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1  |   INTRODUCTION

Of the various energy-efficient sintering techniques, the 
cold sintering process (CSP) holds the most potential for 
ultra-low temperature sintering. Although most of the CSP 
papers have been published within the past 5 years, the origin 
of this technique may be traced back to the 1800s for met-
als1,2 and 1950-1960s when researchers started to realize the 
presence of moisture increased the green density in oxides 
and sulfates which reduced the sintering temperatures.1,3,4 In 
the 1970-1980s, the word “cold sintering” was first used to 
refer to a process utilizing “plastic deformation of powder 

particles in a high pressure gradient at ambient temperature 
resulting in green densities close to theoretical” for metals, 
glass, and ionic crystals.5 At the same time, the hydrother-
mal hot-pressing (HHP) method was proposed for the den-
sification of cement materials at low temperatures.6,7 Kähäri 
et al showed Li2MoO4 (LMO) could be sintered at near room 
temperatures by adding water and higher uniaxial pressures, 
noting that large particles are beneficial for the densifica-
tion.8,9 The group at Penn State University outlined the path 
toward a universal strategy for the cold sintering process in 
which particles were mixed with a small amounts of solvent 
(often aqueous or polar organics). This enabled controlled 
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Abstract
A model was developed to describe the cold sintering process (CSP) of lead zirconate 
titanate (PZT) using moistened lead nitrate as a sintering aid. The densities of PZT 
powder with different volume fractions of lead nitrate were evaluated after cold sin-
tering at 300°C and 500 MPa for 3 hours. The densities were categorized into three 
zones. In zone I, the relative density following cold sintering increases from 66% to 
80%, as the lead nitrate contents rise from 0 to 14 vol%. In this case, the lead nitrate 
acts to fill some of the pore volume between PZT grains. Zone II serves as a transi-
tion region, where there is both pore filling and dilution of the PZT grains associ-
ated with lead nitrate contents from 14 to 34 vol%. In zone III, the relative density 
drops due to dilution at lead nitrate contents exceeding 34 vol%. To slow the process 
down so that the kinetics could be studied more readily, samples were cold sintered 
at room-temperature and 500 MPa. It was found that during the first few seconds of 
compaction, 85PZT/15Pb(NO3)2 rapidly densified from 51% to 61% relative density 
due to particle re-arrangement. For longer times at pressure, the CSP improved the 
packing relative to PZT compacted without the lead nitrate, yielding a higher relative 
density. The late stages of the PZT/Pb(NO3)2 CSP could be well described using a 
viscous sintering model for pressures from 50 MPa to 1000 MPa and temperatures 
from 25°C to 300°C.
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dissolution at low temperatures and applied pressures; subse-
quently, the solvent is evaporated from the open system.10 In 
many cold sintering studies, ceramic pellets can be sintered 
to >95% relative density at <300°C.8,9,11 In short, densifica-
tion under such low temperatures is realized by introducing 
uniaxial pressures in conjunction with transient phases that 
(often) partially dissolve the ceramics, re-arrange the particle 
compact, and re-precipitate the dissolved ions at the pores 
when the liquid phase is vaporized. Thus, the sintering mech-
anism of CSP seems to be similar to that of liquid phase sinter-
ing (LPS)12,13 or pressure solution creep (PSC).14-16 Research 
on CSP was quickly adopted with hundreds of publications 
and patents on the CSP of oxides,11,17-21 inorganic salts,22-25 
and composites26-30 covering applications including high fre-
quency antennas,30,31 energy storage capacitors,32,33 battery 
components,22,24,25 varistors,11,26 and piezoelectric sensors/
actuators.18,34 Cold sintering of inorganic-inorganic com-
posites was achieved by mixing low solubility ceramics with 
high solubility salts or oxides, such as Al2SiO5/NaCl,35 PZT/
Pb(NO3)2,

18 and PZT/Li2MoO4.
34 In such cases, it is conjec-

tured that the soluble phases lubricate the insoluble ceramics, 
resulting in improved compaction. From this perspective, the 
sintering mechanism in the composite is expected to be very 
different from that in the single-phase case. This hypothesis 
has not been proved, neither has the underlying mechanism 
been explained.

Therefore in this work, based on the early report on cold 
sintering PZT with moistened Pb(NO3)2 at 300°C, 500 MPa 
for 3  hours, the effects of experimental parameters includ-
ing lead nitrate volume fraction, temperature, pressure, and 
holding time were explored. A physical model is proposed to 
describe the late stages of the CSP of such inorganic-organic 
composites.

2  |   EXPERIMENTAL PROCEDURE

PZT powders with a bimodal size distribution (medium par-
ticle sizes of 50 nm and 600 nm) were used for the study of 
Pb(NO3)2 content, temperature, pressure, and holding time. 
The powder was produced by attrition milling (Szegvari 
Attritor System Type B Model 01-HD, Union Process, Inc) 
commercial PZT-5A powder (PKI-509, PiezoKinetics Inc) 
for 12 hours. The particle size analysis was measured using 
a laser diffractometer (Mastersize 3000, Malvern Analytical 
Ltd.), and checked by a scanning electron microscope (Verios 
G4, FEI).

To avoid pressure fluctuations, a hydraulic press with a 
pressure stabilizing regulator, similar to that designed by 
Floyd et al,36 was utilized for the CSP. This pressure regu-
lator uses a spring-loaded nozzle to constrain oil flow and 
stabilize pressure, allowing independent control of tempera-
ture and pressure. For each PZT pellet, different mass ratios 

of raw PZT powder and Pb(NO3)2 powder (Sigma-Aldrich 
Corp.) were mixed and ground while the total weights have 
been controlled to be 0.77  g. 0.5  mL deionized water was 
added to the mixture to dissolve the lead nitrate. The mix-
ture was then ground in a mortar and pestle until the water 
was mostly vaporized, removing the soft agglomerates in 
PZT. After grinding, the mixture was loaded into a cylindri-
cal die (Wartburg Tool & Die, Wartburg, TN) and pressed at 
25°C-300°C, under 50-1000  MPa for 15-180  minutes. The 
pellets cold sintered at  <100°C were dried in open air for 
over 24 hours to remove residual water that might affect the 
measured sintered density. The densities of the pellets were 
measured by the geometrical method. The final dimensions of 
the cold sintered pellets are half-inch-diameter (~12.77 mm) 
with thicknesses between 0.8 and 1.1 mm.

A self-built dilatometer using a contact distance sensor 
(Keyence GT2-H32, Itasca, IL) attached to the press was 
used to monitor the linear shrinkage of PZT pellet during the 
pressing at room temperature.36 Because most of the shrink-
age from compaction happens in the first 5 minutes, the data 
time interval was set to 0.1 second for the first 5 minutes, and 
3 seconds for the rest of the process. In order to accurately re-
flect the thickness change of only the pellet, a calibration run 
was first carried out with an empty cylindrical die at the same 
temperature, pressure, and time interval setup, in order to de-
termine the background curve. Then the background was sub-
tracted from the actual measured profiles during pressing to 
get the sample thickness vs pressing time profiles (L(t)). The 
thickness profiles (L(t)) were converted to relative density 
profiles (ρrel(t)) using measured sample masses (m), pellet top 
surface areas (A), and the theoretical density (ρtheoretical) of ei-
ther 85PZT/15Pb(NO3)2 (=7.32 g/cm3) or PZT (=7.8 g/cm3)  
according to the following equation:

The PZT volume fraction of 85PZT/15Pb(NO3)2 can be 
calculated by multiplying 0.85 times ρrel(t), while the relative 
density of the dry pressed PZT equals to its volume fraction.

3  |   RESULTS AND DISCUSSION

The size distribution of the attrition-milled PZT-5A powder 
is plotted in Figure 1A. The peaks above 3 µm reflect soft 
agglomerates in the powder, as was corroborated by the SEM 
in Figure 1B. Those soft agglomerates were believed to be 
eliminated by the high shear grinding procedure in a mortar 
and pestle prior to the cold sintering process.

Should the densification of PZT powder during the CSP 
be attributable to the lubrication associated with the lead ni-
trate solution under pressure and temperature, the effect of the 

(1)�rel (t)=
m∕ (A ⋅L (t))

�theoretical
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lead nitrate volume fraction in the system should be obvious. 
Because there is negligible dissolution of PZT in the transient 
liquid phase during the CSP, the as-cold sintered pellet can 

be considered to be a composite of PZT, Pb(NO3)2, and air 
(pores). For the purposes of the model, the possibility of 
partial decomposition of lead nitrate was ignored for sim-
plicity; this should be a reasonable approximation because 
the weight loss from nitrogen dioxide is much less than 
that of the remaining lead oxide, as reported previously.18 
Therefore, the lead nitrate serves to densify the PZT at 
low volume fraction while “diluting” the PZT at high vol-
ume fraction. Experimentally, this trend is described in 
Figure 2.

Figure  2 was constructed using ρPZT  =  7.80  g/cm3, 
�Pb(NO3)2

  =  4.53  g/cm3, ρtotal from the geometrical mea-
surements, and the calculated ρtheoretical based on the 
composite composition. The porosity curve is a func-
tion of the lead nitrate volume fraction as described by 
Equation 2.

where ρtotal is the real density of the pellet, and Vrelative is the 
volume fraction of the constituent in the composite. From the 
same equation, a relationship between the PZT volume frac-
tion and lead nitrate volume fraction can be acquired, assuming 
V

relative
PZT

V
relative
Pb(NO3)2

 is constant before and after the CSP (ie that the composition 
is constant during cold sintering).

A second relationship between PZT volume fraction 
(V relative

PZT
) and lead nitrate volume fraction (V relative

Pb(NO3)2
) is given 

by the experimentally measured densities (Equation  3), in 
which m is the mass.

(2)

Porosity=V
relative
pore

=1−
�total

�theoretical

=1−
�total

�PZT ⋅
V

relative
PZT

V
relative
PZT

+V
relative
Pb(NO3)2

+�Pb(NO3)2
⋅

V
relative
Pb(NO3)2

V
relative
PZT

+V
relative
Pb(NO3)2

F I G U R E  1   A, The size distribution measured via laser 
diffractometer and (B) the SEM image of the attrition-milled PZT-5A 
powder [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  2   Density (black) and 
Porosity (blue) evolution of PZT/Pb(NO3)2 
with respect to Pb(NO3)2 volume fraction. 
The chart was divided into 3 zones based on 
the densification of PZT and the reduction 
of porosity. The red lines represent the 
theoretical density boundaries [Color figure 
can be viewed at wileyonlinelibrary.com]
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When all the known values as well as the calculated po-
rosities are plugged into Equation 3, the PZT volume fraction 
and the lead nitrate volume fraction can be calculated.

As can be seen from Figure  2, the densities of the pel-
lets increase with Pb(NO3)2 content until the volume frac-
tion of the lead nitrate reaches 16 vol%; this is accompanied 
by a rapid decrease in porosity. Then, pellet densities drop 
because the PZT particles are diluted by the lead nitrate. It 
should be noted that the PZT packing densities are slightly 
offset from the pellet densities. This occurs because the pel-
let densities represent the composite densities of PZT and 
Pb(NO3)2, while the PZT packing densities only focus on the 
PZT volume fraction in the pellets. Although the PZT powder 
shows improved relative packing densities from 66% to 80% 
when there is 0-14 vol% lead nitrate, more lead nitrate starts 
to reduce the PZT volume fraction in the composite while 
continuing filling of the pores. As a result, when the lead 
nitrate volume fractions increase from 14 vol% to 34 vol%, 
the relative packing density of PZT drops from 80 vol% to 
66 vol%. In summary, the contributions of lead nitrate to the 
cold sintered pellet can be briefly divided into three zones:

Zone I: Pb(NO3)2 lubricates and densifies PZT while 
helping fill the pores.

Zone II: Transition region in which Pb(NO3)2 keeps fill-
ing the pores but also starts to dilute the PZT.

Zone III: Pb(NO3)2 has finished filling most of the pores, 
and acts primarily to dilute the PZT.

Experimental data have shown that the pellet densities 
rise with elevated cold sintering temperatures and/or cold 
sintering pressures. This is shown in Figure 3A,B. Here, a 
theoretical density of 7.32  g/cm3 was used as a reference, 
corresponding to a composite of 85 vol% PZT and 15 vol% 
Pb(NO3)2.

The liquid phase sintering models used to describe cold 
sintering of ZnO37,38 are not applicable here due to the lack of 
a PZT dissolution-precipitation process. Therefore, a differ-
ent model that illustrates the contributions of temperature and 
pressure during the CSP of PZT is necessary. This was at-
tempted by assuming that the lead nitrate experiences plastic 
deformation under uniaxial pressure. The resulting “pseudo 
viscous flow” is temperature dependent due to the thermal 
activation of the viscosity. Under this assumption, the widely 
used equation from Murray et al3 for viscous sintering can be 
adopted as a starting point.

The original equation developed by Murray et al have the form:

where ρ is relative density, σ is the applied uniaxial pressure in 
MPa, η is the viscosity of the material, t is the sintering time in 
minute, and c is a constant. This equation describes the rela-
tionship between relative density and pressure, but an explicit 
temperature term is missing. This can be rectified using the 
Vogel-Fulcher-Tammann (VFT)39 equation for the temperature 
dependence of the viscosity:

here η is the viscosity, T is temperature in °C, b, and T0 are constants.

(3)

�total =
mtotal

Vtotal

=
mPZT+mPb(NO3)2

VPZT+VPb(NO3)2
+Vpore

=
�PZTVPZT+�Pb(NO3)2

VPb(NO3)2

VPZT+VPb(NO3)2
+Vpore

=
�PZTV

relative
PZT

+�Pb(NO3)2
V

relative
Pb(NO3)2

V
relative
PZT

+V
relative
Pb(NO3)2

+V relative
pore

(4)
�=1−e

−
(

3�

4�

)

t+c

(5)�=�0e

b

T−T0

F I G U R E  3   Relative densities of 85 vol% PZT and 15 vol% 
Pb(NO3)2 composite after cold sintering at (A) different uniaxial 
pressures (at 300°C) and (B) different temperatures (under 500 MPa). 
A theoretical density of 7.32 g/cm3 was used as a reference [Color 
figure can be viewed at wileyonlinelibrary.com]
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By substituting Equation 5 into Equation  4, Equation 6 
can be derived. This equation directly relates the relative den-
sity, temperature, pressure, and time:

With some re-arrangement, the following two forms 
occur:

Equations 7 and 8 imply that there is a linear relationship 
between ln(1-ρ) and pressure, and a hyperbolic relationship 
between ln(-ln(1-ρ)+c) and temperature.

Figure  4A shows the experimental data plotted as 
for Equation  7. Fitting the 300°C data in Figure  4A gives 
Equation 9 for uniaxial pressure in MPa:

Using c = −1.30 in Equation 9, Figure 4B can be plotted 
and Eq. 8 can be parameterized as Equation 10:

These fits give R2 of 0.94 for the density-pressure rela-
tionship and 0.98 for the density-temperature relationship, 
suggesting the later stages of the cold sintering of PZT 
can be reasonably described as a viscous-sintering-related 
process.

It is notable that the fitting in Equation 10 indicates 
large confidence limits for b and T0. This is most likely 
because the curve shape from the VFT model is insensitive 
to b and T0 changes in this temperature range. Thus, an 
alternative fitting strategy is to apply the Arrhenius rela-
tionship (Equation 11), resulting in two linear relationships 
(Equations 12 and 13):

where b’ is another constant.

As seen in Figure 4, the fit for the ln(1-ρ) - pressure plot is 
not affected by choice of either an Arrhenius or VFT model 
for the viscosity. It was found that the ln(-ln(1-ρ)+c)—tem-
perature fit also resulted in a good R2 (97%) with fitting pa-
rameters shown in Equation 14:

The viscous sintering model may also be applied to predict 
and optimize cold sintering conditions. For example, from 
Equation 9, by assuming constant t, ηo, b (b’), T0 and c, the 
ln(1-ρ)—pressure relation can be predicted for 25°C, giving 
the following equations from the VFT model (Equation 15) 
and Arrhenius model (Equation 16), respectively:

(6)
�=1−e

−
(

3t

4�0

)

�e
−b∕(T−T0)+c

(7)ln (1−�)=−

(

3t

4�0

)

e
−b∕(T−T0)�+c

(8)ln (− ln (1−�)+c)= ln

(

3t�

4�0

)

−
b

T −T0

(9)ln (1−�)T=300◦C =(−0.00254±0.000313) �−1.30±0.138

(10)ln (− ln (1−�)+c)= (−4.21±1.79)−
1790±1890

T −696±274

(11)�= �0e
−b�T

(12)ln (1−�)=−

(

3t

4�0

)

e
b�T

�+c

(13)ln (− ln (1−�)+c)= ln

(

3t�

4�0

)

+b
�
T

(14)ln (− ln (1−�)+c)= (−1.79±0.0936)+(0.00670±0.00044) T

(15)ln (1−�)VFT,T=25◦C =−0.000398�−1.30

F I G U R E  4   Experimental data in Figure 3A,B is replotted in the 
forms of (A) Equation 7 and (B) Equation 8/Equation 13, respectively. 
Relative densities vs. uniaxial pressures acquired at room temperature 
are shown by a blue curve in (A) [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Again, the uniaxial pressure is in MPa.
From experimental data for cold sintering at 25°C, Eq. 17 

was determined from Figure 4A:

The similarity in slopes and intercepts of Equation  15, 
Equation 16, and Equation 17 suggests that the viscous sin-
tering model is capturing the essential physics of the behavior 
for samples at the end of the cold sintering process.

In addition, according to Equation 12, the sintering time 
should present a linear relationship with ln(1-ρ). This portion 
of the hypothesis, however, could not be proven experimen-
tally at 300°C. Figure 5A depicts the pellet relative densities 
with respect to CSP time at 300°C. The schematic tempera-
ture profile indicates the heating system requires ~17 min-
utes to reach 300°C and ~20 minutes to cool to below 60°C 

(a temperature low enough to unload the sample safely) while 
the porosity dropped to <10% during the heating and cooling 
procedures.

To better characterize the effect of time on the density 
of the pellet, both standard pressing dry PZT powder with-
out lead nitrate and PZT with lead nitrate/water experi-
ments were carried out at 25°C. Using the dilatometer on 
the press, the thickness shrinkage of the sample was deter-
mined. The resulting calculated relative density curves are 
shown in Figure  5B. It is apparent that the densification 
behavior of the PZT/Pb(NO3)2 alters in the first 800 sec-
onds (~13 minutes). The density curve suggests the densi-
fication of the composite most likely experiences 3 stages: 
The first stage happens in the initial two seconds, and is 
characterized by the rapid increase in relative density. This 
is possibly caused by the rearrangement of PZT powder in 
the pressing die; it is probable that in this stage, the lead 
nitrate has not undergone extensive plastic deformation yet. 
This stage should happen regardless of the presence of lead 

(16)ln (1−�)Arrhenius,T=25◦C =−0.000402�−1.30

(17)ln (1−�)T=25◦C =−0.000415±0.0000834�−1.27±0.0506

F I G U R E  5   A, The relative densities of 85PZT/15Pb(NO3)2 after being cold sintered at different durations under 500 MPa at 300°C 
with temperature profiles shown as colored lines. (B) The thickness shrinkage and the corresponding density evolution of 25°C cold sintered 
85PZT/15Pb(NO3)2 measured by the dilatometry on the uniaxial press. (C) A replot of the density curve in (B) in the form of Equation 12 with a 
linear fit (red line) of the 3rd stage of densification profile. (D) A comparison of the PZT volume fraction evolution in cold sintered pellet and dry 
pressed pellet [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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nitrate but can only reach a modest packing density. The 
fact that samples without the lead nitrate additive show a 
comparable rapid densification in the first several seconds 
is consistent with this observation.

The second stage takes place from ~2 to ~800 seconds, 
during which the densification of the cold sintered compos-
ite slows down. Because the dry-pressed part does not show 
nearly as much compaction in this time interval as the cold 
sintered parts, it is hypothesized that the curve in this pe-
riod might be related to a combination of viscous sintering 
and water evaporation. Specifically, the lead nitrate starts to 
deform under pressure and moisture, enabling the further op-
timization of PZT compaction; while the water escapes from 
the die, the re-precipitation of lead nitrate causes a decrease 
in volume. After 16 minutes of cold sintering at room tem-
perature, the rearrangement of PZT becomes significantly 
retarded as the packing is close to its geometrical limit. 
The ln(1-ρ) vs time curve is also obtained by replotting the 
Figure  5B in the form of Equation  12, and is displayed as 
Figure 5C. It is obvious that the modified viscous sintering 
equation failed to describe, at least for the first 16 minutes, 
that ln(1-ρ) is linearly related to the cold sintering time at 
room temperature, presumably because the cold sintering 
process is complicated by the initial particle rearrangement 
and water volatilization. Also, unlike the density-time rela-
tionship depicted in Figure 5A from the unloaded samples, 
the dilatometry profiles are measured in-situ. Since the data 
cannot capture the loading and unloading responses (due 
to tremendous noise from friction or vibration between die 
and plunges), the loading and unloading may have also af-
fected the conditions of the samples. In stage 3 of the CSP 
(after 13  minutes), the curve presents a more linear shape 
and the fitting R2 returns to 78% (Figure  5C), suggesting 
the densification mechanism might start to be dominated by 
Equation 12.

In comparing the compaction of the cold sintered and dry 
pressed PZT powders, it is clear that both systems experi-
ence rapid packing in the first 2 seconds. However, while the 
dry pressed sample displays almost no densification over the 
next couple of hours, the density of the cold sintered sample 
continues to increase, which corroborates the hypothesis that 
the moisturized lead nitrate can further optimize the packing 
of the particles. Interestingly, at the end of the first stage, 
the PZT volume fraction of the dry pressed sample is a little 
higher than the cold sintered sample. This is possibly because 
the addition of moisturized lead nitrate will hinder the rapid 
particle rearrangement by increasing the spacing between 
PZT particles. After ~800 seconds, viscous sintering of the 
lead nitrate takes over and eventually leads to a higher density 
in the cold sintered parts.

Finally, it is notable that although not focused on com-
posite systems, a recent publication by Haug et al. on cold 
sintering agglomerated nanovaterite demonstrated a linear 

relationship between 1/ρ∙dρ/dt and σ, which, after integra-
tion, is similar to the logarithmic relationship between uni-
axial pressure and the relative densities found in this work40 
This suggests the plastic deformation may be extensively 
present when cold sintering materials that consist mainly 
of insoluble powders. However, the mechanical creep with 
respect to time in dry/wet nanovaterite system differs from 
that within dry/wet PZT/Pb(NO3)2 composites, in that the 
densification of wet nanovaterite pellets is constantly faster 
and more complete than in dry pellets,41 while in PZT/
Pb(NO3)2 systems the wet composite densifies slower than 
the dry one in the first 2 seconds. This indicates a possible 
viscosity difference between pure water and wet lead nitrate 
as a sintering aid, which suggests that the specific details of 
the process need to be treated on a case-by-case basis. Other 
low temperature sintering models, such as the hydrothermal 
sintering models for ZnO,37,38 the reactive hydrothermal 
sintering model for BaTiO3,42 and the plastic deformation 
model for NaCl,23 targeted rather dissimilar systems where 
the powders participate in the typical “dissolution-repre-
cipitation” process, and are expected to behave differently. 
In contrast, in this work, Zr4+ and Ti4+ in PZT have very 
limited solubility in water, and the additional Pb2+ from 
Pb(NO3)2 would suppress potential leaching of lead from 
PZT.43

4  |   CONCLUSIONS

PZT ceramic composites were cold sintered to >80% relative 
densities at 300°C using bimodal PZT powder with mois-
tened Pb(NO3)2 as a sintering aid. The underlying mechanism 
of PZT densification during cold sintering is improved PZT 
particle packing induced by the plastic deformation of the 
moist lead nitrate phase; this is a new method by which cold 
sintering can be performed. Therefore, a viscous sintering 
model can be utilized to explain the effects of temperature, 
pressure, and time on the final pellet densities in the third 
stage of the cold sintering process; the model showed good 
agreement with experimental results in terms of pressure and 
temperature. For the first two stages, particle rearrangement 
and moisture evaporation also affect the densification as a 
function of time.
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