mortar’’ enables limited inelastic deforma-
tion and thus energy dissipation, yielding a composite, when
hydrated, that is remarkably strong (�130 MPa) and tough (work
of fracture �1 kJ m�2) [10]. Nacre’s characteristic brick-and-mortar
architecture and the associated toughening mechanisms have been
widely studied [10–13] to the extent that the design of
nacre-inspired composites is now arguably guided by theoretical
models predicting the mechanical response of ideal structures
[14–17].

However, enticing as these natural composites are, the develop-
ment of a new class of damage-tolerant, nature-inspired materials
is still surprisingly limited to but a few examples [5–9]; despite
some notable results, this field is far from maturity. Although the
concepts underlying the design of nacre-inspired materials are
quite straightforward [15], the development of such composites
is constrained by our ability to make them. Conventional process-
ing techniques, e.g., tape casting and hot pressing [18,19], are
unable to replicate the hierarchy observed in natural composites
such that toughening is generated mainly from crack deflection
rather than concomitant mechanisms acting at multiple
length-scales. ‘‘Bottom-up’’ approaches, such as layer-by-layer
deposition [20,21], self-assembly [22,23], etc., are often not suit-
able to fabricate bulk materials and are generally limited to thin
films of moderate practical interest. Alternatively, freeze casting
(ice-templating) [24] offers the unique opportunity to employ a
‘‘top-down’’ approach to mimic the hierarchical structure of nacre;
indeed, to date this processing technique has yielded several bulk
hybrid materials with very unique properties [6,8,9,25].

This technique has been exploited to produce scaffolds with
complex porosity [24,26–30], and has proven to be effective for
the fabrication of nacre-like composites based on alumina
[3,6,8,24,25]. By unidirectional freezing of a ceramic suspension,
a solid body made of alternate layers of ice and ceramic particles
is produced. Upon sublimation of the ice and sintering of the green
ceramic body, a scaffold with unidirectional pores is obtained that
can be infiltrated with a polymer or a metal. Control of the freezing
conditions, suspension characteristics and additives is paramount
to tailor the features of the scaffolds, such as size and morphology
of pores, thickness and roughness of ceramic walls, ceramic frac-
tion, etc. [24,29,31,32]. By careful control of the processing param-
eters, lamellar composites containing up to 45 vol.% of ceramic
were first fabricated [24]. These composites showed similarities
to nacre but with a lamellar structure with the characteristic sur-
face roughness of the ceramic layers [24]. Shortly afterwards, the
same procedure was modified to increase the ceramic fraction up
to 80 vol.% and to produce a composite that exhibited a
‘‘nacre-like’’ brick-and-mortar structure resembling many features
of the inorganic platelets in the bio-composite (including the pres-
ence of ceramic bridges) [6]. Starting from ice-templated struc-
tures, both lamellar and brick-and-mortar composites consisting
of alumina and polymethyl methacrylate (PMMA) were produced
that displayed exceptional toughness and strength. Combining a
2 Expressing the toughness in energy terms, i.e., in terms of the critical
strain-energy release rate, GIc, the toughness of nacre is some three orders of
magnitude higher than the toughness of its constituent phases.
ceramic, which provides for strength, with a relatively soft polymer
acting as a ‘‘compliant’’ or ‘‘lubricant’’ phase led to final materials
that exhibited a rising R-curve behavior with fracture toughness
up to 300 times higher, in energy terms, than that of the main con-
stituents [6,25]. However, systematic investigations of the effects
of structural parameters, such as lamellae thickness, presence of
ceramic bridges, ceramic fraction, etc., on the mechanical response
of these hybrid composites has to date been largely overlooked.
Launey et al. reported that varying the thickness of the ceramic
layer in lamellar Al2O3-PMMA composites had an almost negligible
effect on the flexural strength [25], but their study was focused on
a comparison between lamellar and brick-and-mortar composites,
rather than the investigation of the relationship between structural
features of the composites obtained from freeze-cast structures
and their mechanical performance.

Based on observations that the structures obtained by freeze
casting can change considerably by varying the processing param-
eters [29], the objective of the current study was specifically to
investigate the influence that these changes can have on the
mechanical response of ceramic/polymer lamellar composites. As
silicon carbide (SiC) had never been examined in this context, we
used freeze casting to fabricate SiC scaffolds with characteristic
pores morphologies, either lamellar or dendritic. These scaffolds
were infiltrated with PMMA generating composites that vary in
ceramic content (40–60 vol.%), lamellae thickness (5–35 lm) and
the number of ceramic bridges between the individual lamellae.
The mechanical behavior of these composites is described in terms
of flexural strength and resistance to failure using micro-notched
samples loaded in three-point bending. The results obtained show
a clear dependence of the damage tolerance of these materials on
the ceramic content of the individual composites and a strong cor-
relation with the structure achieved by varying processing
routines.
2. Experimental procedures

2.1. Processing

Porous silicon carbide scaffolds were prepared by freeze casting,
following the procedure described in detail in our previous study
[29]. We prepared suspensions containing 17–30 vol.% of SiC pow-
ders with sintering aids (Al2O3 and Y2O3) dispersed in deionized
water, and added 5 wt.% polyethylene glycol (PEG) as a binder.
The suspensions were electrostatically stabilized by adding ammo-
nium hydroxide (NH4OH) to change the pH to 10 and by ball
milling for 40 h. Ice-templated scaffolds were produced by freezing
the SiC suspensions at cooling rates between �1 and �15 �C min�1.
After water sublimation, the scaffolds were first treated in air at
450 �C for 4 h and then sintered in inert atmosphere at 1900 �C
for 30 min. Details on the effects of the processing parameters on
the ceramic fraction and the architecture of the scaffolds are
reported elsewhere [29]. Based on that study, we selected a combi-
nation of parameters to produce scaffolds with three different
ceramic contents: 40, 50 and 60 vol.%. For samples containing
50 vol.% ceramic, we produced scaffolds with either lamellar or
dendritic morphology.

The SiC scaffolds were infiltrated with PMMA in order to fabri-
cate composites and assess the influence of the different architec-
tures on the mechanical properties. The polymer infiltration was
carried out in two steps, preceded by grafting of the ceramic sur-
face. For this purpose, the ceramic scaffolds were immersed in
50 vol.% solution of 3-(trimethoxysilyl) propyl methacrylate
(c-MPS) in acetone for 12 h. After drying, the grafted scaffolds were
immersed in a solution of methyl methacrylate (MMA) in toluene
(toluene:MMA 2:1 by weight) for 2 h at 70 �C to perform free



3 Despite the very limited impact of uncertainties in E on the J–K equivalence [6],
influences of structural variations of our SiC/PMMA composites on their mechanical
properties are assessed principally in terms of the material’s J-based resistance curve
response (without the use of E); however, for comparison to other materials, we do
back-calculate and plot the R-curves in terms of KJ-values at the end of this paper.
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radical polymerization initiated by 2,20-azobisisobutyronitrile
(AIBN, 1 wt.% respect to MMA). In the last step, free radical poly-
merization was carried out without the solvent, in bulk (0.5 wt.%
AIBN, 70 �C for 12 h). Further details of the polymerization proce-
dure are reported elsewhere [25]. Using this procedure, the pores
of the SiC scaffolds were completely filled with PMMA.

The resulting SiC/PMMA composites consisted of 40, 50 and
60 vol.% of ceramic, depending on the processing parameters
used; hereafter, these samples are referred to as SiC40/PMMA,
SiC50/PMMA and SiC60/PMMA, respectively. Samples
SiC50/PMMA, containing an equal fraction of the two con-
stituents, were also produced using scaffolds with the same cera-
mic content, i.e., 50 vol.%, but varying morphologies and ceramic
wall thicknesses.

All microstructures were examined using a Hitachi S-4300SE/N
(Hitachi America, Pleasanton, CA, USA) scanning electron micro-
scope (SEM) and image analyses were carried out to quantify the
ceramic fraction, the thickness of ceramic and polymer layers
and the occurrence and frequency of bridges connecting the
ceramic lamellae.

The morphologies of the composites were further described
using the dimensionless parameter m, which we introduced in a
previous study [29] and is defined as m = (1/qb)/k2, where qb is
the bridge density (number of bridges between adjacent lamellae
per unit area) and k the lamellae wavelength. We have shown that,
by comparing the bridge spacing with the lamellae wavelength, the
parameter m can fully describe the morphology of freeze cast scaf-
folds. It is used here to distinguish between lamellar (m > 5) and
dendritic (1 < m < 5) composites structures.

2.2. Mechanical properties

To evaluate the mechanical behavior of the processed materials,
beams for flexural strength tests and single edge-notched bend,
SE(B), fracture toughness tests were cut out of the polymer infil-
trated scaffolds using a water-cooled low speed saw. Beams for
strength tests were made with different cross sections of roughly
(1.5 � 1.5) mm2, (2 � 2) mm2 and (3 � 1.5) mm2 and lengths, L
between 10 mm and 20 mm, depending on the dimension of the
initial infiltrated scaffolds, and the length being well above 4 times
the sample width, W, to exclude any effect of shear between the
pins; the obtained strength data did not show any significant vari-
ation resulting from the different sample sizes. All surfaces were
gradually ground and polished to a 1 lm finish and tests were car-
ried out at a displacement rate of 1 lm/s using loading spans
between 6 mm and 18 mm on an Instron 5944 electromechanical
testing system (Instron Corporation, Norwood, MA, USA). In total,
42 (N = 42) samples, at least 3 per ceramic content and processing
condition, were tested and evaluated in general accordance with
ASTM standard D790 [33].

The beams for SE(B) fracture toughness tests were made with a
width, W and a thickness, B of roughly 3 mm and 1.5 mm, respec-
tively, and were tested using a loading span of 12 mm in general
accordance with ASTM standard E1820 [34]. (For these tests sam-
ples with a cross-sectional area smaller than 3 � 1 mm were
excluded as they often do not permit measurement of enough
stable crack extension prior to catastrophic failure.) Prior to test-
ing, samples were polished using the same procedure used for
the strength beams but were additionally notched with a diamond
blade. These notches were then sharpened using a micro-notching
technique involving polishing the notch root using a razor blade
immersed in 1-lm diamond paste to a final notch root radius
between 5 and 20 lm and a crack length, a, to width ratio, a/W,
of�0.5. At least 3 samples per ceramic content and processing con-
dition, 23 (N = 23) samples in total, were tested in situ in the SEM
using a Deben MicroTest 2kN (Deben, UK) bending stage; this
permitted the measurement of the R-curve with real-time observa-
tions of crack propagation on the surface of the sample during
step-wise loading at a displacement rate of 0.55 lm/s. Samples
were tested to crack extensions, Da, well above 0.4 mm, the max-
imum crack extension capacity for the size of sample used given by
the ASTM standard for plane strain JIc fracture toughness measure-
ment [34] (i.e., Damax = 0.25 b0, where b0 is the initial uncracked
ligament width).

To capture both the elastic and plastic contributions from defor-
mation and crack growth to the toughness of the material, nonlin-
ear elastic fracture mechanics analysis was used to determine
J-based crack-resistance curves, i.e., JR as a function of crack exten-
sion, Da. Specifically, the J-integral at each measured crack length,
a, was calculated from J = 1.9Atot/Bb, where Atot is the total area
under the load-line displacement curve, including both the elastic
(often expressed as KIc

2 /E0, where E0 = E, Young’s modulus in plane
stress and E/(1 � m2) in plane strain, where m is Poisson’s ratio)
and plastic contributions to the energy, and b is the uncracked liga-
ment width (i.e., b = W � a) [34].

Fracture toughness values, expressed in terms of stress intensi-
ties, K, were calculated using the standard mode I J–K equivalence
relationship, KJ = (J E0)0.5, where J is the J-based fracture toughness.
Values for E were estimated using the rule-of-mixtures at 93 GPa
for SiC40/PMMA composites, 116 GPa for SiC50/PMMA composites
and 139 GPa for the SiC60/PMMA composites, with m = 0.3 for all
composites.3

In addition to assuring that valid J-dominant crack-tip fields and
plane-strain conditions were maintained, R-curve determination
was limited to small-scale bridging conditions, where the size of
the zone of crack bridges behind the crack tip remained small com-
pared to the in-plane test specimen dimensions. Where large-scale
bridging in evidence, the R-curve shape tends to display a
concave-up appearance. In our work, all R-curve data are shown
with dashed lines indicating where the results become invalid.
As such, all quoted valid toughness values were measured before
this condition was reached, as large-scale bridging can result in
erroneously high, specimen size-dependent, toughness values [6].
Certain previous results in the literature on such hybrid materials
[9] appear to display such errors.
3. Results

3.1. Microstructure

Processing parameters, such as suspension solid content and
cooling rate during freezing, invariably affect both ceramic fraction
and morphology of the freeze-cast scaffolds. Simultaneously vary-
ing these parameters enabled us to tune the scaffolds architecture
and the ceramic content, obtaining different morphologies and a
wide range of lamella thickness.

Fig. 1 shows two examples of microstructure for SiC/PMMA
composites, namely (a) SiC40/PMMA and (b) SiC60/PMMA, con-
taining respectively 40 and 60 vol.% of SiC. SiC40/PMMA samples
were obtained by freezing suspensions with 17 vol.% ceramic pow-
der at �1 �C min�1. For SiC60/PMMA samples, we used a suspen-
sion with 25 vol.% solid content and a freezing rate of
�15 �C min�1. The freeze-cast scaffolds were then sintered and
used to prepare composite materials following the procedures
described above. The mean thickness of the ceramic lamellae was
�7.5 and �9 lm, respectively, for samples of SiC40/PMMA and



Fig. 1. SEM micrographs of samples of (a) SiC40/PMMA, containing 40 vol.% of SiC and 60 vol.% of PMMA, and (b) SiC60/PMMA, containing 60 vol.% of SiC and 40 vol.% of
PMMA. The bright phase is SiC; the dark phase is PMMA. The composites were fabricated by polymer infiltration of freeze-cast scaffolds obtained under different processing
conditions. (a) Scaffolds for SiC40/PMMA samples were prepared from a ceramic suspension at 17 vol.% solid content, frozen at �1 �C min�1; the final SiC40/PMMA
composites had a lamellar morphology (m � 22) and ceramic layers of �7.5 lm. (b) The starting suspension for SiC60/PMMA samples contained 25 vol.% solid content and
was frozen at �15 �C min�1; these composites had a lamellar morphology with more connected ceramic lamellae (m � 10) of �9 lm.
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SiC60/PMMA. The scaffolds were fully infiltrated by PMMA. Both
samples exhibited a lamellar morphology, however, SiC40/PMMA
had a lower density of bridges than SiC60/PMMA. The morpholog-
ical parameter m was �22 for SiC40/PMMA, and �10 for
SiC60/PMMA.

Composites showing different lamellae thicknesses and mor-
phologies were produced with a ceramic fraction of 50 vol.% and
are referred to as SiC50/PMMA-a to d. The scaffolds used to pro-
duce these samples were obtained by varying both solid content
of the starting suspensions and freezing conditions. We prepared
four sub-series of samples SiC50/PMMA, the lamellae thickness
ranging from 5 to 35 lm (Fig. 2). Scaffolds with lamellae thickness
of 35 lm were produced by freezing suspensions with 30 vol.%
solid content at �1 �C min�1; these scaffolds were successfully
infiltrated to produce composites with lamellar morphology
(m � 17), referred to as SiC50/PMMA-a (Fig. 2a). As reported previ-
ously [29], under certain freezing conditions and suspension solid
contents, the ice crystallizes in a dendritic pattern rather than
lamellar, leaving tortuous pores in the ceramic scaffolds; the faster
the cooling rate the smaller and more tortuous the ice crystals and
hence the pore structure. Suspensions with 25 vol.% solid content
were frozen at �5 and �10 �C min�1 yielding scaffolds with a more
dendritic morphology. The composites made with these scaffolds,
referred to as SiC50/PMMA-b and SiC50/PMMA-c, are shown,
respectively, in Fig. 2b and c. SiC50/PMMA-b samples (Fig. 2b) have
a lamellae thickness of �12 lm and few bridges connecting them,
while Si50/PMMA-c samples (Fig. 2c), made with scaffolds frozen
at a faster cooling rate, have finer ceramic lamellae of �7 lm and
show a significant presence of ceramic bridges. These differences
in structural morphology can again be represented by the morpho-
logical parameter: m � 8.5 for SiC50/PMMA-b composites indicat-
ing a lamellar/quasi-dendritic morphology, while a value of m � 4.5
for SiC50/PMMA-c samples is characteristic of a dendritic
structure.

Composites with even finer lamellae of �5 lm (Fig. 2d),
referred to as SiC50/PMMA-d, were made using scaffolds prepared
from a suspension with 17 vol.% solid content, frozen at
�10 �C min�1. These samples showed the largest parameter
m � 27, despite a slightly higher density of bridges when compared
to the other lamellar composites that had m > 5. However, the
bridge spacing in SiC50/PMMA-d was much larger than the lamel-
lae wavelength, giving the structure a rather lamellar character.

Comparing samples with different volume fractions,
SiC40/PMMA and SiC50/PMMA-a composites show a similar lamel-
lar morphology despite their very different lamellae thickness. The
SiC50/PMMA-b morphology, however, is closer to that of the
SiC60/PMMA samples.

3.2. Mechanical behavior: strength

Three-point bending tests were performed to determine the
flexural strength of the various processed materials (Fig. 3).
Fig. 3a compares the average strength levels of samples with the
same ceramic content; SiC40/PMMA shows a flexural strength of
91.3 ± 3.6 MPa, the average values of all SiC50/PMMA samples
are 127.7 ± 23.5 MPa, and the SiC60/PMMA samples have a
strength of 164.5 ± 19.4 MPa. This trend clearly follows the
expected increase of strength with increasing ceramic content.
The effect of the microstructure, in particular morphology and
lamella thickness, on the flexural strength can be seen in Fig. 3b
where the average strength values of the four sub-classes of the
SiC50/PMMA materials are indicated. The strength of these sam-
ples varies significantly between 110 and 150 MPa according to
the morphology of the ceramic scaffolds. SiC50/PMMA-c, a com-
posite with a dendritic morphology and �7 lm thick ceramic walls
connected by many bridges, showed the highest strength of
148.8 ± 18.5 MPa. Despite their very different morphology, the
SiC50/PMMA-a and SiC50/PMMA-b composites had very similar
strengths of 126.6 ± 9.7 MPa and of 124.7 ± 26.0 MPa, respectively.
In particular, SiC50/PMMA-a samples had a coarse lamellar mor-
phology, the thickness of the ceramic layers being up to 35 lm
(Fig. 2a), while SiC50/PMMA-b samples had finer but intercon-
nected ceramic walls with thickness of �12 lm (Fig. 2b).
SiC50/PMMA-d samples showed the lowest strength with
108.4 ± 6.5 MPa. This material has a lamellar morphology with fine
ceramic walls (�5 lm) and few ceramic bridges connecting them
(Fig. 2d).

3.3. Mechanical behavior: fracture toughness

To characterize the composites in terms of their fracture tough-
ness, JR-curve measurements were performed to evaluate their
resistance to failure. The R-curves are shown in Fig. 4 for samples
of different ceramic content, i.e., 40, 50 and 60 vol.% (Fig. 4a) and
for samples of same ceramic content (50 vol.%) but different mor-
phology in Fig. 4b.

Similar to the variation in strength (Fig. 3a), the fracture tough-
ness of the composites strongly correlates with the content of cera-
mic revealing a reduced fracture resistance (in energy terms) with
higher ceramic fraction (Fig. 4a). All tested materials show an



Fig. 2. SEM micrographs of SiC50/PMMA samples containing 50 vol.% of SiC and 50 vol.% PMMA. Combining proper freezing conditions and contents of the ceramic
suspensions, the composite architectures could be varied. Scaffolds for (a) SiC50/PMMA-a samples were prepared with ceramic suspensions at 30 vol.% solid content, frozen at
�1 �C min�1, and exhibit a lamellar morphology (m � 17) with ceramic layers (bright phase) of �35 lm. Scaffolds for (b) SiC50/PMMA-b and (c) SiC50/PMMA-c samples were
prepared from suspensions at 25 vol.% solid content, frozen at �5 and �10 �C min�1, respectively. (b) SiC50/PMMA-b composites have a morphology intermediate between
lamellar and dendritic (m � 8.5), with ceramic lamellae of �12 lm. (c) SiC50/PMMA-c samples exhibit a finer dendritic structure (m � 4.5), with more bridges connecting
ceramic lamellae of �9 lm. (d) SiC50/PMMA-d samples were prepared starting from suspensions with 17 vol.% solid content, frozen at �10 �C min�1; these conditions led to
samples showing a higher density of bridges than the other lamellar composites and very thin ceramic lamellae of 5 lm (m � 27). (The ceramic lamellae in each image are the
somewhat lighter phase.)

Fig. 3. Average values of flexural strength for SiC/PMMA composites. (a) The strength of the composites shows a significant increase with increasing ceramic content resulting
in 91.3 ± 3.6 MPa for the SiC40/PMMA materials (40 vol.% ceramic), 127.7 ± 23.5 MPa for the SiC50/PMMA samples (50 vol.% ceramic), and 164.5 ± 19.4 MPa for the SiC60/
PMMA (60 vol.% ceramic). (b) The different morphologies and wall thicknesses show a strong influence on the flexural strength of the composites at the same ceramic fraction
of 50 vol.% (SiC50/PMMA). SiC50/PMMA-c samples have the highest strength of 148.8 ± 18.5 MPa due to their highly dendritic morphology (m � 4.5) and relatively thin
lamellae (�7 lm), SiC50/PMMA-a samples with 126.6 ± 9.7 MPa and SiC50/PMMA-b samples with 124.7 ± 26.0 MPa are very similar in strength despite their very different
structure. The SiC50/PMMA-a material has a lamellar morphology (m � 17) with very thick ceramic layers (�35 lm), while SiC50/PMMA-b has thinner lamellae (�12 lm)
and a quasi-dendritic morphology (m � 8.5), although with less bridges than SiC50/PMMA-c. SiC50/PMMA-d samples, with thin lamellae (5 lm) and few bridges (m � 27),
exhibit the lowest strength levels with 108.4 ± 6.5 MPa.
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Fig. 4. Crack-resistance curves (R-curves) in terms of J as a function of crack
extension, Da, for (a) the three classes of composites SiC40/PMMA, SiC50/PMMA
and SiC60/PMMA, and (b) the four sub-classes of SiC50/PMMA samples having the
same ceramic fraction of 50 vol.% but different morphology and lamellae thick-
nesses. Resistance to crack growth is clearly dependent on the volume fraction of
the two constituents, being proportional to the amount of polymer in the
composites (a). However, when samples with same ceramic content are compared,
the influence of the morphology emerges (b): SiC50/PMMA-c samples, in which
ceramic walls of �7 lm significantly interconnected (m � 4.5), and SiC50/PMMA-b,
with thinner ceramic layers of �12 lm and fewer bridges connecting them
(m � 8.5), exhibit the highest R-curves; the toughness decreases for SiC50/PMMA-
a and SiC50/PMMA-d composites with the lamellar morphology, regardless the
lamellae thickness. In these samples, the ASTM standard [34] permits a maximum
Da of �0.4 mm; crack-growth data above this limit are strictly ‘‘invalid’’.
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increasing fracture resistance with crack extension with fracture
toughness J values of �1.25 kJ m�2 for SiC40/PMMA, �0.75 kJ m�2

for SiC50/PMMA and �0.25 kJ m�2 for SiC60/PMMA, all measured
at Da � 0.4 mm. In terms of stress intensities, these J-based tough-
ness values are equivalent to K-based values in the range of �6 to
12 MPa m0.5, for data that are strictly ‘‘valid’’ in terms of ASTM
Standard 1820 [34]; crack-growth toughness values that exceed
the crack extension limit of �0.4 mm are considerably higher,
ranging from �8 to 19 MPa m0.5.

While the crack growth of the two materials with the higher
ceramic content seems comparable, SiC40/PMMA samples show a
much steeper slope for crack growth but a lower crack-initiation
toughness than the SiC50/PMMA samples. Samples with 50 vol.%
SiC but different morphologies show significant differences in their
crack-growth behavior, as shown in Fig. 4b. SiC50/PMMA-b
samples, which had thin ceramic layers of �12 lm and an
incipient dendritic morphology, showed a fracture resistance up
to at least J � 0.85 kJ m�2 at crack extensions of roughly 0.4 mm.
SiC50/PMMA-c, a composite with thinner ceramic walls (�7 lm)
and a pronounced dendritic morphology, showed a similar resis-
tance to failure with J � 0.85 kJ m�2 at crack extensions of roughly
0.3 mm. In comparison, a SiC50/PMMA-a sample, characterized by
a coarse lamellar morphology, reached a fracture resistance of
J � 0.68 kJ m�2; SiC50/PMMA-d samples, having the finer lamellar
morphology, displayed the most brittle behavior with a fracture
resistance of �0.5 kJ m�2.
3.4. Crack-growth observations

With in situ R-curve measurements in the scanning electron
microscope, the evolution of damage, crack–path interactions with
microstructure and the resulting toughening mechanisms could all
be observed during three-point bending loading of the SE(B)
specimens.

After crack initiation at the root of the micro-notch, crack
extension occurred in a stable, subcritical manner, nominally in a
direction perpendicular to the maximum tensile stress; an exam-
ple for such crack growth, observed in lamellar SiC50/PMMA-a
composites, is shown in Fig. 5a. The damage resulted principally
in microcracking of SiC lamellae ahead of the propagating crack
(Fig. 5b) and inelastic deformation of the PMMA layers undergoing
extensive tearing and stretching, thereby acting as uncracked liga-
ment bridges (a potent form of extrinsic toughening) prior to fail-
ure (Fig. 5c). Additionally, ‘‘pull out’’ of ceramic lamellae, with
significant shear deformation within the polymer layers, was
observed (Fig. 5d).

Other forms of damage accumulating during crack propagation
in composites with 40 and 60 vol.% SiC are shown in Fig. 6a and b,
respectively. Here in both materials, cracking of the ceramic lamel-
lae ahead of the propagating crack was observed as an initial fail-
ure mechanism. In the SiC40/PMMA composite, the polymer layers
failed after extensive inelastic deformation through the nucleation
and coalescence of microvoids (Fig. 6a). In SiC60/PMMA, where the
polymer layers were thinner, the PMMA showed extensive shear
deformation before failure (Fig. 6b).

Fig. 7 shows a typical example of a SiC/PMMA fracture surface
after testing. We observed brittle intergranular fracture of the cera-
mic walls and extensive plastic deformation of the polymer layers,
which exhibited clear tearing and stretching (Fig. 7). Moreover, the
examination of the fracture surfaces confirmed the effectiveness of
the grafting of the ceramic surface, which improved the interface
between SiC and PMMA: despite the extensive plastic flow of the
polymer, interfacial debonding rarely occurred (Fig. 7).
4. Discussion

4.1. Microstructure

Freeze casting provides a unique process to tune the architec-
ture of ceramic scaffolds that, when infiltrated with a second (com-
pliant) phase, e.g., a polymer or metal, can be used to produce
nature-inspired composites with uncommon combinations of
mechanical properties. The porosity that is being filled with a com-
pliant phase is the exact replica of the ice developed during freez-
ing. As the ice morphology depends on the freezing procedure and
the suspension characteristics, processing parameters such as cool-
ing rate and solid content in the ceramic slurry can be readily



Fig. 5. SEM micrographs taken during in situ R-curve measurements of the toughness of lamellar SiC50/PMMA-a composites. (a) The main crack propagated along a coplanar
path from the sharpened notch (right-hand side), under the tensile driving force ahead of the crack tip, generated by mode I loading (crack propagation is nominally from the
right to left). (b) Initially, distributed damage in the form of cracks within the ceramic lamellae and uncracked-ligament bridging is observed, then (c) the polymer layers
undergo extensive plastic deformation. (d) ‘‘Pull out’’ of ceramic lamellae, causing significant shear deformation within the polymer, was also observed.

Fig. 6. SEM micrographs taken during in situ R-curve measurements of the toughness of SiC/PMMA composites. (a) In SiC40/PMMA samples, we observed extensive plastic
deformation within the polymer, followed by nucleation, growth and coalescence of microvoids before macroscopic crack advance. (b) In SiC60/PMMA samples the polymer
layers often exhibited considerable shear deformation leading to polymer/ceramic interface failure.
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modified to optimize the scaffold morphology and so achieve the
desired properties, specifically that of damage tolerance, in the
hybrid structures.

The solid content in the suspension affects primarily the cera-
mic fraction of the final scaffold, but has effects also on the ceramic
lamellae thickness and morphology of the pores [29]. Generally, an
increase in the suspension solid content yields a higher ceramic
fraction in freeze-cast scaffolds. This can be appreciated by com-
paring samples from suspensions with different solid content fro-
zen under similar conditions. For instance, the SiC40/PMMA
(Fig. 1a) and SiC50/PMMA-a (Fig. 2a) composites were produced
from suspensions containing a solid content of 17 and 30 vol.%,
respectively, and frozen at �1 �C min�1. Both samples show a
lamellar morphology which is a consequence of the very slow
freezing conditions. SiC50/PMMA-a, however, contains a larger
ceramic fraction, 50 vol.%, than SiC40/PMMA with 40 vol.%. The
thickness of the ceramic lamellae is also affected by the solid con-
tent in the suspension: an increasing concentration of the slurry
results in thicker lamellae, when other processing parameters are
kept constant. This can be seen for example in Fig. 2a, where
SiC50/PMMA-a has thicker ceramic layers (�35 lm) than
SiC40/PMMA (�7.5 lm), shown in Fig. 1a.

The cooling rate affects both the lamella thickness and the mor-
phology. Faster freezing causes a refinement of the structure in



Fig. 7. SEM micrograph of a fracture surface examined after R-curve testing of a
SiC50/PMMA-c, showing plastic deformation and extensive tearing of the PMMA
layers and brittle fracture of SiC lamellae. Fig. 8. Property map comparing the mechanical performance of the various SiC/

PMMA composites examined in this study (schematics of the architecture of each
group of samples are depicted, in which the ceramic is represented in blue and the
polymer in white). Both flexural strength and (energy-based) fracture toughness
depend on the ceramic content in the composites; specifically, the strength is
directly proportional and the toughness inversely proportional to the ceramic
fraction in the range 40–60 vol.%. Indeed, SiC40/PMMA composites, with 40 vol.%
ceramic, show the lowest strength and the highest toughness, while SiC60/PMMA
samples, comprising of 60 vol.% SiC, exhibit the maximum strength and the
minimum toughness. Between these two limiting cases, samples with 50 vol.%
ceramic display intermediate values of strength and toughness, depending on
structural features such as lamellae thickness and morphology. Among the four
sub-classes of SiC50/PMMA composites, the group that behaves the worst in terms
of both strength and toughness is SiC/PMMA-d, with thin ceramic layers (5 lm) and
a lamellar morphology where the bridge spacing is much larger than the lamellae
wavelength (m � 27). However, the mechanical performance can be improved by
either increasing the lamellae thickness, as for SiC50/PMMA-a, or modifying the
morphology from lamellar to dendritic and thus enhancing the presence of bridges
that connect the ceramic layers, as in SiC50/PMMA-b and SiC50/PMMA-c. This latter
approach which involves a marked change in morphology appears to be particularly
effective. In SiC50/PMMA-c samples, for example, which are characterized by a
dendritic morphology (m � 4.5), the significant presence of ceramic bridges yields a
strengthening effect without loss in toughness.
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terms of lamellae thickness, but can also change the ice morphol-
ogy from large lamellar to small dendritic crystals. Consequently,
the pore morphology changes, the number of bridges connecting
the ceramic lamellae increases, and the densification of the scaffold
during sintering is promoted, resulting in a higher ceramic fraction
[29]. This becomes evident when comparing samples made from
SiC40/PMMA (Fig. 1a) and SiC50/PMMA-d (Fig. 2d), which were
prepared from suspensions with 17 vol.% of solid content, but
frozen at �1 and �10 �C min�1 respectively. SiC50/PMMA-d
exhibits finer lamellae (�5 lm) and a higher density of bridges
than SiC40/PMMA (�7.5 lm) and higher ceramic fraction, as it
was frozen faster.

By carefully selecting suspension solid content and cooling rate,
we produced scaffolds with very different morphology and lamel-
lae thickness, but same ceramic fraction of 50 vol.%. In particular,
the more concentrated slurries (30 vol.% solid content) were frozen
at a slow cooling rate of �1 �C min�1, to produce SiC50/PMMA-a
samples (Fig. 2a). To obtain composites with same ceramic fraction
and a refined morphology, as in SiC50/PMMA-b and c
(Fig. 2b and c), suspensions with 25 vol.% solid content were frozen
at cooling rates as fast as �5 and �10 �C min�1. These scaffolds
showed more bridges connecting the ceramic layers and smaller
pores when compared with SiC50/PMMA-a, promoting further
densification during sintering. Furthermore, solidification at
�10 �C min�1 of a suspension with 17 vol.% solid content yielded
samples with a ceramic fraction of 50 vol.%, with ceramic lamellae
on the order of 5 lm thick, and the presence of bridges.

4.2. Mechanical behavior

Strength and toughness testing and in situ characterization of
crack extension provide crucial information on how changes in
the architecture of the SiC/PMMA composites can influence their
mechanical performance. A property map based on our findings
is shown in Fig. 8 to provide further illustration of this complex
relationship. Fracture toughness vs. flexural strength values are
plotted for each group of composites; schematics of the samples
morphology and arrows indicating the direction of increase of
the ceramic content, the lamellae thickness, and the density of
interlayer bridges are also shown to help visualize further trends
in mechanical properties.

While the strength of the SiC/PMMA composites is directly
proportional to their ceramic fraction (Figs. 3a and 8) over a
relatively narrow range of ceramic contents (40–60 vol.%) and for
a given morphology, this study shows that the strength also varies
significantly with scaffold morphology (lamellar vs. dendritic),
lamellae thickness and the presence of bridges connecting the
ceramic layers (Figs. 3b and 8), although the correlation with
strength of the latter variable at fixed ceramic content is quite
complex.

At a ceramic fraction of 50 vol.%, SiC50/PMMA-c samples with a
dendritic morphology (m � 4.5), with interconnected lamellae of
�7 lm, exhibited the highest strength (148.8 ± 18.5 MPa);
SiC50/PMMA-a, with lamellar morphology and thicker ceramic lay-
ers of �35 lm (m � 17), and SiC50/PMMA-b, characterized by finer
lamellae of �12 lm and a morphology intermediate between
lamellar and dendritic (m � 8.5), had similar strength values
(�125 MPa) despite their very different microstructure.
SiC50/PMMA-d composites, which exhibited the lowest strength
(108.4 ± 6.5 MPa), had very fine lamellae of �5 lm. For a class of
composites with same ceramic fraction such as SiC50/PMMA sam-
ples, the strength seems correlated with the morphological param-
eter m: the smaller is m, the higher is the strength. These results
suggest that the main contribution to the strength of these com-
posites is the presence of the bridges connecting the ceramic layers
which, akin to nacre [12], prevent the delamination of the ceramic
platelets.

In terms of crack-growth toughness, (similar to the strength
properties) there was a clear trend with respect to the fraction of



Fig. 9. Fracture toughness crack-resistance curves, presented in stress intensity
terms, showing a comparison of the current SiC/PMMA hybrid materials with
monolithic SiC ceramics [35,36], both commercial SiC (Hexoloy SA) and in situ
toughened ABC-SiC. Note that the SiC/PMMA hybrid materials can display superior
R-curve toughnesses, with ASTM ‘‘valid’’ values up to 12 MPa m0.5. However,
measurements for the 40 vol.% SiC/PMMA material suggest crack-growth tough-
nesses as high as 14 MPa m0.5 and for the 50 vol.% SiC/PMMA material as high as
19 MPa m0.5, although these values are ‘‘invalid’’ as they occur for crack extensions
that exceed Da � 0.4 mm, the maximum extent of crack growth permitted by the
ASTM Standard for the size of our specimens. (Crack-growth data above
Da � 0.4 mm only shown for SiC50/PMMA as toughness data becomes ‘‘invalid’’
in terms of ASTM standards [34].)

4 Hexoloy SA, however, is very hard with excellent high-temperature capability.
Tensile strengths can exceed 500 MPa at temperatures above 1600 �C, with
compressive strengths even higher.
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the ceramic in the SiC/PMMA composites, specifically that the
toughness (in energy terms) decreased when the ceramic content
increased (Figs. 4a and 8). Also (similar to the strength properties),
the toughness varied with scaffold morphology, lamellae thickness
and the presence of interlayer bridges (Fig. 8), although again the
trends were not always readily apparent. SiC40/PMMA samples
exhibit the highest toughness as they contain the largest fraction
of polymer that allows extensive inelastic deformation.
Conversely, SiC60/PMMA samples show the lowest toughness
and the highest strength, having the largest fraction of ceramic that
is the load-bearing but brittle phase. While this trend in toughness
with volume fraction of ceramic is not very surprising, the
contributions of the structural features of composites with the
same volume fraction but different morphologies and lamella
thickness to the material’s fracture resistance are not as straight-
forward. Our results show that composites with a small parameter
m, indicative of quasi-dendritic or dendritic structure (m � 8.5 for
SiC50/PMMA-b and m � 4.5 for SiC50/PMMA-c, shown in
Fig. 2b and c, respectively) have a much higher toughness than
lamellar ones characterized by higher m (m � 17 for
SiC50/PMMA-a and m � 27 for SiC50/PMMA-d in Fig. 2a and d).
This suggests that ceramic bridges between lamellae, and interface
roughness in general, represent factors that can enhance both
strength and toughness concomitantly (Fig. 8), which is likely
achieved through a controlled sliding of the individual ceramic lay-
ers. This effect of ceramic bridges of micrometer and
sub-micrometer dimensions is clear, and is known to be a potent
mechanism of toughening through efficient energy dissipation,
both in natural [12] and synthetic nacre-inspired composites
[6,25]. With respect to resistance to crack propagation, all compos-
ites exhibited subcritical crack growth with a rising R-curve behav-
ior, which are indicative of extrinsic toughening. Multiple
toughening mechanisms were identified in all the composite struc-
tures, and included the pull-out of ceramic lamellae,
uncracked-ligament bridging, crack deflection, inelastic deforma-
tion of ductile polymeric layers, and the fracture of ceramic
bridges; these mechanisms are all active to varying degrees in nat-
ural nacre [10–13]. Fig. 5 shows clear evidence of premature frac-
ture of the ceramic layers with cracks then arrested in the
polymeric interlayers; subsequent loading then results in classic
crack bridging with ceramic lamellae pull-out, which clearly are
prime mechanisms of R-curve toughening in these materials.
Similarly the extensive plastic deformation in the polymeric layers,
coupled with void nucleation and growth, shown in Fig. 6, can also
lead to considerable shear deformation in the more compliant
phase, which results in elastic bridging and severely deflected
cracks, all of which contribute to the extrinsic toughening.

In traditional composites such as continuous-fibers-reinforced
ceramic composites, the increase in toughness is often associated
with a decrease in strength. These composites are toughened
through crack bridging by the reinforcing fibers that span the crack
wake after the matrix fails. For this mechanism to be effective, the
matrix-fiber bonding must be weak, often causing a loss in
through-thickness strength [3]. Similarly, conventional layered
composites toughened by crack deflection need weak interfaces
that can negatively affect strength.

In contrast, our polymer-infiltrated ceramic scaffolds exhibit
some enhancement in both strength and toughness when dendritic
morphologies are developed during freeze casting, although our
measured strength levels are not high; strength levels are compa-
rable to freeze-cast lamellar alumina/PMMA composites [6,8,25]
and roughly 20% lower than continuous SiC-fiber reinforced SiC
composites). Here, compared to the latter SiCf–SiCm material, the
improvement in toughness is not necessarily achieved by interface
weakening that also can lower the strength of the structure, but
rather through the fracture of ceramic bridges between lamellae,
which generates a strengthening effect and contributes to con-
trolled lamellae sliding. For samples without dendrites that have
a lamellar morphology and poorly connected ceramic layers, we
still observe the occurrence of multiple toughening mechanisms,
particularly the inelastic deformation of ductile layers. However,
where these materials contain 50 vol.% of the polymer that is not
a load-bearing phase, the absence of ceramic bridges in the
non-dendritic structures means that no mechanism exists to limit
lamellae sliding; the result is far more effective toughening in the
dendritic, as compared to the lamellar, composites.
4.3. Comparison to other structural ceramic materials

The present SiC/PMMA hybrid materials display at best
crack-growth toughnesses (in stress intensity terms) that are
12 MPa m0.5 (strictly ASTM valid values) and which approach
19 MPa m0.5 for crack extensions that exceed the exclusion limit
of Da � 0.4 mm for our specimen dimensions. This is almost an
order of magnitude tougher than commercial monolithic silicon
carbide (Hexoloy SA), which is an extremely brittle ceramic with
Kc toughness on the order of 2 MPa m0.5 with no evidence of
R-curve behavior.4 Through the use of sintering additives to create
nanoscale glassy films in the grain boundaries (so called ‘‘wet
boundaries’’), as in ABC-SiC [35,36], an intergranular (as opposed
to transgranular) fracture can be achieved, and the resulting grain
bridging induces a rising R-curve with crack-growth toughness
approaching 9 MPa m0.5, although the tensile strengths are signifi-
cantly reduced to below 400 MPa. Our current SiC/PMMA hybrid
materials display R-curve toughening behavior that even exceed
these latter values for the toughest silicon carbide materials to date
(Fig. 9), although with their lamellar architectures and significant
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(40–60 vol.%) polymer contents they cannot display strength levels
that can compete with these commercial materials.

Compared to other freeze-cast bio-inspired ceramics containing
a ‘‘polymeric compliant phase’’, the current SiC/PMMA composites
are certainly comparable in strength and R-curve toughness with
the Al2O3/PMMA materials examined previously [6,25], but only
for lamellar/dendritic structures. To achieve higher strengths and
higher toughnesses in these materials, ‘‘brick-and-mortar’’ archi-
tectures offer a superior option. Indeed, in our previous studies
using alumina scaffolds [6,25], Al2O3/PMMA materials containing
80 vol.% ceramic in ‘‘brick-and-mortar’’ configuration displayed
R-curve toughnesses that were much higher – above 30 MPa m0.5

– at strength levels of 200 MPa; however, the post freeze casting,
cold pressing procedures needed to produce such ‘‘nacre-like’’
structures were found to be not feasible with the more brittle SiC
scaffolds.
5. Conclusions

Freeze casting has been identified as a versatile processing
route to fabricate nacre-inspired ceramic hybrid composites. We
have shown here that we can manipulate the architecture of
freeze-cast scaffolds at multiple length-scales by controlling pro-
cessing parameters such as cooling rate and suspension solid con-
tent. However, as the influence of these parameters on the final
scaffolds is rather complex, we simultaneously varied different fac-
tors to modify the desired structural features. This approach
enabled us to fabricate scaffolds with ceramic fraction between
40 and 60 vol.%, having lamellae thicknesses over a wide range of
5–35 lm and exhibiting either lamellar or dendritic morphologies.

By coupling R-curve analysis with in situ observation of crack
growth, we demonstrate that a fine tuning of the composites archi-
tecture through the control of processing parameters is fundamen-
tal to achieving the combination of properties typical of natural
materials such as nacre. The mechanical behavior of our
SiC/PMMA composites depends on the ceramic/polymer ratio, the
layers thickness, and the presence of bridges that connect ceramic
lamellae. All the samples investigated in this study show an increas-
ing resistance to failure with crack propagation through both intrin-
sic toughening from plastic deformation in the polymer and
interlayer regions, coupled with extrinsic toughening from a litany
of mechanisms including lamellae pull-out, uncracked-ligament
bridging, crack deflection, and ceramic bridge failures. In particular,
this latter mechanism is observed to enhance both strength and
toughness, akin to natural nacre where the presence of
pre-existing mineral bridges acts to prevent debonding and to limit
platelets sliding. SiC/PMMA samples characterized by a dendritic
morphology benefit from this toughening mechanism, reaching val-
ues of toughness and strength higher than lamellar composites with
same ceramic fraction.

Compared to commercially available monolithic silicon carbides
and other comparable freeze-cast ceramic/compliant phase lamel-
lar materials (specifically Al2O3/PMMA), the current SiC/PMMA
composites with lamellar or dendritic architectures can display
significantly higher R-curve toughness values, indeed at best
higher than any silicon carbide ceramic to date. However, the more
brittle SiC hybrid materials still cannot match the tensile strength
levels of monolithic SiC’s [35] nor the R-curve toughness of our
previously reported Al2O3/PMMA hybrid materials with
brick-and-mortar architectures [6,25].
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