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Abstract: A new structure of the anisotropic high-sensitive 1-3-type piezo-active composite is put
forward. Effective piezoelectric coefficients d;, andg;,, squared figure of merit 4, g;, and related

hydrostatic parameters d,, g, and d, g, are studied within the framework of the proposed model of the

ferroelectric ceramic / porous polymer composite with 1-3—0 connectivity. Effects of porosity,
microgeometry of pores and their orientation on the aforementioned piezoelectric coefficients and
figures of merit of the 1-3—0 composite are studied to show its piezoelectric performance and high
piezoelectric sensitivity. A comparison of the effective parameters to those known for the related
1-3-type composites based on ferroelectric ceramics is carried out, and some advantages concerning
high piezoelectric sensitivity of the studied 1-3—0 composite are emphasized. Copyright © 2009 IFSA.

Keywords: Piezo-active Composite, Piezoelectric sensitivity, Piezoelectric coefficients,
Figures of Merit

1. Introduction

Piezo-active composites are smart materials [1] that are characterised by coupled electromechanical
properties and often used as elements of piezoelectric transducers, sensors, actuators, hydrophones,
devices for acoustics, medical diagnostics, etc. The electromechanical properties of these materials
depend [2—6] on microgeometry, volume fraction of components, their electromechanical properties,
poling conditions, and other factors. An arrangement of the components, connectivity of the composite
[1, 2, 5] and an electromechanical interaction between its components [3, 4, 7] considerably influence

52



Sensors & Transducers Journal, Vol. 107, Issue 8, August 2009, pp. 52-63

the piezoelectric coefficients and their anisotropy. To describe piezoelectric sensitivity (PS) of the
composite, one can consider its piezoelectric coefficients g (voltage coefficients), 4, (charge

coefficients) and figures of merit that depend on g; and 4, [2, 3]. In hydrophone and hydroacoustic
applications, the hydrostatic piezoelectric coefficients g, and 4, and figures of merit play the key role

when describing PS [3, 8, 9]. In the last decades, a problem of PS of the ferroelectric ceramic (FC) /
polymer composites has been important in connection with sensor and acoustic applications of these
materials [1, 10, 11]. A study on PS of the two-component composite with o/ connectivity (e.g., 22,
1-3, 0-3 or 3-3) is concerned, as a rule, with modelling of the effective electromechanical properties
and related effective parameters [3-6, 12]. It is known [1, 3, 8, 10, 13] that the piezoelectric
coefficients g’ or g, of the FC / polymer composites can be several tens of times larger than the

similar piezoelectric coefficients related to the FC. An increase in PS needs a modification of the
composite structure [14], an addition of the third component [15] or auxetic polymer [16], or forming a
porous structure in polymer components [8]. These and other possibilities were studied for the
transversely isotropic 1-3-type composites comprising a system of FC rods (being continuous in one
direction) that are surrounded by a polymer matrix (being continuous in three directions). In our
present work, we put forward a new structure of the anisotropic 1-3-type composite and study trends
in increasing its PS. The aim of this paper is to analyse microgeometric and physical factors that
promote increasing PS of the anisotropic FC-based composite and attaining maximum values of a
series of its effective parameters.

2. Structure and Effective Properties of the 1-3-type Composite

The composite to be considered (Fig. 1) contains a system of FC rods that are continuous in the OX;
direction, having a square base and characterized by a square arrangement in the (X;0X>) plane. It is
assumed that the remanent polarization vector of each rod is P’ 71 OX;. The polymer matrix
surrounding the FC rods contains spheroidal air inclusions (pores) that are described by

(%] @) + (3 / @)’ + (x5 / az)* =1 (1)

in the axes of the rectangular co-ordinate system (X, X{ X?). Semiaxes of the spheroid from Eq. (1)

are a; = a> and a;. The spheroidal pores with a; = const are regularly distributed in the polymer
medium and occupy the sites of a simple tetragonal lattice. A shape of the pore is concerned with an
aspect ratio p = a; / a3 that is assumed to be fixed over the composite sample. The radius or the largest
semiaxis of these pores (e.g., a; = a, for oblate pores) should be considerably less than the length of the
side of the square being the intersection of the rod by the (X;0X;) plane. The above-described
FC / porous polymer composite (Fig. 1) is described by 1-3—0 connectivity in terms of paper [2]. As in
the case for the 1-3 FC composites manufactured in the last years [10, 11], it is assumed that the
poling procedure is carried out after inserting the aligned rods into the matrix and covering the
composite sample with electrodes parallel to the (X;0X>) plane.

The determination of the effective electromechanical (i.e., elastic, piezoelectric and dielectric)
properties of the system “FC rods — porous polymer matrix™ is carried in two stages. First, we
determine the effective properties of the polymer matrix with aligned spheroidal pores and its
dependence on porosity m,, where m,, is the ratio of the total volume of the pores to the volume of the
matrix in the composite sample. The corresponding averaging procedure is carried out within the
framework of the effective field method [3, 4] based on Eshelby’s concept of spheroidal inclusions [4].
As follows from this averaging, the matrix with the system of the regularly distributed spheroidal pores
(Fig. 1, inset) is characterized by comm symmetry in the co-ordinate system (X, X; X?). Second, the

determination of the effective electromechanical properties of the composite (Fig. 1) with the regularly
53
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distributed parallelepiped-shaped rods is carried out using the matrix approach [17, 18]. It means an
averaging of the electromechanical constants of the FC rod and the polymer matrix in the OX; and OX;
directions, in which the periodical arrangement of the rods is observed. For this averaging procedure,
full sets of elastic compliances s!"-*(measured at electric field £ = const), piezoelectric coefficients

d,and dielectric permittivities ¢’ (measured at mechanical stress o = const) of FC (n = 1) and

porous polymer (n = 2) are used. These electromechanical constants are written in the axes of the
(X1X2X3) system (Fig. 1). Preliminarily, a transition from the constants determined for the porous
matrix in the (X, X, X?) system to the constants related to the (X,X2X3) system is carried out using

conventional formulae [19] for tensor components and taking into account the rotation angle & (Fig. 1,
inset). The properties are averaged taking into account boundary conditions [17, 18] for the electric
and mechanical fields. These boundary conditions at the interfaces x, = const (Fig. 1) correspond to the
continuity of the electric and mechanical fields as follows:

(i) three normal components of mechanical stress a,, (i.e., 611 = const, g1, = const and ;3 = const for x;
= const or 021 = const, o2, = const and 0,3 = const for x, = const),

(i1) three tangential components of mechanical strain &, (i.e., &2 = const, &3 = const and £33 = const for
x1 = const or &1 = const, £13 = const and &3 = const for x, = const),

(iii) one normal component of electric displacement D,, (i.e., D = const for x; = const or D, = const for
x> = const), and

(iv) two tangential components of electric field £, (i.e., E> = const and E3 = const for x; = const or £} =
const and E3 = const for x, = const).

Xs m

1-m,
: 8
: ~_0X
1-m : o 2
\ i X-1 \-i-mp
a o X;
I
Lo feale | I
X,

Fig. 1. Schematic of the 1-3—-0 FC / porous polymer composite. (X;X>X3) is the rectangular co-ordinate system
concerned with the composite sample, ( X 10 X ;’ X)) is the rectangular co-ordinate system concerned with the
orientation of the spheroidal pore in the polymer matrix. m and 1 —m are volume fractions of FC and porous

polymer, respectively, m,, is the volume fraction of air in the porous matrix, @is the rotation angle, and P.M s
the remanent polarization vector of FC.

The electromechanical properties of the composite are described by the full set of 5%, d;, and &7 and

regarded as homogenised (effective) properties in a long-wave approximation. It means that the
wavelength of an external acoustic field is to be much longer than the size of the rod in the composite
sample. Evaluations of the effective electromechanical properties and related parameters X*(m, m,, p,
0) of the composite are carried out using the room-temperature electromechanical constants of the
FC and polymer components (Table 1). Among FC materials we have chosen the “soft” PCR-7M
composition based on Pb(Zr, Ti)O; with high piezoelectric and dielectric properties [20]. As follows
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from our analysis of matrices of elastic, piezoelectric and dielectric constants of the 1-3-type
composite poled along the OX; axis, this material is characterized by point symmetry m where the
mirror plane is perpendicular to the OX; axis (Fig. 1). The matrix of the effective piezoelectric
coefficients 4, in this case is written as

0 0 0 0 d d,

* = * * * *
W 1=1a; apa a0 o | @)

d; dy, diy d;y 0 0

and the piezoelectric coefficients g;, are represented by the matrix that has the form shown in Eq. (2).

However, at & =90° (b =0, 1, 2, ...), the form of matrix from Eq. (2) becomes simpler due to
vanishing the matrix elements d;, and g, with k/ =16, 21, 22, 23, and 34.

To describe PS of the 1-3-type composite with m symmetry, we consider the following effective
parameters: the effective piezoelectric coefficients d;, and g;, that are interconnected [19] in

accordance with a matrix equation

o -1
g* =1l &I [] a* [, 3)
squared figure of merit
s N2 _ * *
(05) = dy; 2555 4)
the hydrostatic piezoelectric coefficients
d; - d; + d; + d; + d; + d; + d; and g; = g; + gzz + g; + g; + g; + g;’ (%)
and squared hydrostatic figure of merit
*\2 g%
(Qh) =d,g,- (6)

Table 1. Room-temperature elastic compliances s; (in 107'% Pa™"), piezoelectric coefficients d, (inpC/N) and

dielectric permittivities ¢7./ & of FC and polymer components.

Components | s/ | s | s5 | s4 Sty d;, dyy | dis | e/ | €35/&
PCR-7M [20] 17.5 | -6.7 | -79 | 19.6 | 43.8 -350 760 880 3990 5000
Polyurethane [8] | 401 | -149 | -149 | 401 1100 0 0 0 3.5 3.5

Note. PCR is the abbreviation “piezoelectric ceramics from Rostov-on-Don”, Russia [20]. The PCR-7M FC has
been manufactured by means of hot pressing. According to results [8], this FC composition is characterized by
the largest e33/c;; ratio that promotes high PS of the 1-3-type PCR-7M-based composite.

In Eq. (3), || €| is the matrix of dielectric permittivities of the composite at constant stress.
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The piezoelectric coefficients 4y, and g}, characterize the piezoelectric response along the poling axis

OJX; axis at an electric or mechanical action along the same axis. Squared figures of merit from Egs.
(4) and (6) are used [3, 8, 9] to describe the sensor signal-to-noise ratio of a piezoelectric element. The
hydrostatic parameters from Eqs. (5) and (6) characterize a piezoelectric response and PS of the
composite under a hydrostatic pressure. Below we consider behaviour of the effective parameters and
changes in PS of the 1-3-type FC / porous polymer composite (Fig. 1) when varying the volume
fractions m, m,, the aspect ratio p, and the orientation angle 6.

3. Maxima of Effective Parameters and Piezoelectric Sensitivity
3.1. Volume Fraction (m), Aspect Ratio (p) and Porosity (m,) Dependences

In this section we consider a dependence of the effective parameters d;,, gi,, (0s,)°, d,, g, and
(Q})* on one of the variables at the orientation angle &= 0. The volume fraction (m) dependence of the
effective parameters shows that only the piezoelectric coefficient 4, monotonically depends on m at

fixed values of m, and p from ranges 0 < m, < 0.3 and 1 < p < 100, respectively. It is typical of the
d,,(m) dependence predicted [3, 4, 7] and experimentally studied [13, 21] for the 1-3 FC / polymer

composite. The piezoelectric coefficients g;,, d; and g, and squared figures of merit (Q},)* and (Q,)’
have maxima (see, for example, Fig. 2). These maxima are caused by a balance of 4;, from Eq. (5) and
by a considerable influence of dielectric permittivity ¢, on g, and g, owing to relations g, = d,,
/ey and g, = d, / & that are derived from Eq. (3) at = 0. As a consequence, dielectric permittivity
&,7 pre-determines non-monotonic behaviour of (Qj,)* and (Q,)’ (see Egs. (4) and (6)). The sharp
maxima of g;,, g, (0s;)°, and (Q;)’ appear at relatively small volume fractions of FC (m < 0.03)
while &, has a diffuse maximum at 0.1 <m < 0.2 (Fig. 2). As follows from our results, the volume
fractions m corresponding to maxima of g, g/, (Q;,)°, and (Q;)’ considerably depend on elastic

properties of the matrix. Comparison of curves from Fig. 2 enables us to conclude that the volume
fraction (m) dependence of squared figures of merit (Q;,)° and (Q,)* follows the volume fraction

dependence of the piezoelectric coefficients g, and g,, respectively, and the configuration of the
curves is similar (see, e.g., curves 2 and 3 in Fig. 2 (a) or 2 (b)).

The effective parameters of the composite differently depend on the aspect ratio p of pores in the

polymer matrix. Varying p, we change ratios of elastic module ¢/¢2 and ¢P'/¢{? of the porous

matrix, and this change influences PS of the composite. Fig. 3 shows that all local maxima of the
effective parameters (X*),, increase monotonically on increasing the aspect ratio p of pores, i.e., when
elastic module ¢ and ¢{? of the matrix decrease in the presence of more oblate pores therein. The

like tendency was analyzed [8] for the 1-3-type composite with a matrix containing a system of
parallelepiped-shaped pores distributed regularly.

An example of the porosity (m,) dependence of the effective parameters of the composite is given in
Fig. 4 for relatively small volume fractions of FC m. It should be mentioned that Choy et al. [22]
manufactured the 1-3 FC / polymer composite with m ~ 0.033, 0.066, etc., and we can consider the
volume fractions m > 0.03 without additional restrictions. A monotonic increase in the effective
parameters (Fig. 4) is associated with a decrease in elastic moduli ¢{» of the porous matrix, and this
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Fig. 2. Volume fraction dependences of the piezoelectric coefficients dy, (in pC /N), g}, (in mV'm/ N) and
squared figure of merit ( O}, )* (in 10"% Pa”!, graph a) and related hydrostatic parameters d . (inpC/N), g, (in
mV'm / N) and squared figure of merit (Q, )’ (in 10" Pa!, graph b). The effective parameters were calculated

for the 1-3—0 PCR-7M / porous polyurethane composite at m, = 0.1, p= 10 and 8= 0.
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Fig. 3. Local maxima of the piezoelectric coefficient ( g}, ), (in mV'm/ N) and squared figure of merit ((Q;, Y )m
(in 1072 Pa™, graph a) and the hydrostatic piezoelectric coefficients (d,)n (in pC/N), (g, )m (in mV'm/N) and

squared figure of merit ((Q, ) (in 102 Pa™, graph b). The effective parameters were calculated for the 1-3—-0
PCR-7M / porous polyurethane composite at m, = 0.2, =0 and 1 < p<100.

decrease promotes increasing the piezoelectric activity of the composite at m = const. We also see that
the piezoelectric coefficient d}, at m, = const increases on increasing m (curves 1, 4 and 7 in Fig. 4)

while g, and (Qj;)* at m, = const decrease (curves 2, 5 and 8 or 3, 6 and 9 in Fig. 4). Such a
distinction is concerned with a fact that g}, and (Q;,)’ pass maximum points at m < 0.03 (see, e.g.,

curves 2 and 3 in Fig. 2 (a)) and undergo appreciable decreasing on increasing m. In particular, curves
8 and 9 in Fig. 4 suggest that g}, and (Q;,)” increase at m = 0.10 (i.e., far from the maximum points)

very slowly, and this circumstance is to be taken into account when manufacturing the 1-3-type high-
sensitive composites.
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Fig. 4. Calculated dependences of the piezoelectric coefficients d; (in pC/N), g;, (in mV'm/N) and squared
figure of merit ( O}, )* (in 10" Pa™") on porosity m,, of the polymer matrix in the 1-3—0 PCR-7M / porous
polyurethane composite at p= 10 and 8= 0.

Changes in values of local maxima of the effective parameters (X*),, of the composite are shown in
Fig. 5. (gi;)m and (g, )m considerably increase on increasing porosity m, of the matrix (curves 1 and 4
in Fig. 5), and such behaviour is concerned with a decrease in ¢’ of the porous matrix and &;7 of the
composite. As a consequence, max g;, and max g, are attained at volume fractions of FC m = 0.01 or
less. The local maximum (d; ), increases slowly (curve 3 in Fig. 5) as compared to (g, )n (curve 4 in
Fig. 5). It is accounted for by a slight influence of the piezoelectric coefficients d;, and d;, on the

hydrostatic piezoelectric coefficient d, from Eq. (5) in the presence of the spheroidal pores at 6= 0.

3.2. Orientation Effect

Now we consider an effect of the orientation of pores (Fig. 1, inset) on PS and vary the orientation
angle @along with the volume fraction of FC m at m, = const and p = const. An interesting example of
the X*(m, 6) dependence is shown in Fig. 6. The corresponding composite at 0 # 90°b is characterized
by point symmetry m. Elastic compliances sl.(jz) of the porous matrix are given by

(2) L(2) L(2) L(2)
St Siz” Sz Sig 0 0
(2) (2) L(2) L(2)
Sy Syt Sy Sy 0 0
(2) L(2) L(2) L(2)

) Si30 8237 8337 S 0 0

Is™H=] o) @ @ @ ’ (7)

Sia S24” Sz Su 0 0
0 0 0 0 s2 s&
0 0 0 0 s& 52
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Fig. 5. Local maxima of the piezoelectric coefficient (g}, ), (in mV'm / N) and squared figure of merit ((Q;, Y

(in 10" Pa™, graph a) and the hydrostatic piezoelectric coefficients (d,)m (inpC/N), (g,)n (in mV'm/N) and

squared figure of merit ((Q, ), (in 102 Pa™, graph b). The effective parameters were calculated for the 1-3—-0
PCR-7M / porous polyurethane composite at p= 10, =0 and 0 <m, < 0.3.

however at 6= 0, elastic compliances s{” from Eq. (7) obey conditions

(2) = = (2) = Q)= 2 )= 2) 2= 2 (2) = 2)_ @2
s2=0(=1,2and3), 0, 515/ = 8335 8117 = 83, » Sgq = Ss5 > and s’ =2(5,7 — 815 ). (8)

Ss6

Irrespectively of the & angle, dielectric properties of the porous matrix are varied in a relatively narrow
range so that an inequality £ << g{>* holds. The graphs in Fig. 6 have been built for volume fractions

of FC m < 0.2 because of lack of extreme points of the effective parameters and obvious decreasing PS
of the composite at m > 0.2.

As follows from results shown in Fig. 6, non-monotonic behaviour of the hydrostatic parameters d,,
g, and (Q,)’ is observed on increasing & at m = const. A violation of conditions from Egs. (8) and the
appreciable elastic anisotropy of the porous matrix with elastic compliances s> from Eq. (7) promote
a considerable re-distribution of internal electric and mechanical fields in the composite sample. This
re-distribution results in an increase of the hydrostatic parameters d,, g; and (Q;)’ due to an improved
balance of the piezoelectric coefficients 4; and g from Eq. (5). It means that at relatively small
volume fractions of FC (m < 0.10), the piezoelectric coefficients 4;, > 0 (f = 1, 2 and 3) provide a main
contribution into d, from Eq. (5) and promote considerable values of d, as compared to those
calculated for cases of 6= 0 or 90°. The piezoelectric coefficients g >0 (j = 1, 2 and 3) analogously
favour PS and considerable hydrostatic response of the composite. The matrix with inclined pores
(Fig. 1, inset) and elastic compliances from Eq. (7) plays the crucial role like that of the auxetic
polymer matrix in the high-performance 1-3-type composites studied earlier [16, 23]. For example, the

composite with m, = 0.2, p =100 and = 0 is characterized by max d ; ~ 104, ,§” that corresponds to the
volume fraction of FC m = 0.049 (Fig. 6 (d)). At this volume fraction we have
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Fig. 6. Dependences of the piezoelectric coefficients d;, (a, in pC /N), g5, (b, in mV'm/N), squared figure of
merit (O, )’ (c, in 10™"? Pa™, graph a) and related hydrostatic parameters d, (d,inpC/N), g, (e, inmVm/N)
and (Q, )’ (f, in 10™"? Pa™). The effective parameters were calculated for the 1-3-0 PCR-7M / porous
poluyrethane composite at m, = 0.2 and p = 100.
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g, =260, g, 210g", (0,)'~ 18(0))*, and (Q,)*~2120(Q;")". )

In the related composite with pores at 6 = 60° (Fig. 1, inset), maxd, ~ 144" is attained at the volume

fraction of FC m = 0.093 (Fig. 6 (d)). At the same m,, p, 6, and m values, the composite is

characterized by the following parameters: g}, ~ 9.9g1, o ~ 185g", (0;;)* ~ 8.0(Q%)*, and (Q;)*~

330

2560(0.")*. However, at the volume fraction m = 0.049 (as in case of & = 0) in the presence of

inclined pores at = 60°, we have the following effective parameters of the composite:
g~ 17¢l, g, #360g", (0;)"  12(Qy))*, and (;)*~ 4900(0;")’. (10)

As is seen from comparison of data from Egs. (9) and (10), the composite with inclined pores
demonstrates high PS and larger hydrostatic parameters g, and (Q,)*. At the same time, the presence

of the porous matrix at = 90° leads to the appreciable decrease in the piezoelectric coefficient 4, and

other effective parameters of the composite (Fig. 6) mainly due to a change in the balance of elastic
compliances s{* from Eq. (7). The spheroidal pores at 6= 90° do not provide considerable ratios of

elastic moduli ¢ / ¢ and ¢} / ¢/? in the matrix and, as a consequence, promote lower PS of the
corresponding composite. To the best of our knowledge, such an orientation effect was not studied in

earlier works on the 1-3-type composites and is to be taken into consideration in future applications of
materials with high PS.

We note for comparison that the related 1-3 PCR-7M / polyurethane composite is characterized by the

maximum values of the effective parameters [8] as follows: maxg;, = 34g{), maxg, =~ 91g\",

max[(0;;)*] = 8.3(Q))*, and max[(Q;)’ ] ~ 54(0")’ . However, these maximum values are attained at
different volume fractions m of FC (on analogy with maximum points of curves 2 and 3 in Fig. 2 (a)
and curves 1 — 3 in Fig. 2 (b)) that does not promote high PS being comparable to PS of the composite
with parameters from Egs. (9) or (10). According to experimental data [24], the 1-3-type PZT / porous
epoxy composite with the volume fraction of FC m = 0.06 is characterized by hydrostatic parameters
d =220pC/N, g/ =228 mV'm /N and (Q])*=50.210"* Pa™ at porosity of the matrix n, = 0.20 and

d =284 pC/N, g =294 mVm /N and (Q,)*= 83.510"% Pa™" at m, = 0.40. Our results shown in

Figs. 6 (d) — (f) testify to higher PS of the composite at m = 0.06 and various values of the orientation
angle 6.

Comparison of data on the hydrostatic piezoelectric coefficient d Z from Fig. 6 (d) to data from paper
[23] on the 1-3-type FC / auxetic polymer composites enable us to emphasize the more active role of
the anisotropic porous structure (Fig. 1, inset) in comparison with the auxetic structure of the polymer
matrix. In our current study and Ref. 23, different examples of the inequality d, > d,, were analyzed to
improve hydrostatic performance of the 1-3-type composites. However at m = 0.05 ... 0.10, values of
d, of the composite studied in the present work are about 2 — 3 times more than those evaluated [23]
for the FC / auxetic polymer composites based on either PZT or BaTiOs;. Undoubtedly, this advantage
of the composite with the inclined spheroidal pores favours high PS and large values of such
parameters, as g, and (Q;)*.

4. Conclusions

Results on the effective electromechanical properties and PS of novel piezo-active 1-3-type
composites with a regular distribution of components are presented. The important role of
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microgeometry of pores, the orientation effect and features of the piezoelectric response of the
composite with point symmetry m are to be taken in consideration when manufacturing the high-
sensitive composites and predicting the effective parameters that describe PS. The increase in the
hydrostatic piezoelectric coefficients d; and g and squared figure of merit (Q;)* of the

1-3-0 composite is attained in different ways (see Figs. 2 — 6) due to variations of volume fractions of
FC and pores, changes in the aspect ratio and / or orientation of pores, the elastic anisotropy of the
porous matrix, and other factors. It has been shown that the orientation of the spheroidal pores in the
polymer matrix can improve PS and hydrostatic parameters of the composite due to a more favourable
balance of the piezoelectric coefficients 4;, and g; . The results reported in this paper can promote

manufacture and design of the anisotropic 1-3-type composites with high PS. These composites are to
be used as elements of sensors, hydrophones, transducers, and other piezoelectric devices for which PS
characteristics play the key role. Calculated dependences of the effective parameters of the composites
on a series of variables (Figs. 2 — 6) show in which ranges one can attain the maxima of different
piezoelectric coefficients and squared figures of merit. Data on the maximum points and non-
monotonous behaviour of the effective parameters can be of benefit for the optimization and

exploitation of the piezoelectric response, PS and other characteristics of the 1-3-type composites
based on FC.
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