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1  |   INTRODUCTION

Various processing methods such as hydrothermal sinter-
ing,1 spark plasma sintering,2,3 microwave sintering,4 liq-
uid phase sintering,5 and cold sintering6 have been 
developed in an effort to lower sintering temperatures for 
bulk ceramics. In many of these approaches, a secondary 
liquid phase, often called a sintering aid, is used to lower 
processing temperatures significantly7–9 via a liquid phase 
sintering mechanism. For example, compounds such as 
Cu2O/PbO, V2O5, P2O5, or LiBiO2 facilitate densification 
of lead zirconate titanate (PZT) ceramics at <1000°C; 

without such liquid phases, PZT is typically sintered at 
1200–1300°C.10–13

Gutmanas et al.14 first coined the term “cold sintering” 
in 1983 to refer to a plastic deformation in metals at low 
temperatures by utilizing extremely high uniaxial pressure: 
~GPa's. Recently, the cold sintering process (CSP) has en-
abled densification of a number of ceramic materials at tem-
peratures of 25–300°C in the presence of a transient liquid 
phase and applied uniaxial pressure: ~100 to 500  MPa (in 
an open system).15 A broad range of material chemistries 
and material structures including metal oxides,16 inorganic 
salts,17 composites,18,19 and multilayer systems20 have been 
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Abstract
Ceramics such as lead zirconate titanate (PZT) tend to dissolve incongruently, and 
thus pose a challenge in the cold sintering process. Moist lead nitrate has previously 
been shown to enable a cold sinter-assisted densification of PZT by a viscous phase 
sintering mechanism. In this paper, lead acetate trihydrate is demonstrated to lower 
the required temperature of the cold sintering step to 200°C. This densification pro-
cess was described as a two-step process: cold sintering of PZT with lead acetate 
trihydrate and post-annealing the as-cold sintered PZT ceramics. Unlike in the case 
of lead nitrate, PZT densification with lead acetate trihydrate occurs by a liquid phase 
assisted sintering mechanism, leading to an as-cold sintered relative density of 84% 
at 200°C. After performing a post-anneal step at 900°C, >97% relative densities were 
achieved in samples that were cold sintered with lead acetate trihydrate. This step not 
only densified PZT but also refined the grain boundaries. In the post-annealed sam-
ples, the room-temperature relative permittivity at 100 Hz was ~1600, slightly higher 
than that reported in samples that used lead nitrate as a sintering aid; the loss tangent 
was about 3.8%. For measurements at 10 Hz, the remanent polarization in both cases 
was ~28 µC/cm2. Both Rayleigh analysis and aging studies showed that a higher ir-
reversible contribution to the permittivity exists in samples that used lead nitrate as a 
cold sintering aid.
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densified using this approach, enabling preparation of proto-
typed varistors,21 battery materials,22 capacitors,23 and piezo-
electric actuators and sensors,24,25 etc.

As in liquid phase sintering, the CSP occurs as a result 
of particle rearrangement, dissolution-precipitation mecha-
nisms, and grain growth, albeit in the presence of a transient 
liquid phase.15 Ideally, the sintering aid provides a transient 
phase which partially dissolves the ceramics, promotes parti-
cle rearrangement, and allows precipitation of the supersatu-
rated solution at the pores as the transient phase evaporates. 
Often, the sintering aids used are water-soluble polar inor-
ganic salts. The most commonly used solvent in cold sin-
tering is water; however, other ionic and organic liquids are 
also utilized. In cold sintering inorganic composites, a low 
solubility ceramic can be cold sintered with a high solubility 
salt containing cations of interest.26 This salt helps lubricate 
the ceramic particles such that particle rearrangement is en-
hanced, and high green densities are obtained.

The role of moisture in lowering the sintering temperature 
of certain metal oxides and sulfates was first studied in the 
1950s.27 More recently, Kähäri et al.28,29 demonstrated that 
the addition of water to Li2MoO4 can promote its densifi-
cation near room temperatures under applied uniaxial pres-
sure. Since cold sintering is carried out in an open system, the 
moisture present in the surrounding air plays a critical role as 
an additional transient phase. Floyd et al.30 concluded that 
increasing the relative humidity from 24% to 54% at room 
temperature leads to a 10% rise in the relative density of cold 
sintered ZnO.

Wang et al.31 recently reported a model for densification 
of PZT by a cold sinter-assisted process using moistened lead 
nitrate as the sintering aid. This model assumes that plastic 
deformation of lead nitrate leads to viscous phase sintering, 
resulting in a relative density of 89% following the cold sin-
tering step at 300°C and 500 MPa uniaxial pressure. In their 
experiments, water was utilized as a solvent for lead nitrate 
to assist in the initial particle rearrangement. However, due to 
limited control of the water evaporation rate, this procedure 
can produce varied results depending on the amount of resid-
ual water available for densification during CSP.28

To circumvent this problem, salts containing structural 
water, molten hydroxide fluxes, and hydrofluxes have been 
explored as sintering aids. The eutectic mixture of NaOH 
and KOH at 170°C can be used to lower the synthesis tem-
perature of various complex oxides.32,33 For example, Tsuji 
et al.34 have employed this alkali flux in a one-step cold sin-
tering process for BaTiO3 at temperatures as low as 300°C 
in 12 h at 520 MPa. Sada et al.35 have shown that by using 
transient chemistry such as a Ba(OH)2 octahydrate, the den-
sification of BaTiO3 by cold sintering can occur at a sig-
nificantly reduced temperature and time of 225°C and 1 h. 
Recently, several chemical pathways for cold sintering have 
been described wherein upon cold sintering, the final product 

either: (1) retains the chemical composition or phase of the 
starting powders (e.g., ZnO, magnetite), (2) has a different 
chemical composition or phase than the starting powders 
(e.g., α-quartz), or (3) results in a new compound or chemi-
cal doping (e.g., BaTiO3 cold sintered with BaOH2·8H2O or 
SrOH2·8H2O).36 In this work, lead acetate (PbAc) trihydrate 
is explored as a sintering aid to densify PZT by CSP. This 
approach is “water-free” in that only the structural water is 
used in the densification process. Residual PbAc also serves 
as a lead source during the post-anneal to complete densifi-
cation. This paper determines the limits of densification by 
cold sintering PZT with lead acetate trihydrate as a sintering 
aid and compares densification mechanisms and dielectric 
properties with previous work on cold sintering of PZT with 
lead nitrate.25

2  |   EXPERIMENTAL PROCEDURE

2.1  |  Densification of PZT

In this work, densification of PZT is described as a two-step 
process.

2.1.1  |  Step 1: Cold sintering of PZT with lead 
acetate trihydrate (PbAc trihydrate)

CSP with PbAc trihydrate as the sintering aid at varying pres-
sures and temperatures was studied in order to determine the 
densification mechanism during the process. For this purpose, 
PZT-5A (PKI-509, Piezo Kinetics, Inc.) of ~3 µm average 
particle size was attrition milled to ~400 nm average particle 
size and combined with a sol–gel derived soft PZT powder 
of ~100 nm particle size by a process described elsewhere.25 
For a single pellet, 0.5 g of this PZT powder was combined 
with 0.035 g (~15 vol%) of lead acetate trihydrate powder 
(Sigma-Aldrich Corp., purity ≥99.99%, density 2.55 g/cm3) 
and hand-ground in a mortar and pestle to homogenize the 
mixture. This composition provided: (1) low residual PbO 
in the grain boundaries upon post-anneal, (2) no extrusion 
of material from the die due to excess liquid phase, and (3) 
sufficient liquid phase to wet the PZT particles. This powder 
mixture was then transferred into a cylindrical die (Wartburg 
Tool & Die, Inc.) with a 1.27 cm inner diameter and pressed 
at uniaxial pressures of 100–500 MPa. Each experiment was 
conducted for 3 h at different temperatures (50, 100 150, 200, 
250, 280, and 290°C). Pellet densities were measured using 
the geometric method.

In order to understand the decomposition process at differ-
ent cold sintering temperatures, two batches of PbAc trihydrate 
powder were heated in air at ambient pressure conditions at 
either 200 or 290°C. The decomposed phases were identified 
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using X-ray diffraction (XRD, Empyrean, PANalytical Corp.) 
with Cu Kα radiation. Scans were taken from 2θ = 5° to 70° 
with a step size of 0.026° 2θ and a scan rate of 0.067°/s. Using 
a Simultaneous DSC/TGA (SDT, TA Instruments Q600), the 
melting point and decomposition of PbAc trihydrate were also 
measured by heating the powder from room temperature to 
400°C at a continuous ramp rate of 20°C/min in air.

2.1.2  |  Step 2: Post-annealing the cold sintered 
PZT parts

Post-annealing of the cold sintered samples was carried out 
in a box furnace using a ramp rate of 5°C per minute to 900°C 
with a 3 h hold time at 900°C, prior to furnace cooling.

For grain size measurement, the samples were polished 
using 15, 9, 6, 3, and 1  μm diamond polish successively 
using a rotation speed of 200  rpm. The average grain size 
was calculated using the linear intercept method described 
by Equation (1)37: 

3  |   DIELECTRIC MEASUREMENTS

The following samples were used to investigate dielectric 
and piezoelectric properties:

1.	 PZT cold sintered with Pb acetate trihydrate at 200°C 
for 3  h at 500  MPa and post-annealed at 900°C for 
3  h.

2.	 PZT cold sintered with Pb nitrate at 300°C for 3  h at 
500 MPa and post-annealed at 900°C for 3 h.

These samples were electroded by sputter depositing silver 
on the front and back surfaces. The dielectric permittivity and 

loss tangents were measured using a Hewlett-Packard 4284A 
LCR meter (Agilent Technologies, Inc.). A system with a 
Trek Model 30/20 high voltage amplifier system (Trek, Inc.) 
and LabVIEW software (National Instruments Corporation) 
was used to measure the polarization-electric field hysteresis 
loops (P-E loops) at room temperature at 10 Hz. The same 
system was used for DC poling the samples at 35 kV/cm for 
1 h at room temperature.

4  |   RESULTS AND DISCUSSION

4.1  |  Densification of PZT

4.1.1  |  Step 1: Cold sintering of PZT with lead 
acetate trihydrate (PbAc trihydrate)

Cold sintering experiments were conducted to determine the 
dependence of final cold sintered density on the applied uni-
axial pressure. A series of experiments was carried out using 
a cold sintering temperature of 200°C for 3 h. It was observed 
that increasing pressure yielded a monotonic increase in relative 
density, as shown in Figure 1A. The maximum pressure applied 
(500 MPa) yielded a maximum relative density of ~84%. The 
relative densities were calculated by normalizing the as-cold 
sintered densities to the theoretical density of PZT (7.8 g/cc).

It is clear in Figure 1B that the as-cold-sintered PZT com-
posite density showed a non-monotonic trend as a function of 
temperature, where the as-cold-sintered density underwent a 
maximum as a function of cold sintering temperature, with 
the peak relative density occurring near a CSP tempera-
ture of 200°C. This behavior could be related to the phase 
changes that occur in PbAc trihydrate which cause a change 
in densification mechanisms at different CSP temperatures. 
To understand the difference in the densification mecha-
nisms with CSP temperature, the following regions have 
been considered: (1) Below ~60°C: PbAc trihydrate retains 

(1)Average grain size = 1.5 ×
total length of lines(μm)

total grain boundary count

F I G U R E  1   As-cold sintered density as a function of (A) pressure and (B) temperature during the cold sintering step. All experiments were 
carried out for 3 h. Error bars show the standard deviation of the densities; variability in the measured densities may be due to the change in the 
ambient relative humidity. In both figures, the lines are guides to the eye [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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its solid crystalline form at ambient pressures (Figure S2), 
(2) Between ~60 and ~200°C: PbAc trihydrate progressively 
loses its water of hydration and melts, (3) By 200°C: lead 
acetate exists in an anhydrous form (Figures S1a and S2), and 
(4) >250°C: lead acetate decomposes (Figure S2).38

To probe these different regimes, dilatometry was carried 
out at cold sintering set temperatures of 50, 200, 250, and 
290°C. To do this, the temperature ramp was started, then the 
pressure was applied. Typically, the pressure stabilized within 
approximately 2 s; the time at which the pressure stabilized was 
treated as time zero. Depending on the set temperature, the de-
sired temperature was reached within a few minutes. The lin-
ear contraction was measured during uniaxial pressing using a 
setup designed by Floyd et al.39 Figure 2 is a comparison of the 
percent contraction data for the PZT/PbAc trihydrate compos-
ite during cold sintering. Given the fixed radius of the die, the 
measured linear contraction (ΔL) (i.e., the thickness reduction 
of the sample) is the same as its volume contraction. Thus, a 
larger ΔL corresponds to a higher density. The percent thick-
ness reduction was calculated from ΔL and the initial thickness 
of the powder bed (L0), as shown in Equation (2):

The dilatometer was set to collect data every 5  s start-
ing from the point when the set pressure was reached. From 
Figure 2, it is apparent that there is initial rapid densification, 
probably due to particle rearrangement, with plateaus to dif-
ferent densities.

PbAc trihydrate melts at ~60°C and progressively loses 
the waters of hydration, as shown by the SDT thermogram 
in Figure S2. It is evident from Figure 1B that the as-cold 
sintered densities below this temperature are the lowest, as 
only particle packing occurs between the PZT and the PbAc 
trihydrate grains. This corresponds to an ~18% reduction in 
thickness, as seen in Figure 2. The resulting microstructure 
of the as-cold sintered part is shown in Figure 3A. PbAc tri-
hydrate crystals occupy areas between PZT grains as is ex-
pected during dry pressing.

The melting of PbAc trihydrate produces higher as-cold sin-
tered densities above ~60°C by providing a liquid phase that as-
sists in particle rearrangement via lubrication of the PZT grains 
and pore filling due to capillarity. As described by Svoboda 
et al.,40 the rate of densification due to particle rearrangement is 
driven by two factors: the capillary forces exerted on the solid 
grains by the liquid phase and any mechanical pressure existing 
at the points of contact between the solid grains. These factors 
provide an unbalanced force that drives further densification to a 
solid obtained by random dense particle packing in the absence 
of a liquid phase.40 Even though PbAc trihydrate begins to melt 
at ~60°C at ambient pressures, a steep increase in as-cold sin-
tered density is observed between cold sintering temperatures 
of 150 and 200°C in Figure 1B. As shown by Svoboda et al.,40 
the rate of densification due to particle arrangement varies in-
versely with the liquid viscosity. Given that viscosity decreases 
exponentially with increasing temperature, it is possible that 
the increases in densification are due to improved particle rear-
rangement in the presence of the liquid phase. Moreover, under 
ambient pressure conditions, lead acetate is anhydrous at 200°C 
(Figures S1a and S2).38 It is possible that as the structural water 
is released progressively, it further decreases the viscosity of 
the liquid phase, aiding densification.

The highest reduction in thickness of ~28% was obtained 
for samples cold sintered at 200°C. In Figure 2, the black dot 
on the red curve indicates the time when the temperature of 
50°C was reached. A change in slope at about 2 min indicates 
the melting of lead acetate (>70°C). Another slight change 
in slope occurs at 6 min, at which point the die temperature 
reached 200°C. The densification continues even after the set 
temperature was reached. As seen in the densification curve 
for samples cold sintered at 200°C in Figure 2, even though a 
die temperature of 200°C is reached within the first 6 min (in-
dicated by the red dot on the red curve), significant thickness 
reduction occurs up to cold sintering times of 11 min, after 
which the curve plateaus. Figure 3B shows the microstruc-
ture of the as-cold sintered PZT at 200°C. The resolidified Pb 
acetate occupies areas around the PZT grains.

A decrease in ceramic density is observed for cold sinter-
ing temperatures above 200°C. A continuous decomposition 
of lead acetate occurs at temperatures above 250°C (Figure 
S2).38 Thus, during cold sintering in this temperature range, 
there is reduced pore filling and lubrication of PZT particles 

(2)% thickness reduction =
ΔL

L0

× 100

F I G U R E  2   Percent thickness reduction of the powder bed as a 
function of cold sintering process time. The line color denotes the 
setting temperature of the die during cold sintering. The dots mark 
times at which particular temperatures were reached. For example, the 
red dot on the blue curve indicates when a die temperature of 200°C 
was reached [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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provided by the available liquid phase. This leads to a ~25% 
thickness reduction in samples that were cold sintered at 
250°C as seen in Figure 2.

When cold sintering PZT at 290°C, the time period for 
which sintering aid remains molten as lead acetate (e.g. 
before the temperature rises to the point at which it starts 
to decompose, ~10 min) is far less than for the case when 
PZT is cold sintered at 200°C (180  min). As the molten 
lead acetate decomposes, lubrication of the PZT grains is 
reduced. In other words, there is an insufficient amount of 
time for the liquid phase to facilitate adequate particle rear-
rangement; this leads to low densities in these samples. The 
densification curve in Figure 2  saturates at 18  min when 
the die temperature reached 290°C. The thickness reduc-
tion was ~24%. At this temperature, the decomposed phases 
are identified as PbCO3 and Pb3(CO3)2(OH)2 using X-Ray 
diffraction as shown in Figure S1c. The microstructure in 
Figure 3C indicates this decomposed phase around the PZT 
grains.

This shows that the densification of PZT during the cold 
sintering step is determined by the phase of the sintering 
aid at the cold sintering conditions. It is presumed that the 
dominant densification mechanism for CSP of PZT with 
PbAc trihydrate at 200°C is a liquid phase-assisted particle 
rearrangement.

Wang et al.31 studied cold sintering of PZT ceramics 
with lead nitrate as a sintering aid. In the initial stages of 

pressing, particle rearrangement led to rapid densification. 
As a control, if no lead nitrate was added, the densification 
was limited to some particle rearrangement, and therefore 
the compact is not considered to undergo a sintering process. 
However, with lead nitrate, additional densification could be 
well described as viscous sintering based on the assumption 
that lead nitrate undergoes plastic deformation under the ap-
plied pressure and temperature during CSP. A viscous phase 
sintering model was developed for that system that described 
the late stages of densification. Murray et al.41 proposed that 
for viscous sintering, the density (�) varies exponentially 
with applied pressure (�) according to the equation:

where, η, t, and c are viscosity, time, and the integration con-
stant, respectively.41 Both the Vogel–Fulcher–Tamman and an 
Arrhenius relationship between temperature and viscosity de-
scribed the available data well.

Using PbAc trihydrate as a PZT sintering aid, it was found 
that the pressure dependence of the densification can be de-
scribed either with the viscous phase sintering model31,41 or 
the liquid phase sintering model as seen in Figure 4A.42,43 
Therefore, the pressure dependence of the relative density 
alone cannot be used to determine the densification mech-
anism. However, as shown in Figure 4B, the density de-
pendence on CSP temperature does not fit a viscous phase 

(3)
� = 1 − e

(

−
3�

4�

)

t+ c

F I G U R E  3   SEM images showing (A) 
Pb acetate trihydrate crystals accumulated 
between larger PZT grains after cold 
sintering at 50°C. (B) resolidified Pb acetate 
particles between PZT particles when cold 
sintering was performed at 200°C. (C) PZT 
particles with decomposed lead acetate 
particles when cold sintered at 290°C
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sintering model at temperatures >200°C due to the phase 
changes and decomposition occurring in the sintering aid. 
Presumably, particle rearrangement and pore filling contrib-
ute to densification during cold sintering of PZT with PbAc 
trihydrate. According to Felten,42,43 particle rearrangement is 
a dominant mechanism in the initial stage of densification 
during uniaxial pressing. The observation that the densifi-
cation at 200°C is the highest suggests that a liquid phase 
sintering aid increases particle packing due to increased cap-
illarity and lubrication.

This liquid phase is lost due to the decomposition of PbAc 
trihydrate above 250°C, causing lower densities. The densi-
ties are the lowest below ~60°C, which is consistent with the 
suggestion that the liquid phase plays an important role in 
PZT particle rearrangement.

In comparing Figure 4 with work done by Wang et al.,31 
it can be seen that PZT cold sintered at 200°C, with either 
lead nitrate or PbAc trihydrate, can reach a relative density 
of ~84%. Since the viscous phase mechanism is enhanced 
at higher temperatures, PZT-Pb nitrate composites can reach 
a relative density of 89% at 300°C when cold sintered with 
15  vol% lead nitrate. With Wang et al.31 conducting their 
dilatometry studies at room temperature, no definitive com-
parison can be made between the two sintering aids based on 
dilatometry.

4.1.2  |  Step 2: Post-annealing the cold sintered 
PZT parts

As seen from the trends in the data shown in Figure 5, 
higher cold sintered densities lead to higher PZT packing 
densities. By increasing PZT packing density, the diffu-
sion distance between the PZT grains is reduced during the 
post-anneal step. Therefore, as expected, high cold sintered 

densities corresponded to high post-anneal densities. On post-
annealing samples cold sintered using PbAc trihydrate as the 
cold sintering aid at 50, 200 and 290°C, the final densities ob-
tained were 82.1% ± 1.8%, 97% ± 2.8%, and 86% ± 0.97%, 
respectively, as indicated in Figure 5.

Figure 6A shows the microstructure of the post-annealed 
sample that was cold sintered at 200°C at 500  MPa. PbAc 
trihydrate is fully decomposed into lead oxide above 376°C 
at ambient pressures (also Figure S2).38 Since PbO melts at 
880°C, at the post-anneal temperature of 900°C, PbO acts 
as the liquid phase promoting mass transport, and PZT is 
fully densified by liquid phase sintering. Since the major 

F I G U R E  4   Density variation with applied uniaxial pressure and temperature. The dots are an average of the experimental data points, the error 
bars are the standard deviation of this data, and the line is the best-fit to the data. (A) The pressure dependence on density (at CSP temperature 
of 200°C) agrees with the model. However, the temperature dependence (B) is not described by the simple viscous sintering model given that 
PbAc trihydrate dehydrates, melts, and ultimately decomposes over the cold sintering temperature range studied [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  5   Relative densities of all PZT samples after the post-
anneal step plotted as a function of CSP relative densities. Relative 
densities evaluated by normalizing all measured densities to the 
theoretical density of PZT (7.8 g/cc). The data points come from the 
CSP temperature and pressure studies [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com


      |  5485GUPTA et al.

byproduct of the decomposition of lead nitrate at 470°C is 
also a PZT-PbO composite,44 the densification mechanism in 
the post-anneal step should be identical in both cases. Figure 
6B shows the microstructure of a post-annealed sample that 
was cold sintered at 300°C with Pb nitrate (98.1% relative 
density). The powders used were the same in both cases, how-
ever, some grains in Figure 6A are slightly larger than those in 
Figure 6B. The average grain size calculated for samples cold 
sintered with PbAc trihydrate and lead nitrate was 498 and 
409 nm, respectively.

4.2  |  Dielectric properties

Figure 7A shows relative permittivity and loss tangent as a 
function of frequency for post-annealed samples that used 
PbAc trihydrate and Pb nitrate as sintering aids. The rela-
tive permittivity and loss tangent were also measured for 
the as-cold sintered samples (Figure S3). It was found that 
for post-annealed samples, ceramics cold sintered using 
PbAc trihydrate showed a higher relative permittivity and 
lower loss tangents than those cold sintered with Pb nitrate. 

F I G U R E  6   SEM microstructures 
taken after post-annealing at 900°C samples 
that were cold sintered (A) using PbAc 
trihydrate at 200°C and (B) using Pb nitrate 
at 300°C

F I G U R E  7   Comparison of dielectric properties of post-annealed samples cold sintered with PbAc trihydrate at 200°C or lead nitrate at 300°C. 
(A) Relative permittivity and loss tangent as a function of frequency at room temperature. (B) P-E hysteresis loops at 10 Hz performed at room 
temperature. The green lines on the y-axis and the x-axis indicate the remanent polarization and coercive field respectively for a conventionally 
sintered bulk PZT ceramic. The average data from three samples are plotted in (A) and (B). (C) Relative permittivity as a function of AC field in 
the Rayleigh region at room temperature and 100 Hz for representative samples cold sintered with different sintering aids. (D) Room-temperature 
measurements of relative permittivity as a function of time measured at 100 Hz after poling at room temperature at 35 kV/cm for 1 h. Dashed lines 
indicate the linear fitting of each curve in (C) and (D) [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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However, in both cases, the remanent polarization and coer-
cive field had similar values as seen in Figure 7B.

In order to assess domain wall contributions to the proper-
ties at small AC electric fields, Rayleigh analysis was carried 
out by measuring the relative permittivity as a function of 
AC field (Figure 7C) at 100 Hz.45 The irreversible (α) and 
reversible (εinitial) Rayleigh coefficients were extracted from 
the data in Figure 7C using: 

where α and εinitial are the irreversible and reversible Rayleigh 
coefficients and E0 is the peak amplitude of the applied electric 
field.46 εinitial includes both lattice and reversible domain wall 
contributions; the αE0 term comes from irreversible domain 
wall displacement. The percent of extrinsic contribution was 
determined using the highest field data and Equation (5)46: 

Extrinsic contributions arise predominantly from the mo-
tion of domain walls in PZT ceramics. From Table 1, it can be 
seen that samples that used Pb(NO3)2 as a sintering aid have 
a larger extrinsic contribution to the relative permittivity at 
3 kV/cm. In samples that used PbAc trihydrate as a sintering 
aid, a larger fraction of the total relative permittivity comes 
from the reversible mechanism.

The aging of these samples was studied. The domain state 
of the samples was perturbed by DC poling at room tempera-
ture at 35 kV/cm (~2 times the coercive field) for 1 h. In ferro-
electric materials, aging occurs as the domain state gradually 
approaches local equilibrium after an excitation.45,47,48 Thus, 
a faster aging rate can be characteristic of material with either 
larger domain wall mobility and/or where there is a larger driv-
ing force for the domains and domain walls to be pinned.

The rate of change of relative permittivity as a result of 
aging is described by the following equation48:

where A is the aging rate per decade; �
(

t0

)

 refers to the relative 
permittivity at unit time t0 (100 s in this study) and � (t) is the 
relative permittivity at time t after poling. The aging rates for 
the cold-sintered PZT ceramics from Figure 7D are listed in 
Table 1.

Aging was also studied using the piezoelectric coefficient, 
d33, as a function of time measured using PiezoMeter system 
(PM 300, Piezotest Pte. Ltd.) as shown in Figure S4. The data 
are shown in Table 1. It must be noted that these values are a 
result of room temperature poling at two times the coercive 
field. However, when the samples were poled at 120°C for 
1 h at 2.2 times the coercive field, a d33 of 310 pC/N was 
obtained.

The samples with lead nitrate as a sintering aid show 
larger irreversible contributions to the permittivity, as well as 
larger aging rates. These two observations would be consis-
tent with a potential energy distribution that has a significant 
population of smaller energy barriers, relative to PZT ceram-
ics cold sintered using PbAc trihydrate as a sintering aid. It 
is not clear what the microstructural origin of such pinning 
sites is, as the average grain size is larger for the samples cold 
sintered with PbAc trihydrate. Since the number of defects 
should be inversely proportional to the Rayleigh coefficient 
α, this suggests that grain boundaries may not be the origin of 
the pinning for these samples.49

5  |   CONCLUSIONS

Lead acetate trihydrate was introduced as a “water-free” sinter-
ing aid for cold sinter-assisted densification of PZT ceramics. 
The highest as-cold-sintered relative densities were achieved 
using a cold sintering temperature of 200°C. Unlike cold sin-
tering with lead nitrate, it was shown that PZT with PbAc tri-
hydrate does not follow a viscous phase sintering mechanism 
during cold sintering due to the phase changes PbAc trihydrate 
undergoes with increasing temperature. Upon post-annealing 
at 900°C, PZT relative densities of >97% were obtained in 
the samples that were cold sintered with Pb acetate trihy-
drate. These samples showed high relative permittivity values 
(1500–1700) and low loss tangents with well-developed P-E 

(4)�33 = �E0 + �initial

(5)% Extrinsic contribution =
�E0

�33

× 100

(6)
�(t) − �(t0)

�(t0)
=

A

100
log

(

t

t0

)

T A B L E  1   Rayleigh coefficients and percent extrinsic contribution extracted from a linear fit of the data in Figure 7C. Aging rate for the 
relative permittivity extracted from Figure 7D. εinitial is expressed as a range denoting sample-to-sample variations

Rayleigh coefficients Aging rates (A)

α  
(cm/kV) εinitial

Extrinsic 
contribution  
(at 3 kV/cm) εr d33

PZT samples that used Pb Nitrate as the cold 
sintering aid

289 ± 4 1100–1400 39% 2.5% per decade 3% per decade

PZT samples that used PbAc Trihydrate as 
the cold sintering aid

161 ± 3 1500–1700 23% 1.3% per decade 2.1% per decade
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hysteresis loops. From Rayleigh analysis and aging studies, it 
was concluded that the high relative permittivity in these sam-
ples (compared to those cold sintered with lead nitrate) was 
due to a larger reversible contribution. Even though the liquid 
phase sintering process by Corker et al. using a CuO-PbO sin-
tering aid can provide better densities at the same processing 
temperatures, the cold sinter-assisted process presented in this 
work shows that comparable dielectric and piezoelectric prop-
erties can be obtained in PZT ceramics. Furthermore, this work 
can be extended to composite systems where reactive sintering 
aids such as CuO-PbO can invoke undesirable chemical reac-
tions or unwanted residue at the grain boundaries.
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