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 
Abstract—The stress and temperature dependence of three 

different PZT ceramics have been measured at 48 hours and 1 

month after poling. The data were fitted to a modified Rayleigh 

law in which a negative quadratic stress term accounts for a 

saturation of the domain wall contributions at higher stress. The 

relative changes to the fitting parameters can be explained by the 

materials possessing differences in the concentration of orientable 

defect dipoles, but with similar distributions of relaxation time 

constants. 

 
Index Terms—piezoelectricity 

 

I. INTRODUCTION 

IEZOELECTRIC materials are important contributors to 

electronic technology in actuator, sensor and signal 

processing applications. For the most widely used materials 

such as lead zirconate titanate ceramics, Pb(ZrxTi1-x)O3 or PZT, 

it is well established that the presence of ferroelectric domains 

contributes significantly to the piezoelectric effect [1–6]. 

Specifically, applied electric field or stress can induce local 

reorientation of the crystal lattice, observed as the displacement 

of domains walls. Non-180° domain wall motion augments the 

field-induced strain or stress induced charges and therefore 

increases the value of the most widely used measure of 

piezoelectric activity, the charge coefficient, dij. Piezoelectric 

materials are generally categorized as either “soft” or “hard”. 
Soft materials are engineered to maximize the charge 

coefficient at the expense of increasing the dielectric and 

mechanical losses, whilst hard materials are designed to have 

low losses and a high electromechanical Q factor, at the expense 

of a reduced charge coefficient. The observed differences 

between hard and soft piezoelectric materials are strongly 

correlated with the defect chemistry of the materials which is 

thought to control domain wall mobility [7]. In soft, donor 
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doped PZT, there is evidence to suggest that up to 50% of the 

value of the d coefficient can be accounted for by non-180° 

domain wall motion. 

It is also widely accepted that the observed non-linearity of 

the piezoelectric effect with respect to applied field and stress 

is principally due to the influence of domain walls [7]. 

However, the form of the non-linearity is dependent on a 

number of issues. Whilst many materials, including soft PZTs, 

exhibit a linear increase in the d coefficient with increasing field 

or stress, known as the Rayleigh law, others, notably hard 

materials, exhibit higher order stress/field dependence, but with 

significant evolution over time. 

The non-linear behavior of piezoelectric materials facilitates 

an understanding of how the material will perform in real world 

scenarios where the material may be subject to a variety of static 

or dynamic mechanical loads and fields over time. As many 

applications call for wide operating temperature range, it is also 

important to understand how non-linear behavior is modified 

by temperature. Hence the work presented here investigates the 

non-linearity of the direct piezoelectric effect of 3 types of 

commercial PZT ceramics as a function of temperature and 

ageing. 

These measurements were conducted up to a maximum of 

150°C for all samples in a single experimental step, and after 

two different ageing periods.  

II. EXPERIMENTAL 

The material selection consisted of a soft (Navy Type VI - 

Noliac A/S, Kvistgaard, Denmark), a hard (Navy Type I - PI 

Ceramic GmbH, Lederhose, Germany) and an intermediate 

(Navy Type II - PI Ceramic GmbH, Lederhose, Germany) PZT 

compositions, as shown in Table I.  

All materials were obtained off the shelf and cut to ensure an 

aspect ratio of at least 1:1 (height ≥ width) to minimize 
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clamping effects [1], [8]. The soft and intermediate samples 

took the form of a cylinder (Ø 4.5mm and Ø 4 mm 

respectively), with the hard PZT as a rectangular prism (2 x 2 x 

4 mm). For consistency, they were thermally de-poled by 

progressive heating to beyond the material-specific 

depolarization temperature. All three were then re-poled at 2.25 

kV mm-1 in silicone oil for 10 minutes at 70°C. All materials 

were left at room temperature for 48 hours before further 

measurements. 

Direct longitudinal charge coefficient measurements were 

carried out as a function of stress amplitude using an in-house 

constructed system comprising a material test frame (3382, 

Instron) capable of providing a constant stress pre-load and a 

PZT-based actuator (P-225, Physik Instrumente UK Ltd, UK) 

to apply a cyclic stress at 1 Hz, measured using an in-line quartz 

load cell and charge amplifier (9641B and 5011B, Kistler 

Instruments Ltd, UK). The charge generated by the sample was 

measured using an identical charge amplifier connected directly 

to the material under test. The sample was positioned within a 

temperature controlled region within the test apparatus shown 

in Fig. 1.  

To mitigate non-parallel loading of the sample surfaces, the 

apparatus was designed with a ±5° accommodation in the 

orientation of the platens contacting the sample. The 

experimental temperature was measured using a thermocouple, 

connected directly to thermal acquisition hardware. All signal 

generation and data acquisition was synchronous to 1 ms, with 

data saved in a streaming time division multiplexed format. Fig. 

2 shows a typical example of raw data obtained from one 

complete stress cycle, with a linear regression fit to calculate 

d33. 

The direct piezoelectric coefficient of all samples was 

measured 48 hours after poling, from room temperature to 

150°C in 25°C increments, using the apparatus described 

above, with a 10 MPa compressive pre-stress and an additional 

cyclic compressive stress, varying sinusoidally between zero 

and a maximum “amplitude” with a frequency of 1 Hz, as 

shown in Fig. 2. The measurements on each sample were 

conducted in one experimental run, to ensure consistency 

between measurements at different stresses and to minimize the 

influence of thermal cycling on the material behavior. The 

measurements were then repeated after 1 month ageing at room 

temperature. 

III. RESULTS 

The experimental data are presented in Fig. 3 as plots of d33 

vs stress amplitude X0 as a function of temperature at both 48 

hours and 1 month after poling. We attribute the differences 

between the manufacturers’ own values of d33 and our measured 

values to the probable differences in poling regimes. After the 

initial measurements at 48 hours, the samples were re-measured 

using the Berlincourt meter at room temperature and found to 

have no more than a 3% change in charge coefficient compared 

to the value before the temperature excursion. 

On initial analysis, the hard composition exhibits 

substantially linear behavior between d33 and X0, that is it 

conforms to the Rayleigh law: 

 

 𝑑33 = 𝑑𝑖 + 𝛼𝑋0, (1) 

 
where di is the piezoelectric charge coefficient at zero stress 

and  is the Rayleigh coefficient. However, the intermediate 

TABLE I: MANUFACTURER MATERIAL PARAMETERS. 

Material Type d33 / pC N-1 33/0 s33 / TPa-1 k33 tan  Qm TC / °C 

PI PIC181 Hard 265 1200 14.2 0.66 0.003 2000 330 

PI PIC255 Intermediate 400 1750 20.7 0.69 0.020 80 350 

Noliac NCE55 Soft 670 5000 21.0 0.72 0.022 70 159 

 

 
Fig. 1.  Schematic of the test apparatus - comprising of band heater, 

stainless steel and zirconia stand-offs and thermal isolation. 

 

Fig. 2.  Typical example of raw data collected from the experimental 

apparatus, showing one complete stress cycle charge response and linear 

regression fit (red) to calculate d33. 
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and soft compounds are initially non-linear, with higher order 

stress dependence, hence all the data have been analyzed 

according to:  

 

 𝑑33 = 𝑑𝑖 + 𝛼𝑋0 + 𝛽𝑋02. (2) 

 

The coefficients di,  and  are compared in Fig. 4 for all 

three materials as a function of temperature. It can be observed 

that at 48 hours the hard material is substantially linear in terms 

of the stress dependence of the charge coefficient, hence the 

value of  is insignificant. There is also little temperature 

dependence of both di and the first order coefficient . After 1 

Fig. 3.  d33 as a function of stress amplitude at 1 Hz and temperature for (a) Hard PZT at 48 hours; (b) Hard PZT at 1 month; (c) Intermediate PZT at 48 
hours; (d) Intermediate PZT at 1 month; (e) Soft PZT at 48 hours; (f) Soft PZT at 1 month ageing. 

(a) (b) 

(c) (d) 

(e) (f) 
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month the value of di has increased slightly but with somewhat 

less temperature dependence. If it is assumed that di represents 

the reversible contribution to piezoelectricity, whilst the value 

of  indicates the size of the extrinsic, or irreversible 

contribution, often associated with domain wall motion, then 

both contributions are relatively stable as a function of time and 

temperature. 

At 48 hours the intermediate material exhibits non-linear 

behavior with low temperature dependence of di but significant 

temperature dependence of both  and . The former has a 

positive value and decreases with increasing temperature, 

whilst the latter is negative and increases with increasing 

temperature. However, after 1 month, there is a substantial 

decrease in di and both the amplitude and temperature 

dependence of both  and  has decreased markedly. 

The soft material exhibits the largest magnitudes and the 

greatest temperature dependence of all three parameters. The 

initial value of charge coefficient, di, decreases with increasing 

temperature, with little change between the 48 hour and 1 

month values. Ageing for 1 month sees an approximate 

threefold reduction in the value of  and a reduction in its 

temperature dependence, whilst the magnitude of  decreases 

with increasing temperature, but is relatively unchanged during 

the ageing period.  

IV. DISCUSSION 

The most widely employed interpretation of the difference in 

properties between hard and soft piezoelectric materials relies 

on the model of the ferroelastic domain wall motion 

contribution to the charge coefficient being pinned to a greater 

or lesser extent by defect dipoles formed between oxygen 

vacancies and acceptor dopants or impurities. Under this model, 

following poling, defect dipoles align themselves with the 

direction of local polarization. As the time constant for 

reorientation of such dipoles is usually much longer than the 

period of the signal used to measure the charge coefficient, the 

defect dipoles inhibit the domain wall motion. In hard materials, 

it is assumed that there is a high concentration of such dipoles, 

whilst soft materials have a lower defect dipole concentration. 

The ageing process in piezoelectric ceramics, by which the 

piezoelectric activity decreases as a function of time is therefore 

associated with the gradual alignment of defect dipoles with the 

local polarization.  

Whilst the Rayleigh law (Eqn. (1)) is cited by a number of 

authors as indicative of domain wall processes, it is clear that 

the majority of data here do not adhere to a simple linear 

dependence of charge coefficient upon stress, hence a higher 

order term has been introduced (Eqn. (2)). This term is 

introduced as the simplest means of characterizing the 

departure from Rayleigh linearity; it is not assigned any 

mechanistic significance. It is assumed that di is a purely 

reversible contribution to the piezoelectric coefficient and is 

dominated by the lattice contributions, which, in addition to 

extensions of the polarization vector along the polar axis, 

include polarization rotation.  

The coefficients  and  represent the extrinsic contributions 

due to the ferroelastic domain wall motion. A positive value of 

 represents increasing strain contributions (i.e. greater domain 

wall motion) as a function of increasing stress amplitude. We 

interpret , which in the current analysis is always negative, as 

being the extent to which this effect diminishes or saturates at 

 

(a) 

(b) 

(c) 

Fig. 4.  Coefficients of the second order “Rayleigh fit” (a) di, (b)  and 

(c)  as a function temperature. 
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higher stresses. Whilst in soft materials, the low density of 

defect dipoles allows relative ease of domain wall translation, 

occasional “deep traps” can completely prevent further motion 
of individual walls, thereby leading to saturation at high stress. 

The soft and intermediate materials have significant values of 

, reflecting a sparse population of defects but with sufficient 

deep traps to diminish the extrinsic contributions at higher field. 

The hard material exhibits a vanishingly small  value, 

characteristic of a material in which a high concentration of 

homogeneously distributed defects effectively inhibits domain 

wall motion at all stress levels; hence there is no diminution at 

higher stress. Furthermore, in the hard material, the value of  

does not change as a function of time or temperature. This 

suggests that the time constant for orientation of the defect 

dipoles is very short compared to the timescale of these 

experiments (<< 48 hours). Also, any extrinsic contribution that 

may be present is not thermally activated, as may be expected 

for domain wall motion. Indeed, it may be that the Rayleigh 

behavior exhibited in the hard material may not be domain 

related, but is due to intrinsic non-linearity in the elastic 

constants. This effect may be masked in softer materials by the 

domain contributions.  

In the soft material,  and di have similar negative 

temperature dependence. According to simple 

phenomenological arguments, their values both depend upon 

the spontaneous polarization, Ps. As the Curie temperature of 

the soft materials is approximately 150°C less than the 

intermediate and hard samples, the decrease of Ps as a function 

temperature dominates their behavior more than in the higher 

TC materials. The small change in di as a function of ageing is 

not regarded as significant in this case. The reduction in both 

the amplitude and temperature dependence of  after 1 month 

may indicate some stabilization of the orientation of the dipole 

population. However,  stays approximately constant 

indicating that the sparse distribution of deep traps still results 

in diminution of the extrinsic contribution at higher stress. As 

demonstrated mainly by the values of , there appears to be a 

marked change in the material around 75°C. This has not been 

investigated further, but may be indicative of a shift in the 

morphotropic phase boundary as a function of temperature. 

The intermediate material has many similarities to the soft at 

48 hours and certainly fulfils its categorization as being 

intermediate to the hard and soft behaviors. However, after 1 

month it is almost indistinguishable from the hard material, 

other than having slightly higher values of both di and . This 

suggests that the defect dipoles take longer to orient with the 

local polarization than in the hard material; i.e. after 48 hours 

the defects are still randomly oriented and so do not act to 

inhibit extrinsic contributions, whereas after 1 month they are 

completely oriented.  

Hence, we might express the differences in the three 

materials simply in terms of the time constant for defect dipoles 

to align with the local polarization (); the hard material has  

<< 1.7 x 105 s, for the soft  > 2.5 x 106 s and for the 

intermediate, 1.7 x 105 <  < 2.5 x 106 s. It is widely understood 

that the origin of the difference between hard and soft materials 

is in concentration of acceptors and oxygen vacancies. So how 

is the behavior described here manifest itself as a difference in 

alignment time constants ? We can assume that each material 

has a different total concentration of defect dipoles, but with a 

similar distribution of alignment time constants and that a 

threshold concentration of aligned dipoles is required to 

completely eliminate domain wall contributions (Fig. 5). For a 

large total concentration of dipoles, as in the hard material, a 

sufficient number of dipoles have time constants below 48 

hours and therefore exhibit the hard state within that period. 

However, in the intermediate material the threshold 

concentration of aligned dipoles is not achieved until some time 

between 48 hours and 1 month. In the soft material, the 

concentration is so low that the threshold is never achieved, 

although some hardening is observed before 1 month. 

V. CONCLUSIONS 

The stress and temperature dependence of three different 

PZT ceramics have been measured at two different post-poling 

intervals. The data were fitted to a modified Rayleigh law in 

which a negative quadratic stress term accounts for a 

moderation in the domain wall contributions at higher stress. 

The relative changes to the fitting parameters can be explained 

by the materials possessing differences in the concentration of 

orientable defect dipoles, but with similar distributions of 

relaxation time constants. 
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