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1. Introduction

Piezoelectric materials are a vital family of functional materials with a wide array of
applications such as sensors, actuators, and transducers, to name a few.!? Lead-based
perovskites, predominantly Pb(Zr,Ti)O3 (PZT)-based ceramics, which have excellent
electromechanical properties are widely popular for these applications. However,
significant concerns to environmental and human safety have resulted in a quest for
nonhazardous alternatives over the last couple of decades. Three main groups of materials
have emerged as promising alternatives to replace these lead-based materials:
(Ko.sNao.5)NbOs (KNN)-based, BaTiO3 (BT)-based, and Bii/2Nai/2TiOs (BNT)-based
piezoelectric materials.

While it currently seems almost impossible for any one of these materials to fully replace
PZT in all applications, many compositions have demonstrated comparable or even better
performances for specific requirements. Although these materials were studied as early as
the 1950s,> intensive research only began after 2004 with the discovery of a large
piezoelectric response in Li-, Ta-, Sb-modified-and-textured KNN.° Good thermal stability

9,10

of the electromechanical performance’®; high fatigue resistance”! and mechanical

characteristics'""'?;  compatibility ~with low-cost, base-metal electrodes'; and
biocompatibility'4; have rendered the multifunctional KNN as significantly advantageous
over other lead-free compositions with applications in piezoelectric transformers,'> knock

sensors, '® multilayer actuators,'” ultrasonic motors,'® and ultrasonic transducers."”

Despite some demonstrated promising characteristics, KNN-based piezoelectrics are still
not widely used in industry. Challenges with obtaining high densities in sintered bulk is
one of the most frequently reported drawbacks related to processing, among others,?* %
which leads to low piezoelectric performance, nonuniform distribution of the applied
electric field, leakage current, low breakdown fields, and poor reproducibility of the
material. Several underlying mechanisms have been carefully studied to improve sintering

characteristics of KNN.
2. Fundamentals of Sintering KNN

Sintering is among the oldest techniques in processing ceramics such as KNN. It is an
irreversible thermodynamic process in which powder material is consolidated using
thermally activated diffusion to obtain dense, polycrystalline bulk ceramics. The main
thermodynamic driving force for sintering is the reduction of the surface-free energy of the
particles in the powder. As such, increasing the surface-free energy by reducing particle
sizes can promote densification. In addition to the increase in curvature of the particle
surface with decreasing particle size, driving force can be increased by applying external
pressure or a chemical reaction.?¢



The sintering process may be described as an interplay between densification and grain
growth, and may be divided into three overlapping sintering stages, based on changes in

the grain size and shape, the pore size and shape, and the related densification kinetics.

1)

2)

3)

In the first stage, the particles become connected at their contact points by small
necks, with a decrease in their surface roughness, and interconnected particles form
a porous network with a relative density of 60%—70%.

The next stage is characterized by an increased densification rate resulting in rapid
shrinkage. The pores gradually diminish and the connections between them
disappear, resulting in the “closed-porosity” state (usually at a relative density of
92%-95%).

In the third and final stage, the densification rate dramatically decreases, while the
isolated pores can either shrink and disappear or merge to grow. This stage is
typically characterized by grain growth, which strongly depends on the grain-
boundary mobility and the pore/grain-boundary interaction. Also, there could be
abnormal grain growth, resulting in an increased number of diffusion paths between
the pores and grain boundaries, and entrapment of pores within the large grains.
This could prevent material transport toward the pores and, consequently, cease the
densification process.

Figure 1 shows the processes in action during solid-state sintering. As shown, material

transport occurs across the microstructure, which can take place via lattice diffusion from
grain boundary (a), grain-boundary diffusion (b), viscous flow (c), surface diffusion (d),
lattice diffusion from the surface to the neck (¢), or evaporation/condensation (f). While all

these mechanisms promote neck growth, only a—c contribute to the densification

(densifying mechanisms), and d—f do not (non-densifying mechanisms).



Fig. 1

Material-transport mechanisms during solid-state sintering: lattice diffusion from the grain

boundary (a), and from the surface (e) to the neck, grain-boundary diffusion (b), viscous flow (c),
surface diffusion (d), and evaporation/condensation (f). The symbol “7” marks the dislocations and
other defects.

The various defects in a polycrystalline material determine the material-transport path via
diffusion, as follows:

1)

2)

3)

4)

Generally, the activation energy for surface diffusion (QS) is expected to be the
lowest.

Atoms can diffuse along the grain boundaries (disorder between adjacent grains or
regions of lattice mismatch) formed during the sintering process. The activation
energy for the grain-boundary diffusion (QGB) is expected to be as high as OS.

Diffusion can take place across lattice point defects (vacancies or interstitials),
whereby the flux of vacancies should be compensated by the opposite and equal
flux of atoms. This mechanism typically has the highest activation energy (QL) and
is therefore active at higher temperatures.

a) However, the relationships between the activation energies as previously
described should be carefully considered, as demonstrated by several
studies.?’

b) In addition, several other factors need to be considered while trying to
understand the diffusion mechanisms.

The fraction of lattice atoms, grain boundaries, and free surfaces change during
sintering. This, in turn, changes the contributions from the different mechanisms.
Also, the diffusing species in ceramics are generally ions of different and opposite
charges (ambipolar diffusion) with different diffusion rates; therefore, one should



5)

6)

be mindful of the impact on the preservation of the stoichiometry and
electronegativity.

Each ion could have multiple diffusion paths. Diffusion rate is determined by the
slowest ion along its fastest path.

In addition to the previously mentioned diffusion mechanisms, mass transport can
also occur through evaporation/condensation; material transfer is promoted by the
difference in vapor pressure between the positive curvature of the particle surface
and the negative radius of the neck region. According to the Kelvin equation, vapor
pressure. Therefore, the material evaporation/condensation-driven material
transport exponentially increases with the increasing particle surface curvature (or
decreasing particle size).?8

The final stage of sintering is when grain growth typically occurs, as illustrated in Fig. 2.

The following steps describe the evolution of grain growth.

1y

2)

3)

If the average grain size of the material increases continuously with no variations
in the grain-size distribution, the growth is considered normal. In this case, atoms
diffuse from one side of the grain boundary to the other side with the free-energy
difference across the curved grain boundary being the driving force. This results in
the grain boundary emerging toward its center of curvature (as represented in the
schematic in Fig. 2a).

If the grain-boundary energy is isotropic, the balance of the grain-boundary
tensions forces the edges to meet at 120°, thereby creating a hexagonal grain with
straight sides.

Boundaries of the polygons with greater than six sides are concave, while those of
polygons with fewer than six sides are convex. As grain boundaries migrate toward
their centers of curvature, the grains with convex boundaries tend to shrink, while
the ones with concave boundaries tend to grow (Fig. 2b).%
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Fig.2  (a) Movement of the grain boundary toward its center of curvature (blue arrows) by the
diffusion of atoms across the boundary (red arrows). (b) Movements of grain boundaries (black
arrows) depending on the number of sides in a polycrystalline ceramic.

Specific local conditions such as anisotropic grain-boundary energies and grain-boundary
structures,’®*! preferential segregation of dopants/impurities,*? and second-phase particles
or pores affect grain-boundary mobility causing abnormal grain growth, which results in a
bimodal grain-size distribution (i.e., a small fraction of the grains grow unusually quickly
to reach a large size in a matrix of fine grains, which grow with a slow rate), and are
generally undesirable. Additionally, the presence of a liquid phase or a nonuniform
particle/grain-size distribution can also cause abnormal grain growth.?®** Also, other
factors such as pores affect grain-boundary mobility. A grain boundary moving under the

influence of its curvature applies a force on a pore at the boundary, resulting in a change

of the pore shape,** as in Fig. 3.
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Fig.3  Schematic of a pore moving with the grain boundary and possible material-transport
mechanisms (blue: surface diffusion, green: lattice diffusion, and red: evaporation/condensation)
Material transport can occur through surface diffusion, lattice diffusion, or
evaporation/condensation. The different curvatures of the leading and trailing surfaces of
the pore create a chemical potential difference driving the atom flux. The number of pores,
their mobility, and the intrinsic grain-boundary mobility together determine the overall
grain-boundary migration.’>* When the grain-boundary-migration velocity becomes
greater than pore-migration velocity, it results in pore/boundary separation. It is hard to
eliminate the entrapped pores because of the long diffusion distances, which limit
densification during sintering.*®



3. KNN Phase Relations

The K1.xNaxNbO3 system is a “pseudo-binary” solid solution comprised of the ferroelectric
KNbO:; phase and the antiferroelectric NaNbOs phase (Fig. 4).>*%7 The phases crystallize
in the perovskite structure with different symmetries. The ferroelectric region is known to
have three temperature-induced transitions, while the antiferroelectric region exhibits the

more complex polymorphism.**4

The phase transitions in KNN with a K:Na ratio of 1:1 are as follows
(Flg 4)22,37,41,42:

1) rhombohedral < orthorhombic at 160 °C
2) orthorhombic < tetragonal at 200 °C

3) tetragonal < cubic phase at 410 °C

T(C)

N
0 10 20 30 40 S50 60 70 B0 90 92 94 96 98 100

KNb
0, NaNbO, (Mole %) NaNbO,

Fig.4 Phase diagram of the KNbO3;-NaNbOs system showing the phase transitions of
Ko.5NaosNbOs differential scanning calorimetry (DSC) upon heating

For this composition, the solidus and liquidus lines are at 1140 and 1420 °C, respectively.’’
Studies have suggested that at a K:Na ratio of 1:1, two different orthorhombic phases (O
and O2) coexist, along with the formation of a morphotropic phase boundary (MPB), which
is attributed to the enhanced piezoelectric properties.* However, it was later demonstrated
that there are no symmetry changes in that region.*! While the room-temperature
polymorph of KNN is often described as orthorhombic with space group Amm?, the
perovskite-type ABO3 primary cell is known to have a monoclinic symmetry*** with
lattice parameters am = cm > bm. Here, the bm axis is perpendicular to the amcm plane
and its inter-axial angle £ is slightly larger than 90°.*> Therefore, while KNN’s unit cell
has an orthorhombic symmetry at room temperature, the perovskite-type primary cell of
KNN is monoclinic.



Doping or the formation of pseudo-binary solid solutions could be used to shift the phase-
transition temperatures of KNN materials, which generally result in a downward shift of
the orthorhombic—tetragonal phase-transition temperature (TO-T).”*! The closer the
TO-T is to room temperature, the better the piezoelectric performance, also called the
polymorphic phase-transition (PPT) effect.’? It has also been established that modification
of KNN compositions using materials as BaZrOs3, (Bi,Na,K,)ZrOs3, (Bi,Li)TiOs3, and
(B1,Na)TiOs, results in an MPB that separates the tetragonal and rhombohedral phases,

similar to lead-based piezoelectric materials.®3354

4. Solid-State Synthesis of Powders

Solid-state synthesis of KNN has been accomplished by reaction of alkali carbonates and
niobium oxide,’ nitrates,>> hydrogen carbonates,’® sodium potassium tartrate hydrate,’’ or
the two end-member perovskites.*!3° Equation 1 summarizes the reaction of the alkali
carbonates and niobium oxide, which occurs between 400 and 700 °C, as determined by
thermogravimetric analysis (TGA)® with calcination occurring between 750 and 950 °C.

K2COs(s) + Na2COs3(s) + 2 Nb20s(s) — 4 Ko.sNaosNbOs(s) + 2 CO2(g) (1)

The reaction proceeds through the coupled diffusion of alkaline and oxygen ions into
niobium oxide and the perovskite phase formed after an intermediate alkali polyniobate
phase, (K,Na)2Nb4O1:. Multiple phases other than the perovskite can be expected to form
in these reaction(s).®!~®° Diffusion studies have shown that the potassium ions exhibit a
diffusion rate of approximately 1 order of magnitude lower than that of the sodium ions.
Therefore, the overall reaction rate in the ternary system is dependent on the diffusion rate
and path of the slower potassium ions.’® Also, as in any diffusion-controlled reaction,
smaller particle sizes lead to shorter diffusion paths and lower input energy (heat) for the
reaction.?®

At the US Army Combat Capabilities Development Command Army Research Laboratory
(ARL), using the process outlined by Lee et al.®’ as a guideline, we synthesized KNN using
a Spex 8000M high-energy mixer/mill. The high-energy ball mill grinds the material in a
closed vial with combined back-and-forth swings with short lateral movements, with the
ends of the vial forming a figure eight for relatively uniform milling. K2COs3, Na2CO3, and
Nb20s were mixed in the stoichiometric ratio and dry-milled using a tungsten carbide (WC)
vial and milling media. All powders were stored, weighed, and loaded into the vial inside
the glovebox, in an argon atmosphere.

TGA and DSC were performed to determine the right calcination temperature and duration
to form KNN as the temperature quoted in the process we followed resulted in charred
powder. TGA/DSC of the 1-h milled powder determined the calcination temperature to be
around 650 °C at completion of the reaction, which is lower than the approximately



850 °C temperature found in other processes.’”%® The resulting powder mixture from the
milling process was then calcined at a temperature of 650 °C for 1 h to complete the
mechanochemical reaction to achieve KNN. The structural characteristics of the calcined
powders were then studied using X-ray diffraction (XRD), scanning electron microscopy
(SEM), energy-dispersive X-ray, transmission electron microscopy, and energy dispersive
X-ray spectroscopy. More details on the KNN synthesis and basic material characterization
may be found in our earlier publication.®’

Alkali deficiency has been a common problem with KNN synthesis and is attributed to the
hygroscopicity K2COs resulting in polyniobate phases, which are hygroscopic even at room
temperature.”® Inert and dry environments for KNN synthesis and processing,’® using a
slight excess of alkali compounds in the reagent mixture,'* and additional extended heating
steps’! have been approaches employed to overcome this issue. The KNN synthesized in
this work has demonstrated incorporation of a small amount of W and an Nb-deficiency®’;
the impact of these on bulk characteristics and performance is currently being investigated.

5. Solid-State Sintering of KNN

Poor densification has been a main problem preventing the widespread application of
KNN-based piezoceramics. Few systematic reports on the sintering of these materials can
be found in the literature. Section 6 summarizes the existing knowledge about the processes
occurring during the solid-state sintering of alkaline niobates—such as, material-transport
mechanisms, microstructure development, and grain growth.

6. Sintering Mechanisms

Sintering mechanisms in complex oxides, such as KNN, are challenging to study due to

the volatile oxides,’! 72,73

anisotropy of the surface energy, ambipolar diffusion,®*—and
potentially, multiple simultaneous diffusion mechanisms in play. Conventional high-
temperature processing with uniaxial pressure might result in low density, perhaps due to
evaporation of sodium, sintering-induced alkali vacancies and lack of liquid phase in the
microstructure of pure KNN.”*77 To improve density and performance of KNN,
researchers have tried low-oxygen partial pressure processes’ >’ to suppress the formation
of vacancies and reduce interaction with oxygen, using Hz2 or Ar atmospheres,®® sealed
sintering (which greatly improved density and electrical properties),’! spark plasma
sintering (which provided high improvements although technologically very demanding),®

6,46,57,83-85

and the addition of various dopants, rare earth metal oxides,®® and liquid-phase

sintering.’’

The synthesized KNN powder was made into a compact using the hot-pressing technique
as the process renders samples with improved density of the resulting compacts compared



to commonly used techniques. Also, hot-pressing promotes texturization of the
microstructure by the uniaxial pressing enhancing directed grain growth during sintering,
which is desirable for piezoelectric applications.®® Moreover, the reduced sintering
temperature may reduce the overall alkali evaporation, allowing better control over the
material stoichiometry.

Following multiple experimental trials involving pressing and sintering at varying
temperatures, we successfully established hot-pressing methods available in ARL’s
Ceramics and Transparent Materials Branch. These methods were further enhanced
through the process outlined by Rutkowski et al.”* First, approximately 2 g of the
synthesized W-KNN powder with 60-min milling time was weighed out. A I-inch-
diameter cylindrical graphite die was coated uniformly with a slurry of hexagonal-boron
nitride (h-BN) and ethyl alcohol to act as a diffusion barrier for carbon between the graphite
die and the part during hot-pressing. Bharathi and Varma*’ demonstrated that h-BN helps
with the stimulation of the KNN densification process. After placing the coated die in an
oven at 70 °C for 1 h to evaporate any traces of ethyl alcohol from the coating, the W-KNN
powder was placed between BN spacers, pressed with 8000 1bf three times, and held for
10 s each time to obtain a robust green compact. This was then transferred to an Oxygon
benchtop refractory-metal-hot-press, which uses tungsten elements and tungsten/
molybdenum heat shields, with graphite pressing rams. The system was evacuated to 107
torr, then backfilled with gettered ultra-high purity Ar (<1 ppb O2). The die was heated at
50 °C/min to temperatures from 700 to 900 °C, held at this temperature for 1 h, and then
cooled at 50 °C/min to room temperature. A uniaxial load of 8000 Ibf (70.3 MPa) was
applied for the duration of the 1-h hold.

The hot-pressed W-KNN discs were well sintered and robust as shown in Fig. 5. The
density of the three samples as measured by gas pycnometry are given as a function of
process temperature in Fig. 6. The sample was hot-pressed at 800 °C and showed the
highest relative density at 95.8%. At 700 °C this value is slightly reduced, which is
expected when lowering sintering temperatures. However, at 900 °C, the density is again
reduced. This may be due to partial vaporization of the alkalis generating pores, and
changes in stoichiometry affecting diffusivity.



Fig.5  Well-sintered, dense compact made with synthesized W-KNN powder hot-pressed at 800 °C:
(left) diameter, (right) thickness
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Fig. 6  Measured densities of W-KNN samples hot-pressed at different temperatures

To ensure that the phase content of the powder had not changed due to the processing
schedule, XRD measurements were taken of the starting powder and each of the three hot-
pressed samples (Fig.7). These data show that the starting powder is phase pure and
remains as such after sintering.
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Fig.7  XRD plot of the synthesized KNN powder and the sample hot-pressed at 900 °C

A cross section of the 800 °C sample was polished to a 0.25-um finish using diamond
impregnated grinding pads and diamond slurries. After polishing, the samples were
analyzed using a PhenomXL SEM at 15 kV using the solid-state backscatter detector.
Representative microstructures of the sample are given in Fig. 8. The sample has very fine
grains, typically <1 um. The starting powder had a dso particle size of 0.78 um, which
indicates remarkably little grain growth. There is a small amount of porosity evident
throughout the sample, typical of sintered ceramic microstructures. Using the Intermodes
thresholding algorithm in imagelJ, the porosity level was measured to be 3.4%, which is in
line with the density measurement of 4.2%.

Fig.8  SEM micrographs of the W-KNN sample hot-pressed at 900 °C

11



Energy-dispersive spectroscopy (EDS) measurements of the starting powder and hot-
pressed sample were used as an estimate of alkali loss from evaporation (Fig. 9). The
powder had a K:Na atomic ratio of 1.62:1, and after hot-pressing, the K:Na lowered to
1.57:1. As previously shown in other systems, this is likely due to Na vaporization at high
temperatures. Further analysis on samples pressed at different temperatures with this
process is underway.

& K 6.0% Ki 7.4%
£ Na: 9.8% B : , Na: 11.6%
i Nb: 14.0% o Nb: 15.6%
¥ 0: 69.8% (N O: 65.4%

Fig.9 SEM field of view and EDS measurements for W-KNN powder (left) and W-KNN hot-
pressed at 800 °C (right)

The color of the discs is dramatically different from the starting powder, having changed
from a white powder to a dark gray. This is likely due to a mixture of C diffusion into the
sample, as well as Oz vacancies created due to reactions between the powder and C, as well
as the O2-free atmosphere.®® These defects may affect the piezoelectric performance of the
hot-pressed samples; therefore, further investigation is being performed to anneal the
sintered parts in air to reintroduce O to the lattice.

12
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Fig. 10  Optical micrographs of the sample hot-pressed in an alumina die, shown using a transmission
light source (top) and reflection light source (bottom)

To minimize the effect of C contamination, an additional experiment was conducted on a
commercial KNN powder (American Elements). Essentially, the same hot-pressing
technique was used, but aluminum-oxide die and punches were used in place of the BN-
coated graphite. It was supposed that this change should lead to reduced C diffusion into
the sample (although some is still possible due to the graphite rams), and may also reduce
the concentration of Oz vacancies due to the increased partial pressure of O and lowered
partial pressure of C within the die. Due to the lowered thermal conductivity of aluminum

13



oxide compared to graphite, the heating rate was lowered to 10 °C/min to minimize thermal
gradients. After hot-pressing, extracting the sample was much more difficult than is typical
with graphite dies. As graphite is naturally lubricious, the punches can usually move
relatively freely even with tight tolerances between the punches and inner die wall. With
the aluminum-oxide die, the punches became stuck after hot-pressing and had to be
hammered out to loosen them. However, the sample inside remained intact. In contrast to
the samples made with graphite dies, this one remained mostly white, with some dark spots
on the surface as seen in Fig. 10. After polishing, it was noted that the sample is translucent,
save for the dark spots. These spots are likely due to impurities in the commercial powder,
but could also be due to C contamination from the hot-press. Further investigation of this
process using the W-KNN powder is underway.

7. Conclusions

A tailored hot-pressing technique to obtain well-sintered W-KNN compacts with high
density has been developed. The sintered compacts have been characterized for structural
integrity. While these well-sintered dense compacts are being characterized for various
functionalities afforded by KNN (piezoelectric, thermoelectric, optical, nonlinear
photonic), more research is underway to fine-tune this process to obtain purer bulk W-
KNN samples.

14
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