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The Active Fibre Composite (AFC) has been the subject of much interest as a smart
technology that can be embedded into host structures for adaptive shape control and
structural health monitoring. The electromechanical performance of these devices has
been extensively studied, although the structural properties have received little attention.
Knowledge of the mechanical performance of the AFC is essential to prevent loss of
performance and failure. Experimentally measured tensile strengths of PZT fibre—epoxy
composites were found to contradict the behaviour predicted by simple composite theory.
It has been shown that the selection of appropriate matrix material is an essential factor
in controlling the failure mode of active composites.
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1. Introduction

The commercial availability of fine-scale PZT fibres has stimulated novel applications such
as the Active Fibre Composite (AFC) [1-8]. The AFC comprises of aligned piezoelec-
tric fibres embedded in a polymer matrix between interdigitated electrodes (IDEs). This
composite architecture has been the subject of much research interest, due in part to the
possibility of embedding this smart technology into host structures for adaptive shape con-
trol and structural health monitoring [8—11].

The electromechanical properties of these devices have been extensively studied [8, 12,
13], while the structural properties have received little attention [14, 15]. This has hindered
adoption of active composites for critical applications such as aeronautical components and
civil engineering. If such devices are to be attached or embedded in engineering structures,
knowledge of the mechanical properties of the AFC is essential to prevent failure and loss
of strain or sensing capability. More significantly the damaged AFC may weaken the host
structure.

In this work, simple composite theory has been used to predict the tensile strength of
PZT fibre based composites as a function of fibre fraction. The change in failure mechanism
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(related to the ‘minimum’ volume fraction) is also determined and discussed. To assess the
effectiveness of this approach, representative PZT—epoxy composites were manufactured
and tested. The experimental results were found to contradict the mechanical behaviour
predicted. This paper identifies reasons for the discrepancy and suggests design parameters
for active fibre composites with improved robustness.

2. Theory and Background

2.1. Failure of Active Composites

The introduction of fine-scale ceramic fibres into a polymer matrix provides the active com-
posite with a degree of flexibility to conform to irregular shaped structures [5]. It has been
suggested that unlike monolithic piezoceramics, good damage tolerance and robustness may
be achieved, since fracture of individual fibres does not lead to ultimate failure of the device
[5, 8]. The influence of composite architecture on tensile strength and fracture mechanism
is well known for structural composites consisting of brittle fibres in a ductile matrix [16,
17]. Applying this simple composite theory to determine the behaviour of active composites
was considered a valid initial approach for predicting AFC tensile strength.

It is assumed that the composite consists of long fibres, aligned in the loading direction.
The fibres and matrix are considered to be perfectly bonded (iso-strain). The influence of
the electrodes (IDE) is ignored. Since the system consists of relatively brittle ceramic fibres
in a ductile polymer matrix, the failure strain of the matrix (&}},) is considered greater than
that of the fibres (s;i). At a certain load, the composite strain will reach the failure strain
(8?-) of the brittle fibres, which will be the first component to fail (Fig. 1a). At this point
two possible failure regimes exist (Regime I or Regime II), depending on whether the fibre
volume fraction is above or below a minimum threshold value (Viin).

If V; is above Viin (Regime I), brittle failure of the fibres at 8;? leads to failure of the
entire composite, since the polymer matrix in unable to support the additional load which is
transferred to the matrix after fibre failure (Fig. 1b). Equation 1 [16] describes the strength
of the composite in this range of fibre volume fractions.

o = VfO'; + (1 —Vp)o,, (D

Where o is the composite failure stress, o'} is the fibre failure stress and o,, is the stress
carried by the polymer matrix at the fibre failure strain. In this V¢ > Vi, regime, failure
of the fibres leads to complete composite failure and ¢ = ¢%. Composite failure strength
is dominated by the fibre properties.

(a) &l - (;} (b) Regime I, ¥/= Vi (c) Regime 11, V< Fiin

Figure 1. Diagram of possible failure mechanisms for composite system with (¢*; < ¢*,,). The
fibres are considered to have uniform strength.
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If V is below Viyin (Regime II) the fibre fraction is sufficiently low that the polymer
matrix is able to carry the applied load after fracture of the piezoelectric fibres (Fig. 1c).
Failure of the fibres at &7 does not lead to composite failure; it merely increases the stress
and strain in the polymer matrix. The failed fibres, which now carry no load, can be regarded
as holes in the polymer matrix and the tensile strength of the composite is described by
Equation 2 [16].

of=(1-Vyo, @)

Where o, is the matrix failure stress.

Inthe Vy < Vpin regime (II), composite failure occurs when ¢ = ¢ resulting in a more
ductile, less catastrophic failure mode. Since it is possible that an active composite with
IDE can still actuate after individual fibre failures, this is potentially the most appropriate
range of fibre volume fractions for the active fibre composites. While this regime provides
improved toughness, the composite tensile strength will actually decrease with increasing
fibre volume fraction within the range 0 < Vy < Vpip.

2.2. Predicted Mechanical Behaviour

The minimum volume fraction (V,;,) determines the transition from each regime and failure
mechanism and corresponds to the lowest composite strength. It may be calculated from
the intersection of Equations 1 and 2 [16]:

G*

Lmin— =
* * /
af+0n1 0,

— O"/
- 3)

m

To predict the composite mechanical properties as a function of fibre volume fraction,
the relevant properties (¢%, o, 0, and o,,) of the component phases are required. These
parameters were determined by the author in previous work [15], through tensile testing
individual PZT-5A fibres and fabricating tensile test specimens of the epoxy polymer matrix.
The failure strength of the PZT-5A fibres (o'f) was determined to be 40 MPa from the Weibull
scale parameter (0y). Values reported for similar fibres varied from oy ~ 50 to 64 MPa
[14], and tensile strengths reported for bulk materials suggest a ‘static’ strength of ~76 MPa
and a ‘dynamic’ strength of ~28 MPa [18], which is comparable to the value selected.

The elastic modulus for the unpoled PZT-5A material was estimated as 65 GPa, from
the open and closed circuit stiffness of the poled material. Assuming linear elastic behaviour
of the fibre up to the failure stress, the fibre failure strain (s;‘i) is ~ 0.06%. This assumption
neglects additional strain due to domain wall motion under the applied stress (ferroelastic
behaviour).

The epoxy tensile strength (o,;) was 57 MPa with a standard deviation of £2 MPa.
Assuming linear elastic behaviour and taking the measured elastic modulus of the matrix
3 GPa, the stress levels in the polymer at the fibre failure strains (o,,) of 0.06% is 1.8 MPa.
The ultimate failure strain of the matrix (g},) was typically 2-3%, two orders of magnitude
greater than that of the brittle fibres.

The predicted composite strength as a function of fibre volume fraction is shown in
Figure 2 for the PZT-5A — epoxy system. The relatively low strength of the fibres leads to
a high value of Vi, ~58%, compared to engineering composites such as carbon fibre —
epoxy. Minimum volume fractions are typically less than 3% for structural materials, due
to the much higher tensile strength of the fibre (>2 GPa) compared to the matrix [16].
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Figure 2. Predicted strength for PZT-5A—epoxy composites with different fibre volume fractions.
Parameters used: £} = 0.06%, o} = 40 MPa, 5,, = 57 MPa and 0,, = 1.8 MPa.

The behaviour predicted suggests an advantage of the high Vi, for the active composite,
since relatively high fibre volume fractions can be tolerated while still within Regime II
(ductile and not catastrophic failure). If active fibre composites are designed to fail in this
mode (as in Fig. 1c) it is less likely to act as a point of weakness in a host structure. In
addition, since the IDE enables the device to continue operating as a sensor or actuator
after fibre fracture, this is the preferred failure mode for operation. The use of a lower fibre
volume fraction is, however, likely to reduce the piezoelectric performance of the device.

3. Experimental

To further investigate the proposed model for AFC strength, it was necessary to charac-
terise the tensile strength of active composites experimentally. Samples were fabricated
that spanned a range of volume fractions, from 1 to 75% V (Fig. 3). The PZT-5A fibres
examined in this study were produced by the Alceru route, selected due to their availability
in large quantities [4, 15]. To minimise errors in cross sectional area, relatively large fibres
were chosen (800 um diameter, 150 mm length), which also proved easier to handle during
composite lay-up. Composites were produced by first positioning fibres manually into a

Vi~3% Vi~ 15% Vi~48 % Vi~ 65 %

Figure 3. Photographs show sections of composites produced at various volume fractions (V). Scale
is indicated by 1 mm divisions. (See Color Plate XXX)
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Figure 4. Measured tensile strength of PZT-5A — epoxy composites as a function of fibre volume
fraction. Experimental results (A) were found to differ from predicted behaviour (solid line) due to
the matrix material selected.

mould of suitable shape and then impregnated with a low viscosity epoxy resin (Struers,
Specifix-40) to produce a tensile test piece in accordance with EN ISO 527-2:1996 [19].
The composite was then allowed to cure at room temperature for 48 hours. A further period
of 1 month conditioning at ambient conditions was found to be beneficial for the composite
to develop maximum, stable mechanical properties. Aluminium end tabs were adhered onto
the test pieces to improve gripping and avoid damage during tensile testing.

Testing was performed using an Instron 1195 with a 500 kg load cell and self-centering
grips. Testing was performed with a crosshead speed of 5 mm/min to avoid possible creep
effects in the sample and minimise ferroelastic (plastic) deformation of the PZT fibres. Data
was recorded digitally for analysis.

4. Results and Discussion

The experimentally determined composite strengths for varying volume fraction have been
plotted in Fig. 4. The experimental points (A) have been plotted against the predicted
strength (solid line) for comparison. It is apparent that the data does not follow the behaviour
predicted (Figure 2). Initially it is worth noting that the few samples tested around and above
Viin» are of the correct magnitude and indicate that the data gathered and the model are in
agreement at high volume fractions. From the predicted composite behaviour, the high value
of Vinin would suggest that from low to relatively high fibre fractions (~60%), the failure
mode would be within Regime II. However, a drastic reduction in strength is observed at
low PZT fractions, where the composite strength (~15 MPa) is substantially less than that
of the epoxy matrix (57 MPa). With the addition of a single fibre, the mode of failure was
brittle and catastrophic. This cannot be accounted for by the simple composite approach
applied.

The cause of this discrepancy is the simplifications made about the composite response
during the described Regime II (Eqn. 2). This assumes that the only effect of the broken fibres
is to decrease the area of the matrix that can be loaded. However, depending on the toughness
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of the matrix, it is possible that the discontinuities introduced by the broken fibres can cause
stress concentrations that significantly weaken the matrix. While it is unfortunate that the
matrix chosen exhibited this brittle behaviour, it is representative of low viscosity epoxies
generally employed for active composites due to the good encapsulation they provide [5, 8].

Results in Fig. 4 suggest that optimum strength is achieved by maximising the PZT
volume fraction. This increases the effective composite stiffness and therefore a greater
load is required before the composite strain reaches the failure strain of the fibres. Utilising
a higher volume fraction of PZT fibres also provides greater piezoelectric performance,
which is often critical for AFC applications [35, 8].

5. Conclusions

In this work, the effect of composite architecture on tensile strength and fracture mechanism
was predicted by simple composite theory. However, experimental results were found to
contradict the predicted behaviour. This was due to the significant stress concentrations
generated by the inclusion of the PZT fibres, coupled with the properties of the epoxy
material. The current practise of using high fibre fractions for the production of devices with
greater piezoelectric response may not influence the composite strength as significantly as
was believed. With the materials used in this study, a high fraction of PZT fibres was shown
to improve strength.

An important aspect of this research has been to demonstrate the role of the matrix
material on the ultimate strength of the AFC. In the composites produced, the low toughness
of the epoxy material resulted in active composites that failed in Regime I, where failure
of the piezoelectric fibres (at ¢%), leads to catastrophic failure of the composite device. The
brittle failure of active fibre composites and the low strength (40 MPa) and low strain of
the PZT fibres implies that such devices could potentially act as a significant weakness
when embedded into a host structure. The selection of an appropriate matrix material with
improved toughness should significantly increase composite strength, by reducing the effect
of the fibre inclusions and ensuring that composite failure occurs in Regime II (ductile and
not catastrophic). Future work will investigate the benefits of toughened epoxies and develop
a revised model to account for the stress concentration effect of the fibre inclusion.
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