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bstract

arium titanate (BaTiO3) foams synthesized via direct foaming method using silicon-free, rigid polyurethane systems (PU), commercially purchased
nd lab developed, are being engineered for piezocomposites in sonar applications. The mechanical properties of these foams were measured using
onfined compression testing to evaluate the suitability of these foams for the intended application. Compressive modulus and collapse strain
etermined from the experimental data increased with increasing density. Additionally, the foams fabricated using the lab developed PU (LPU)
howed a higher mechanical strength due to a higher average density than the foams developed using commercial PU (CPU) system. The data

as then fit with a phenomenological model to verify the values of the compressive properties extracted from the experimental data and also to

xtract additional properties such as tensile strength. Based on these findings, it is proposed that these foams can be successfully incorporated into
iezocomposites by infiltrating the foams with polymer.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic foams offer a favorable and unique combination of
echanical and functional properties. In a previous study,1 the

uthors have synthesized barium titanate (BaTiO3) foams using
he direct foaming method. It was found that the microstructure
f the ceramic foam could be controlled by proper selection of
U system, ceramic composition, sintering time and sintering

emperature. An open-structure foam with dense, rounded struts
omposed of a few larger grains (20–45 �m) was produced at a
igh sintering temperature (1400 ◦C) and an intermediate sinter-
ng time (8 h).1 The optimal ceramic content was determined to
e 30 vol% and the rest was PU. It was found that the variability
n density for these foams was not significant.

In this study, two different rigid, Si-free polyurethane
ystems, one commercially purchased (CPU) and the other lab-
ratory developed (LPU) were used. Although these foams are

rimarily intended for sensing and actuation, their ability to
ithstand stress and deformation is also important for han-
ling purposes as well as to ensure mechanical integrity at high

∗ Corresponding author. Tel.: +1 407 421 3874; fax: +1 352 846 3355.
E-mail address: laureli@ufl.edu (L. Wucherer).

s
p
t
d
c
i
t

955-2219/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2008.12.018
tress levels during service. Among many desirable properties,
he compressive behavior is of prime importance. In literature,

echanical properties of 1–32 and 0–33 composites have been
eported but very little has been reported on mechanical prop-
rties of 3–3 composites. A typical 1–3 composite consists of
ods in a matrix in which ceramic rods are held parallel by a
assive polymer matrix.2 For underwater sensor application it
s important that the acoustic impedance of the composite be
imilar to that of water (1.569 MRayls).3 While recent break-
hroughs have been made with 1–3 composites in achieving this
ow acoustic impedance,4 3–3 composites offer a good balance
etween a polymer with low acoustic impedance, and a piezo-
lectric ceramic with high mechanical strength and piezoelectric
roperties. However, for good mechanical stability, the strengths
f both the ceramic foam and the polymer must be enhanced.

For polymeric foams, Liu and Subhash5 proposed a phe-
omenological model that can capture the entire compressive
tress–strain response. In general, the stress–strain response of
orous materials subjected to compressive loads has three dis-
inct zones; (i) an elastic region, (ii) a plateau region and (iii) a

ensification region. The plateau region is associated with the
ollapse of the porous, cellular structure which gives the foam
ts energy absorption ability. For the piezo-sensor application,
he primary focus is on the elastic region due to the requirement

mailto:laureli@ufl.edu
dx.doi.org/10.1016/j.jeurceramsoc.2008.12.018
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f reversible deformation. Therefore, only the early portion of
tress–strain response that includes elastic and partial collapse
trains are used for modelling and property determination. In this
ork it is shown that the mechanical properties of the ceramic

oam fabricated by the above mentioned method are comparable
o other ceramic foams6,7 and thus, possibly suitable for sensor
pplications.

. Experimental procedure

BaTiO3 foam samples were synthesized using two rigid, Si-
ree polyurethane systems: (i) commercially purchased (CPU)
rom Smooth-On (Easton, PA) and (ii) laboratory developed sys-
em (LPU) by Traversa et al. at the University of Rome – Tor
ergata.8 Following the previously reported processing steps,
8–32 vol% BaTiO3 was foamed and sintered for mechanical
esting.1 For brevity only a short discussion is presented here.

A mixture of 28–32 vol% ceramic powder and 70 vol% PU
re used as the precursor materials. The ceramic powder is
eighed so that 30 vol% is ceramic and 70 vol% of the mixture

s PU. The materials are combined and stirred until the mixture
s highly viscous due to the foaming process. The mixture is
hen set aside to complete foaming. The foam is cured for 24 h
t room temperature before being sintered at 1400 ◦C for 8 h to
roduce a purely ceramic foam.

BaTiO3 foams produced from the above two systems were cut
nto 12.7 mm diameter specimens using a tape cast hole punch.
ive specimens were made for each system. The density of foam
as systematically varied by varying the initial ceramic content

rom 28 to 32 vol%. It was earlier found that the variability in
ensity from one foam specimen to another was small (0.08%)
hen the initial ceramic content was kept constant; therefore,
nly one sample was made for each density and the difference in
echanical properties of foams produced from the two PU sys-

ems was determined. The apparent density and open porosity of
ach specimen was measured using helium pycnometry. These
alues are provided in Table 1. It is shown that the LPU foams
ere denser due to a smaller expansion during the foaming pro-

ess but they also had a larger change in density for a small
hange in ceramic content, compared to CPU foams. Uniaxial

ompression experiments were performed at room temperature
sing a MTS universal testing machine (UTM). Each specimen
as marked with a grid of horizontal lines to track the uniformity
f deformation during the test.

able 1
orosity and density values for the BaTiO3 foam specimens.

eramic content (vol%) Porosity (%) Density (g/cm3)

CPU LPU CPU LPU

2 87.0 80.0 0.78 1.20
1 88.0 84.7 0.72 0.92
0 91.0 85.3 0.54 0.88
9 93.0 86.3 0.42 0.82
8 93.7 92.8 0.38 0.43

verage 90.6 85.8 0.57 0.82
.D. 2.95 4.6 0.18 0.28
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ig. 1. Confinement cell and foam sample used for confined compression test-
ng.

In the authors’ previous work,1 it was noted that when these
oam specimens were loaded without any lateral confinement,
hey deformed unevenly along the length of the specimen.5 This
ehavior was due to premature collapse of large porous cells
hat lie along the outer surface. The collapse then led to instabil-
ties resulting in buckling of the entire specimen. Such buckling

odes are typically observed in commercial brittle polymeric
oams.9 To avoid this mode of failure it was decided to test
he specimens in a transparent confinement cell as shown in
ig. 1. This confinement was previously proposed and used
y Walter et al.9 The transparent, cylindrical cell was made of
crylic and consisted of a sliding cylindrical rod and an end cap
hat can be screwed to the bottom of the cylinder. The ceramic
oam specimen is placed inside the cell and pushed to the bot-
om by a cylindrical rod. The entire assembly is placed in the

TS machine and loaded at a displacement rate of 1.27 mm/min
esulting in a strain rate of 0.001 s−1.

. Results and discussion

.1. Foam synthesis

Fig. 2 shows the microstructure of the BaTiO3 foams syn-
hesized via direct foaming method using both PU systems. The

icrostructural features of these foams reveal an open cell struc-
ure with dense, rounded struts consisting of a few intermediate
ized grains. This microstructure is different from the previ-
usly fabricated foams by Colombo et al.6 and Costa Oliveira

t al.7 which produced struts that were either hollow, had sharp
all edges, or consisted of many small (few �m) grains. This
icrostructure is similar to the one reported previously by the

uthors.1 Both ceramic foams were resilient during handling
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am synthesized using (A) CPU and (B) LPU system.
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Fig. 2. SEM image of 30 vol% barium titanate fo

nd revealed homogenous microstructures as determined from
EM and image analysis. The foam produced by CPU system
ad larger and more interconnected cell windows (98 �m) and
truts consisting of approximately 20 �m grains, while the foam
roduced by LPU system had smaller cell windows (67 �m) and
truts with large 45 �m grains.

.2. Confined compression testing

The compressive engineering stress–strain responses of the
ifferent ceramic foams are presented in Figs. 3 and 4. Because
he focus of the work was on the elastic region of the response,
he samples were strained just beyond yield point. Similar to any
ellular material behavior, the ceramic foams exhibited an initial
lastic response followed by a cell collapse process which results
n the plateau region. The stress–strain response was strongly
ependent on initial foam density. Both the initial slope and
he collapse stress increased with density for both PUs. The
lopes were highly nonlinear and therefore the stiffness was
ncrementally calculated and averaged over the elastic range.
Mechanical properties extracted from the above plots are
ummarized in Table 2. The compression modulus (EC) and
ollapse stress (σC) values of the CPU and LPU foams deter-
ined from the above stress–strain responses are plotted with

ig. 3. Stress–strain response of BaTiO3 foam produced from LPU system.
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ig. 4. Stress–strain response of BaTiO3 foam produced from CPU system.

espect to density in Fig. 5. Although both material properties
ncrease with increasing density for both foams, a significantly
igher rate of increase is observed in foam produced by LPU. As
xpected, the LPU foams had on average a higher modulus and
ollapse stress due to the higher density. A better comparison
f mechanical properties of foams can be seen in Fig. 6 where
he stress–strain curves at two different foam densities are com-
ared. Clearly, for approximately similar foam density, a greater

ollapse stress is observed in LPU foam than in CPU foam.

As mentioned earlier, the foams were marked with equally
paced grid lines to track the uniformity of deformation and
he collapse process. Figs. 7 and 8 illustrate the deformation

able 2
omparison of mechanical properties.

eramic content (vol%) EC (MPa) σC (MPa)

CPU LPU CPU LPU

2 4.99 9.69 0.93 1.25
1 4.71 7.77 0.60 1.07
0 4.64 6.69 0.54 1.06
9 4.06 6.08 0.51 1.02
8 3.67 4.39 0.39 0.78

verage 4.41 6.92 0.59 0.91
.D. 0.53 1.97 0.21 0.32
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Fig. 5. Mechanical properties of barium titanate foam as a function of density.

Fig. 6. Stress–strain curves comparing density and PU.
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Fig. 7. Compression of LPU foam with
Ceramic Society 29 (2009) 1987–1993

ehavior of the foams at various strain levels. The grid lines
n Figs. 7 and 8 are digitally enhanced to distinguish the lines
ince some are diffused due to the porous surface. Note that all
hese lines remain relatively straight throughout the deformation
rocess. In foams with relatively large pore sizes, these lines
ecome nonlinear and the spacing between the lines becomes
neven very early on in the deformation process due to the col-
apse of isolated large cells.10,11 Such features were not observed
n the BaTiO3 foams because the pore size is relatively small
nd uniform and therefore, the spacing between any two lines
emains relatively constant along the length. However, the spac-
ng between the lines decreases with strain as the cells start to
ollapse uniformly. There is one noticeable difference between
he deformation behavior of LPU and CPU foams. In the LPU
oams, the deformation is not uniform along the length of the
pecimen. Note that the line spacing on the top decreases more
apidly than the spacing at the bottom. This indicates that the
eformation in this foam is more progressive rather than uniform
hroughout the specimen.

The deformation progresses from the top of the specimen to
he bottom of the specimen with increasing load, i.e., there is
sequential collapse of cells with load. On the other hand, the
eformation of foams made from CPU is comparatively more
niform, as indicated by the continued reduction in the spacing
f most of the lines with increasing strain (Fig. 8).The BaTiO3
oam struts have an average thickness of 60 �m and consist of a
ew intermediate size grains (∼20 �m), determined using image
nalysis of SEM images. According to Li et al.,12 the thickness of
he cell wall or strut is directly correlated with the strength of the
oam; therefore, all others being equal, it is expected that thicker
truts will lead to a stronger BaTiO3 foam. Most piezo-sensors
n the market today are made of bulk electroceramic materials

uch as PZT13 and have higher mechanical strength compared
o the foams shown in Table 3. In future work, the intent is to
nfiltrate these foams with a polymer to enhance mechanical
roperties and possibly piezoelectric properties depending

respective stress–strain curves.
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Fig. 8. Compression of CPU foam

n the polymer selected.The required mechanical strength of
piezoelectric material for sensor applications is yet to be

eported. While the mechanical properties of the BaTiO3 foam
keleton are not yet comparable to other composites, such as the
–3 ceramic rod composites by Smith2 (E ∼ 31 GPa for 25%
ZT rod composite), the ceramic foam could still be acceptable
or sensor applications and will be determined once a prototype
iezocomposite sensor has been fabricated. It must also be
oted that the mechanical properties of the foams presented here
re not yet optimized. While the stress required may vary with
pplication, suggestions for increasing the mechanical strength
f the foam include increasing the ceramic content to 40 vol% or
odifying the grain size by altering the sintering temperature.

n addition, infiltration with polymer is expected to increase
he compliance of the compressive behavior and enhance the
elaxation behavior of the composite, while lowering the acous-
ic impedance of the overall sensor. For such applications it is
mportant to maintain a balance between mechanical properties
nd electrical properties of the piezocomposite. Therefore the
urrent method of producing foams and the resulting microstruc-
ure are expected to produce an acceptable balance between the
wo properties, thus making it suitable for sensor application.
.3. Stress–strain phenomenological model

The stress–strain behavior of the foams presented here reveals
n elastic response followed by an inelastic response that con-

able 3
roperties and of various ceramic foams and commercial PZT.

arameter BaTiO3 foam LPU BaTiO3 foam CPU Bulk PZT12

(g/cm3) 0.43 0.42 7.6
(MPa) 4.39 3.78 66,000

C (MPa) 0.78 0.47 >517

n

c
s
fi
i
a
a
b

(
A

h respective stress–strain curves.

ists of the cell collapse in the foam. If the compressive load
as continued, the foams would have exhibited a densification

egime which is typical of any cellular material. This complex
ehavior was captured using the following phenomenological
odel by Liu and Subhash5

= A
eαε − 1

B + eβε
+ keC(eγε − 1) (1)

here σ is uniaxial stress, ε the uniaxial strain, and A, B, C,
, β and γ are parameters that describe various features of

he stress–strain response. The value k equals 1 with units of
tress. In Eq. (1), the parameter A represents the yield stress
or collapse stress) and parameter B represents the ratio of ulti-
ate tensile strength to collapse stress.9 Parameters α and β

escribe the plateau region of the stress–strain response. For
> β a hardening-like behavior is observed. α = β represents the
erfectly-plastic response and α < β represents a softening-like
ehavior.

The first term in the model capture the elastic response and the
ell collapse process whereas the second term captures the den-
ification response. However, the interest is only in the early part
f the response consisting of the elastic and cell collapse regimes,
s shown in Figs. 9 and 10. Only the first term in the above phe-
omenological model was used to fit these stress–strain curves.

Recently Walter et al.9 extended the above model to both
ompression and tensile regimes and were able to determine
everal other parameters through extensive experimentation on
ve different density foams. The advantage of such a model

s that one can determine the response of foam at intermedi-
te densities that were not originally available. The model can
lso calculate tensile strength of the foam as will be described

elow.

By fitting the experimental data with the first term in Eq.
1), we can obtain the model parameters described above (α,
, and B). The relationship between the model parameters and
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strength due to the inherent brittle behavior of ceramics. The ulti-
mate tensile strength increases with density. Interestingly, it is
Fig. 9. Measured data and model fit for BaTiO3 foam produced by LPU.

oam mechanical properties were determined by Walter et al.9

s follows:

≈ σC (2)

≈ σC

σult
(3)

= Aα

1 + B
(4)

ere σult is the ultimate tensile strength and σC is the compres-
ive collapse strength.

Figs. 9 and 10 show the comparison between the experimental
ata and the model fit for the LPU and the CPU-BaTiO3 foams
ith approximately similar densities. As shown, the model accu-

ately captures both the elastic and plateau regions, therefore
ith the parameters determined from the model, the compres-

ive modulus and collapse stress can be accurately calculated
sing the equations listed above.
Fig. 11 illustrates the trends in model parameters as a function
f density. The difference in trends for α and β between CPU
nd LPU is purely mathematical and due to the fact that the col-
apse stresses for CPU are under 1 MPa and the collapse stresses

ig. 10. Measured data and model fit for BaTiO3 foam produced by LPU.
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F
d

Fig. 11. Model parameters as a function of density.

or LPU are above 1 MPa. For the ceramic foams, A increases
lightly with density and B remains relatively constant, indicat-
ng that for all of the densities the collapse stress is ∼3.4 times
arger than the ultimate tensile strength of the foams.

The values of the modulus and collapse stress obtained from
he model are comparable to the values determined previously
rom the measured data as seen in Fig. 12. Clearly, the model
aptures the experimental data well. Therefore, the model can
ow be extended to other density foam within the range of den-
ities tested here because the trends in the model parameters,
ig. 11, are now known. We can also determine the ultimate

ensile strength of the foams using Eq. (3). Note that, unlike the
ompressive response where large strains are noted, brittle foams
xhibit small strain in tension before failure Fig. 13 presents the
xpected ultimate tensile stresses (σult) of the ceramic foams
s determined using Eq. (3). As expected, the tensile strength
f the BaTiO3 foams is significantly less than the compressive
oted that the tensile strength of the LPU foams increase linearly
hereas tensile strength of the CPU foams increase nonlinearly.

ig. 12. Comparison of mechanical properties determined from the (M-) fitted
ata and (E-) experimental data as a function of density.
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thickness variations on the elastic properties of two-dimensional cellular
ig. 13. Model estimated ultimate tensile strength of BaTiO3 foams as a function
f density.

ore in-depth experimentation and model analysis is required
o further validate these values in this class of ceramics.

The properties determined here provide a starting point for
ptimization of the foams in future studies were the ceramic
oams will be infiltrated with polymeric materials for enhanced
iezoelectric effect.

. Conclusion

The mechanical properties of BaTiO3 foams synthesized via
irect foaming method using a commercial and a laboratory
eveloped rigid, Si-free polyurethane systems were determined
sing confined compression testing. There was an increase in
odulus and collapse strength with increasing density in both

oams. The LPU foams were denser compared to the CPU foams
0.82 g/cm3 vs. 0.51 g/cm3), and hence had a higher modulus
6.92 MPa) and collapse strength (0.91 MPa) than the CPU foam
4.16 and 0.47 MPa, respectively). The mechanical properties of
PU foam are more strongly dependent on density than CPU
oams.
The phenomenological model proposed by Liu and Subhash5

aptured the elastic and plateau regions of the compressive
ehavior reasonably well. The model parameters determined

1

Ceramic Society 29 (2009) 1987–1993 1993

lso compare well with the experimentally determined prop-
rties.

Based on this work, it is suggested that these ceramic foams
ave good mechanical properties and the potential for elec-
romechanical applications such as piezo-sensors where they
an be infiltrated with a polymer to create a piezocomposite
ith enhanced piezoelectric and mechanical properties.
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