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a  b  s  t  r  a  c  t

Mn2+-doped  (K,Na,Li)(Nb,Ta,Sb)O3 lead-free  piezoelectric  ceramics  have  been  prepared  by  a  con-
ventional  sintering  technique.  The  effects  of  Mn2+ doping  on  the  phase  structure,  microstructure
and  ferro-piezoelectric  properties  of  the  ceramics  have  been  evaluated.  MnO  doping  modifies  the
(K,Na,Li)(Nb,Ta,Sb)O3 structure,  giving  rise  to the  appearance  of  a  TTB-like  secondary  phase  and  to
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changes  on  the  orthorhombic  to  tetragonal  phase  transition  temperature.  The  modification  of  this  tem-
perature  induces  a reduction  of the  piezoelectric  constants,  which  is  accompanied  by  an  increase  on
the  mechanical  quality  factor.  Mn2+ ions  incorporate  into  the  perovskite  structure  in  different  off  ways
depending  on  their  concentration.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Lead zirconate-titanate ceramics (PZT) are the most widely used
iezoelectric materials to date, on account of their high piezoelec-
ric response, large scale production capability and the tailoring
f their properties through composition. Recently, the European
nion has published a directive (RoHS) [1] avoiding the use of

ead because of its toxicity and environmental risks. Nevertheless,
ZT ceramics are temporarily tolerated because of the lack of an
ndustrially adequate alternative. Among the available lead-free
erroelectric materials under study, one promising candidate on
ccount of its good electromechanical properties is the family of
odium potassium niobate (K,Na)NbO3 (KNN) [2].  As for PZT, the
interability of KNN materials can be improved by using different
intering aids, such as CuO [3,4], SnO2 [5],  ZnO [6] and MnO  [7].
hese chemical elements usually enter in B position of the ABO3
erovskite structure and thus produce A-site vacancies that sup-
ress the formation of the hygroscopic secondary products [8].
ome studies have also been carried out concerning the forma-

ion of solid solutions, such as KNN–SrTiO3 [9],  KNN–LiNbO3 [10],
NN–LiTaO3 [11–13],  KNN–LiSbO3 [14] and KNN–LiSbO3–LiTaO3

15,16].

∗ Corresponding author. Tel.: +33 5 87 50 23 77; fax: +33 5 87 50 23 07.
E-mail address: fernando.rubio-marcos@unilim.fr (F. Rubio-Marcos).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.080
Recently, the complex solid solution (K,Na,Li)(Nb,Ta,Sb)O3 has
revealed excellent piezoelectric properties [17], representing then
a serious candidate for the substitution of PZT. Nevertheless, there
are still some structural and electrical aspects that remain contro-
versial with respect to the role of dopants in this system.

In a previous study concerning the (K,Na,Li)(Nb,Ta,Sb)O3 com-
pounds (abbreviated as KNL–NTS), we have demonstrated that
the dielectric, piezoelectric and elastic properties of the material
are fundamentally related to extrinsic effects [18]. The dielec-
tric and mechanical losses at room temperature are similar to
those of a soft PZT ceramic and too high to be used in power
devices. Doping with suitable elements should be a way of min-
imizing the temperature sensitivity, reducing the dielectric losses,
and enhancing mechanical quality factor. Therefore, in the present
work, MnO  was  selected as the dopant of KNL–NTS ceramics. In
view of its ionic radius (rMn2+ : 0.83 Å for a coordination number
CN = 6 [19]), Mn2+ falls between the size range of B-site position
(rNb5+ : 0.64 Å, rTa5+ : 0.64 Å, rSb5+ : 0.60 Å, CN = 6) and A-site (rK+ :
1.64 Å, rNa+ : 1.39 Å, rLi+ : 0.90 Å, CN = 12). Thus, on the basis of ionic
radii, the Mn2+ ion could substitute in either A or B-sites, the most
probable position being the B-site according to crystal-chemistry
considerations. Considering its valency, Mn2+ can either act as a

donor-dopant if introduced in A-site or as an acceptor-dopant in
B-site. Therefore, in order to introduce the Mn2+ ion into the A-
site of the perovskite lattice, we  selected A-site deficiency, with a
global formula (K0.44Na0.52Li0.04)(1−x)Mn(x/2)(Nb0.86Ta0.10Sb0.04)O3.

dx.doi.org/10.1016/j.jallcom.2011.06.080
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:fernando.rubio-marcos@unilim.fr
dx.doi.org/10.1016/j.jallcom.2011.06.080
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ig. 1. (a) XRD patterns corresponding to the (KNL)1−xMnx/2–NTS ceramics sintered
4–47◦ of the (KNL)1−xMnx/2–NTS ceramics. (c) Variation of lattice parameters of th

he effects of such MnO  substitution on the phase composi-
ion, microstructure, dielectric and piezoelectric properties of
(K0.44Na0.52Li0.04)1−xMnx/2](Nb0.86Ta0.10Sb0.04)O3 ceramics were
nvestigated. The MnO  modification mechanisms on the piezoelec-
ric, ferroelectric and dielectric properties of these ceramics were
lso discussed.

. Experimental

The [(K0.44Na0.52Li0.04)1−xMnx/2](Nb0.86Ta0.10Sb0.04)O3 compositions with
 = 0.000, 0.005, 0.010, 0.030 and 0.050, hereafter abbreviated as (KNL)1−xMnx/2–NTS,
ere synthesized by conventional solid-state reaction [20]. The raw materials of

nalytical grade used in this study were K2CO3, Na2CO3, Li2CO3, MnO, Nb2O5, Ta2O5

nd Sb2O5. These powders were weighed and mixed by attrition-milling using
rO2 balls in absolute ethanol medium for 3 h, dried and calcined at 700 ◦C for 2 h.
he  obtained materials were composed of particles with narrow size distribution
f  ∼350 nm,  formed by agglomerated nanometer-sized particles. The calcined
owders were attrition milled again and cold-isostatically pressed at 200 MPa

nto discs of 10 mm in diameter and 0.7 mm in thickness. The pellets were finally
intered in air at 1125 ◦C for 16 h. The density of the sintered samples was  measured
sing the Archimedes’ method. All the obtained ceramics showed relative densities
ver 95% of the theoretical one. The relative densities were calculated from the
RD patterns of the ceramics.

The structural evolution produced by Mn2+ addition on the perovskite structure
as  followed by X-ray powder diffraction XRD (Siemens D5000, CuK� radiation).

he  lattice parameters were refined by a global simulation of the full diagram (pat-
ern matching, fullprof program).

Microstructure was evaluated on polished and thermally etched samples
1000 ◦C for 5 min) using a Field Emission Scanning Electron Microscope, FE-SEM
Hitachi S-4700, Tokyo, Japan), equipped with Energy Dispersive Spectroscopy
EDS). The average grain size was determined from FE-SEM micrographs by an image
rocessing and analysis program (Leica Qwin, Leica Microsystems Ltd., Cambridge,
ngland) considering more than 500 grains in each measurement.

Electrical characterization was carried out on ceramic discs with fired silver
aste (700 ◦C) on both sides as electrodes. The temperature dependence of the
ielectric permittivity was  measured using an impedance analyzer (HP4294A, Agi-

ent Technologies Inc., Santa Clara, CA) in the frequency range of 100 Hz to 1 MHz
nd  the temperature range of 30–600 ◦C, at 2 ◦C/min.

Piezoelectric properties were evaluated, after a poling process. This one was
arried out in a silicone oil bath at 25 ◦C under a DC electric field of 40 kV/cm dur-
ng  30 min. The piezoelectric constant d33 was  measured using a piezo-d33 meter
YE2730A d33 METER, APC International). The piezoelectric constant d31 was deter-

ined at room temperature by the resonance/antiresonance method on the basis
f  IEEE standards. The planar mechanical quality factor, Qm , which is related to the
harpness of the resonance frequency, was calculated using the following equation
escribed in Ref. [21]:

m = f 2
a

2�fr zmCT (f 2
a − f 2

r )
(1)
here fr (Hz) is the resonance frequency, fa (Hz) is the antiresonance frequency, Zm

ohm) is the minimum impedance at fr and CT (F) is the mechanically free capacitance
t  1 kHz. Finally, the ferroelectric nature of the ceramics was determined using a
ysteresis meter (RT 6000 HVS, RADIANT Technologies).
25 ◦C for 16 h. (b) Magnified XRD diffraction patterns in the 2� range 23.5–29◦ and
L)1−xMnx/2–NTS ceramics as a function of the MnO  content.

3. Results and discussion

3.1. Structural characterization

Fig. 1a displays the XRD patterns of the ceramics with dif-
ferent MnO  amounts. In addition to the perovskite structure, a
secondary phase was detected in samples with MnO content higher
than 0.005. This secondary phase could be assigned to K3LiNb6O17
[22] (KLN) or K6Nb10.88O30 (PDF#87-1856), both with tetragonal
tungsten-bronze type structure (TTB). Pornsuda Bomlai et al. also
reported that a secondary phase with tungsten bronze structure
is observed in MnO-doped (Na0.5K0.5NbO3)–(LiTaO3) ceramics [7],
while Feng et al. have also observed this secondary phase on KNN-
based ceramics [23]. Fig. 1b shows a magnification of the 23.5–29.0◦

2� range, where the most intense diffraction peaks of the TTB sec-
ondary phase can be clearly observed. The XRD data reveal an
increase of the TTB-type phase with the MnO content, without
modification of its structure. For Li/Ta-modified KNN materials, the
occurrence of this secondary phase was  attributed to the volatiliza-
tion and segregation of the alkali elements during sintering [24].
As a consequence, the TTB phase probably occurs here because of
the A-site deficiency introduced by our choice of composition, a
deficiency that increases with the Mn  concentration.

Moreover, as represented in Fig. 1b, the MnO  doping has an
important impact on the perovskite structure. Indeed, the splitting
of the (2 0 0) pseudo-cubic peak is strongly affected by MnO doping:
for undoped material (x = 0.00), the splitting into (2 0 0) and (0 0 2)
suggests a tetragonal symmetry, whereas for higher MnO  content
(x ≥ 0.03), three peaks are needed in order to correctly fit the XRD
data, suggesting then orthorhombic symmetry. In order to further
analyze the effect of MnO  doping on the crystalline structure, the
lattice parameters were calculated. Thus, considering the afore-
mentioned observations, the refinement of the lattice parameters
was  performed using a tetragonal unit-cell (space group P4mm) for
compositions with x < 0.03, and an orthorhombic unit-cell (space
group P222) for compositions with x ≥ 0.03. Fig. 1c shows the vari-
ation of the lattice parameters as a function of the MnO  amount.
The intermediate state around x ∼ 0.02, shadowed in this figure,
corresponds to the transitional region. For low MnO  contents (the
tetragonal symmetry range), the “a” lattice parameters do not vary,
suggesting that the Mn2+-addition does not drastically modify the
crystal structure. For higher MnO  content (x ≥ 0.03, orthorhombic
range), “a” and “b” are different and increase with Mn  addition. The

parameter “c” decreases monotonously with MnO  amount. To sum
up, with increasing MnO  content we  observe both the appearance of
the TTB secondary phase and the transformation of the perovskite
structure from tetragonal to orthorhombic symmetry. Recently,
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ig. 2. Microstructure of polished and thermally etched surfaces of the (KNL)1−xMn
d)  x = 0.050. The insets of (c and d) show the presence of the secondary re-crystalli

t has been reported that MnO  acts as a sintering aid in related
Na1−xKx)(Nb1−ySby)O3 ceramics, but MnO  was thought to not sig-
ificantly affect the crystal structure [25]. By contrast, other authors
7] and the present XRD data for the (KNL)1−xMnx/2–NTS composi-
ion suggest that substitution of Mn2+ ions in the perovskite lattice
ccurs and affects phase stability. This evolution clearly depends on
he MnO  content. For low x values (x ≤ 0.005), the TTB phase is not
bserved and the perovskite structure with tetragonal symmetry
pparently remains unchanged. For higher Mn  contents (x ≥ 0.03),
he TTB phase is clearly present and its quantity increases with

n2+ content. A structural evolution of the modified KNN phase is
lso observed, from a tetragonal to an orthorhombic unit-cell. The
omposition with x = 0.01 corresponds to an “intermediate” case
here the TTB phase starts to nucleate (see Fig. 1b) but where

he tetragonal symmetry of the perovskite structure seems to be
aintained.

.2. Microstructural characterization

The FE-SEM micrographs of the (KNL)1−xMnx/2–NTS ceramics
ith x between 0.005 and 0.050 are shown in Fig. 2a–d. The FE-SEM
icrographs show the (KNL)1−xMnx/2–NTS morphology consisting

n faceted grains and cube-shaped grains. The microstructure of
he samples without MnO  shows equiaxed grains and some large
bnormal square or rectangular grains [6,20] (not shown in this
ork). A change of average grain size and grain morphology is

bserved with increasing MnO  content, as depicted in Fig. 2a–d;
he average grain size increases from ∼1.5 �m in undoped ceramics

6,20] to ∼8 �m for the higher MnO  content, x = 0.05. Additionally,
n all cases the microstructure of the system exhibits a bimodal
rain size distribution. The bimodality of the system is significantly
ore marked for high values of x (x ≥ 0.03) and may  be attributed
TS ceramics sintered at 1125 ◦C for 16 h. (a) x = 0.005, (b) x = 0.010, (c) x = 0.030, and
s in grain boundaries and grains with TTB structure, respectively.

to the exaggerated grain growth process. This behaviour can be
also observed in compositions with low MnO  content, where coex-
ists a high population of the small grains, size ∼ 1.5 �m, and lower
population of the abnormal grains, size > 10 �m.  In addition, for
highest MnO  content (x ≥ 0.03) secondary re-crystallization begins
to appear in grain boundaries, see inset in Fig. 2c.

According to the literature [20], the densification of KNN-
modified ceramics proceeds through formation of a liquid phase.
This one contributes to sintering by accelerating particle redistribu-
tion on account of enhanced atomic mobility [26] and therefore, the
general grain growth observed in doped samples is also believed to
be a result of this liquid phase. Furthermore, the exaggerated grain
growth process is driven by the difference in surface free energies
between the advancing plane of large grains and the fine matrix
grains. The presence of a liquid phase excess, especially in the
ceramics with MnO  content ≥ 0.03, facilitates and accelerates the
kinetic of this process, producing more relevant bimodal grain size
distribution. In addition in these samples, the grain morphology
changed from sharp-cornered cubical grains with smooth sur-
faces to cut-cornered grains with rough surfaces, Fig. 2d, as it was
reported by other authors in CuO-doped KNN-based ceramics [27].

As it has been discussed above, when increasing MnO  content,
the samples also show grains with a different morphology from that
of the normal KNL–NTS and abnormal grains, marked with arrows
in Fig. 2c and d. This phenomenon was more relevant when the MnO
content increases. The energy dispersion spectrum analysis (EDS)
reveals that the atomic percentages of elements change within the
different grain regions, as previously reported for KNN and other

systems [26]. Table 1 lists the compositions measured by EDS for
the x = 0.05 sample at the locations marked in Fig. 3a. The results
show clear differences between the different points, indicating a
significant compositional segregation in the ceramics. The grain
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Fig. 3. (a) Microphotographs of the (KNL)1−xMnx/2–NTS ceramics with the higher MnO  addition, x = 0.05. On figure, the presence of a grain with TTB structure, the secondary
re-crystallizations in grain boundaries and a grain with nominal composition are signalled with the points 1, 2 and 3, respectively. In the part (b) EDS spectra of a TTB grain
(c)  a secondary re-crystallization in grain boundaries and (d) a matrix grain, corresponding to the ones marked as 1, 2 and 3, respectively, in (a) are also shown.

Table 1
Composition on the points shown in Fig. 3 derived from EDS spectra (at.%).

O Na K Li Mn Nb Ta Sb Na/K

1 64.77 0.42 9.47 – 1.60 19.69 2.92 1.14 0.05
2  58.02 0.90 6.08 – 19.70 11.00 0.88 3.41 0.15
3  61.72 8.67 7.89 – 0.25 18.63 1.97 0.88 1.10
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TTB24 Lix(K0.78Na0.22)6(Nb0.86Ta0.10Sb0.04)10.9O30 63.97 2.81 

KNL–NTSnominal composition 60.00 10.40 

arked as point 1 in Fig. 3a could be associated to the TTB secondary
hase observed by XRD, since the composition measured by EDS is
uite similar to that of Lix(K0.78Na0.22)6(Nb0.86Ta0.10Sb0.04)10.9O30
ungsten bronze material [24], although our results reveal that the
TB phase grains present a K+-rich composition. In addition, these
rains show a high content of Mn2+ cations (see Fig. 3b), indicating
hat the grains of TTB phase are formed to accommodate the MnO
xcess that cannot be incorporated on the KLN–NTS lattice. The
TB phase showed a Na/K concentration ratio around 0.05, lower
han the nominal ratio of 1.18. The abnormal grains are therefore
ccompanied by redistribution of the related elements (specially
he A-site cations) that eventually precipitate and crystallize as a
TB secondary phase. The formation of the tungsten bronze struc-
ure requires a large diffusion of the atoms and therefore it is
avored if the samples contain MnO.

Another interesting feature of the (KNL)1−xMnx/2–NTS
icrostructure is the apparition of secondary re-crystallization

n grain boundaries. These re-crystallized grains present laminar
orphologies (point 2, Fig. 3a). The EDS analysis revealed that
hese regions have a composition rich in Mn2+ cations (see Fig. 3c),
ndicating again that the Mn2+-excess cations should be accom-

odated through the formation of different secondary phases, TTB
nd secondary re-crystallization in grain boundaries.
8 – – 19. 99 2.32 0.92 0.28
0 0.80 0.00 17.2 2.00 0.80 1.18

Finally, the matrix grains (point 3, Fig. 3a) have the typical
nominal composition with a Na/K concentration ratio around 1.10,
slightly lower than the nominal ratio of 1.18 (see Fig. 3d). In addi-
tion, traces of Mn2+ can be observed on these grains by EDS, but
the solubility of MnO  in the perovskite lattice appears as limited.
When the solubility limit is reached, the lattice cannot accommo-
date more MnO  since it corresponds to B-site excess. Thus, the
corresponding excess is directly compensated by the eviction of
some Nb5+ ions, with formation of secondary phases.

3.3. Dielectric properties

Fig. 4a shows the temperature dependence of the rel-
ative permittivity, εr, and dielectric losses (at 100 kHz) in
(KNL)1−xMnx/2–NTS ceramics with different MnO  amounts. The
relative permittivity presents a maximum corresponding to the
transition from the ferroelectric tetragonal phase to the paraelectric
cubic phase at Curie temperature, Tc. As the MnO  content increases,
the relative permittivity at Tc decreases up to a minimum value of

∼3650 for the ceramics with x = 0.05. A decrease of the Curie tem-
perature Tc was also detected with increasing MnO  substitution,
suggesting that the Mn2+-addition modify this phase transition
temperature. This kind of behaviour has also been reported by other
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Fig. 4. (a) Temperature dependence of the relative permittivity, εr,  and dielectric
losses (at 100 kHz) for (KNL)1−xMnx/2–NTS ceramics with different contents of MnO.
In  the part (b) temperature dependence of the relative permittivity at tempera-
tures from 20 ◦C to 100 ◦C of the (KNL)1−xMnx/2–NTS ceramics. The part (c) shows
the  evolution of the Tc and the phase transition temperatures from orthorhombic
t
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o  tetragonal phase (TO–T) of the (KNL)1−xMnx/2–NTS ceramics with different con-
ents in MnO. (The sensitivity of the phase transition temperatures, TO–T and Tc, was
stimated on ±5 ◦C.)

uthors for Mn2+-doped (Na0.5Bi0.5)1−xBaxTiO3 [28]. Moreover, the
ddition of MnO  produces a slight broadening of the transition
eak, suggesting diffuse phase transition characteristic. This result
eans that the relaxor-type characteristics are more relevant for

he ceramics with a high MnO  content. The relaxor-type behaviour
an be induced in many ways, such as microscopic compositional
uctuations, the merging of micro-domains into macro-domains,
r a coupling of the order parameter and local disorder mode
hrough the local strain. Mn2+ ions can incorporate into both A
nd B-sites of the perovskite structure, increasing then the disor-
er of the lattice. Therefore, the cation disorder in the perovskite
nit cell should be one of the reasons for the appearance of relaxor-
ehaviour for the samples with a higher MnO  content. As previously
hown, this cation disorder should be related to the microscopic
ompositional fluctuations, which are intensified by the previously

bserved increase of abnormal grains and secondary TTB phase.

Close to room temperature, anomalous behaviour is observed in
he dielectric response, Fig. 4b. This anomaly is identified by a weak

aximum of the permittivity. It is well known that (K,Na)NbO3
 Compounds 509 (2011) 8804– 8811

presents a phase transition from the orthorhombic to the tetrago-
nal ferroelectric phases, O–T, close to ∼200 ◦C [29]. It is also known
that in (K,Na,Li)(Nb,Ta)O3 ceramics the orthorhombic–tetragonal
phase transition temperature decreases as a result of the Li+ addi-
tion, which stabilizes the tetragonal phase [30]. As for the structural
distortion observed by XRD, no change is observed for low MnO
contents, while the O–T phase transition temperature is increased
for x ≥ 0.03, Fig. 4b. According to X-ray diffraction results, Fig. 1,
this evolution in the TO–T corresponds to a stabilization of the
orthorhombic symmetry at room temperature.

Taking into account the previous results, a phase diagram
has been proposed for (KNL)1−xMnx/2–NTS ceramics, as shown in
Fig. 4c. This phase diagram evidences that the ferroelectric phase
transition (Tc) decreases monotonously with the MnO  content. On
the other hand, the orthorhombic to tetragonal (TO–T) phase tran-
sition remains unaffected by the MnO  addition up to x = 0.01, while
higher Mn  contents induce an increase of the phase transition tem-
perature TO–T. This indicates that, even though Mn2+ is entering in
the KNL–NTS structure, as evidenced by the changes on the Curie
temperature Tc, the TO–T is not affected by this incorporation at
low concentrations, but is highly modified for MnO  contents higher
than x = 0.01. This fact could indicate that Mn2+ incorporation on
the KNL–NTS structure occurs in two phases: for low contents it
enters primarily on the A-site of the perovskite lattice, while at
high concentrations it simultaneously enters on the A and B-sites.

Fig. 5a and b represents the room temperature dielectric
properties of (KNL)1−xMnx/2–NTS unpoled ceramics at different fre-
quencies. The Mn2+ addition globally induces a decrease of the
relative permittivity (Fig. 5c), together with a slight increase of the
dielectric losses (Fig. 5d), but all the ceramics present dielectric
losses values lower than 4% at 1 kHz.

Furthermore, the dielectric constant for low MnO  addition
(x ≤ 0.01) is higher than for the sample without MnO, Fig. 5c. The
relative permittivity response shows a large range of frequency
with stable dielectric constant, in contrast to the situation found
for undoped sample which presents a slight dependency of the
dielectric constant versus the frequency, Fig. 5a. The reduction on
the relative permittivity is a favorable result for power applica-
tions since it will lower the capacitive effect of the piezoceramic
actuators.

3.4. Piezoelectric properties

Fig. 6 presents the piezoelectric properties (dij) and mechanical
quality factor (Qm) as a function of the MnO  content. As shown in
this figure, the d33 and d31 values for the undoped ceramic were
∼265 and ∼105 pC/N, respectively. The d33 value decreases gradu-
ally up to a value of ∼98 pC/N for the composition with the highest
MnO  content (x = 0.05). A similar but less pronounced evolution was
observed for d31 coefficient.

A high Qm value is desirable for resonant piezoelectric devices
in order to suppress heat generation during the operation of
the device [31,32]. In the literature, the Qm values for undoped
KNL–NTS are reported to be between 30 [32] and 65 [27]. When
increasing MnO  content, the Qm factor was found to increase from
45 for samples without MnO  up to 90 for x = 0.03, and further
increase of Mn  content does not produce any increment of this
value. To sum up, the substitution of small amounts of cations
modifies the dielectric and piezoelectric properties resulting in a
reduction of the dielectric constant and of the piezoelectric activity,
while the mechanical quality factor, Qm, is increased.
3.5. Ferroelectric properties

Fig. 7a presents room temperature P–E hysteresis loops for
(KNL)1−xMnx/2–NTS ceramics. Well-saturated hysteresis loops
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ig. 5. (a) Relative permittivity and (b) dielectric losses as function of the frequen
volution of the dielectric constant at 1 kHz in the unpoled ceramics. The part (d) sh

ere clearly obtained in all samples. The remnant polarization,
r, and coercive field, Ec, of the samples without MnO were pre-
iously found to be 18.2 �C/cm2 and 15.8 kV/cm, respectively [33].
s for the structural evolution (XRD, phase transition temperatures,
iezoelectric properties), two different ranges can be distinguished
n the evolution of the remnant polarization (Fig. 7b): when a small
mount of MnO  was added (x ≤ 0.01), Pr remains constant while
c is increased up to 17 kV/cm. For higher x values (x > 0.01), the
r values gradually decrease from ∼18.2 to 8.2 �C/cm2 while Ec is
lso decreased to ∼10 kV/cm. The decrease in Pr suggests that the
ddition of MnO  weakens the ferroelectricity of the ceramics. Sim-
lar weakening effects have also been reported for other modified
NN-systems, such as KNN–CuO [27].

The remnant polarization is an important macroscopic property

f ferroelectric materials. Its magnitude, as evidenced from Fig. 7a,
s related to the crystal structure of the material and modulated in a
eramic material by the microstructure. For ferroelectric materials,

ig. 6. Variations of the piezoelectric constants, dij and the planar mechanical qual-
ty, Qm , with the amount of MnO  in the (KNL)1−xMnx/2–NTS ceramics (standard
olerance: piezoelectric constant ±5% (except for Qm)).
(KNL)1−xMnx/2–NTS ceramics with different MnO  contents. The part (c) shows the
he evolution of the dielectric losses at 1 kHz in the unpoled ceramics.

a linear relationship has been proposed between the spontaneous
polarization, Ps, and the ionic effective displacement, �zeff, of the
active ferroelectric ion. Abrahams et al. [34] have suggested the
following equation:

Ps∼K(�zeff) (2)

where K = (258 ± 9) �C/cm2Å. Our previous results for KNL–NTS
piezoelectric ceramics [35,36] revealed that (i) the best piezoelec-
tric properties are obtained for the tetragonal symmetry and (ii)
there is a linear correlation between the tetragonal distortion, c/a,
and the piezoelectric properties. Then, a linear relation is expected
to occur between spontaneous polarization, Ps, and the tetrago-
nal distortion, c/a, for (KNL)1−xMnx/2–NTS ceramics depending on
the MnO  content. As noticed here above (cf. structural character-
ization), two  different point groups were used for XRD patterns
refinement, corresponding to tetragonal and orthorhombic sym-
metries. In this situation and in order to be able to compare
structural distortions for both symmetries, the true tetragonal
distortion, c/a, was  used for tetragonal samples, while a pseu-
dotetragonality was  calculated for orthorhombic samples using a
normalized lattice parameter a = (aortho + bortho)/2.

Using the experimental values of Pr in Eq. (2) and assuming that
a proportionality is usually found between Ps and Pr, we also calcu-
lated �zeff values for the different samples under study; see Fig. 8a.
We noticed that the highest value of effective displacement of the
central ion (0.058 ± 0.002 Å) corresponds to the sample with the
largest tetragonal distortion and x = 0.005.

Fig. 8b presents a simple schematic representation of the
perovskite ABO3 unit representing the structural evolution of
the perovskite structure from tetragonal (point 1, Fig. 8a) to

orthorhombic symmetry (point 4, Fig. 8a) with MnO  substitution,
illustrating the different ionic effective displacements (�zeff). In
this schema, a larger tetragonal distortion implies a higher value of
displacement of the central ion (B5+) from its equilibrium position,
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oercive field, Ec , of (KNL)1−xMnx/2–NTS ceramics.

zeff. This displacement is illustrated in Fig. 8b as occurring along
he c axis in the perovskite ABO3 unit cell. Therefore, this structural

odification, as it was observed by XRD, implies large changes in
rystal structure and a modification of the spontaneous polariza-
ion, Ps. Thus, both Ps and �zeff are effectively correlated to the
tructural distortion, as demonstrated in Fig. 8a.

. Discussion

As it has been discussed above in Section 1, the ionic radius
f Mn2+ falls in the size range of A-site and B-site positions,
nd therefore Mn2+ ion could potentially substitute in either A
r B-site. Indeed, for transition metal elements, the most prob-
ble position is the B-site from crystal-chemistry considerations,
ut the incorporation of a limited content of Mn2+ in A-site can-
ot be excluded. As noticed above, we selected a global formula,
K0.44Na0.52Li0.04)(1−x)Mn(x/2)(Nb0.86Ta0.10Sb0.04)O3, which implies
-site deficiency. Consequently it can be suggested the following

wo equations using the Kröger–Vink’s notation [37] which can
escribe the doping behaviour of Mn2+ in this system:

nO  → MnA
• + OO + V′

A (3)
MnO → 2Mn′′′
B + 2OO + 3VO

•• (4)

he first mechanism corresponds to the creation of A-site vacan-
ies, V ′

A, while the second one is associated to the occurrence of

ig. 8. (a) Evolution of the remnant polarization (Pr) and the ionic effective displacement (
b)  Schematic representation of the perovskite ABO3 unit cell for the different crystalline
he  evolution structural of the perovskite phase from tetragonal symmetry (1) to orthorh
�zeff).
ent MnO  contents. Effect of Mn2+ addition on (b) remnant polarization, Pr ,  and (c)

oxygen vacancies, VO
••. The A-site vacancies generally facilitate the

movements of the ferroelectric domains and made the polarization
switching easier [38]. Oxygen vacancies are unfavorable to polar-
ization switching, because they imply pinning of the domain walls
and thus lead to an increase of coercive field (hardening effect) and
also to a reduction in permittivity, dielectric and mechanical losses.

Thus, the stabilization of piezoelectric properties at low doping
levels is also thought as being associated with the Mn  donor dop-
ing effects. When the amount of Mn  is lower than 0.01, Mn2+ may
occupy the A-sites (donor-type doping), substituting K+, Na+ and Li+

ions, which causes a slack of the lattice and enhances the motion
of 90◦ domains [39]. Coexistence of the motion of 90◦ and 180◦

domains leads to the stabilization of piezoelectric properties [33].
However, the solubility of MnO  in the perovskite lattice seems

to be rather limited: such limit would be around x = 0.01, as the
TTB-like secondary phase start to be detected by XRD at this dop-
ing level (Fig. 1b). When the amount of Mn  is higher than 0.01, the
piezoelectric properties decrease while Qm increases which is prob-
ably due to the fact that more Mn2+ ions will substitute B-site ions.
Under this condition, Mn2+ ions exhibit some properties of acceptor
type additives. When the amount of Mn2+ is over 0.01, Mn2+ ions
are supersaturated in the lattice of KNL–NTS, and the excess Mn2+
ions accumulate in the grain boundaries and favor the formation
of TTB secondary phase, as evidenced in Fig. 2c and d. The excess
Mn2+-ions replace some of the B-ions (Nb/Ta/Sb) which thus help
to form the TTB phase. The replacement of the (Nb/Ta/Sb) ions in

�zeff) as a function of the pseudotetragonality, for the (KNL)1−xMnx/2–NTS ceramics.
 phases of the system at room temperature. The schematic representation shows
ombic symmetry (4), which illustrates the different ionic effective displacements
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-site by larger Mn2+ ions thus explains the reduction in the ampli-
ude of the remnant polarization and in the piezoelectric properties
40,41], together with the increase of Qm.

. Conclusions

In summary, (KNL)1−xMnx/2–NTS lead-free ceramics with
nteresting ferroelectric and piezoelectric properties have been
eveloped by normal sintering. By adding a small amount of MnO
o KNL–NTS, the crystalline structure is only slightly modified
nd the perovskite phase remains of tetragonal symmetry. On the
ther hand, for MnO  doping levels x ≥ 0.01 a secondary phase with
etragonal tungsten-bronze structure is observed by XRD, accom-
anied by a modification of the crystalline structure towards an
rthorhombic symmetry. The addition of Mn2+ produces a lin-
ar decrease of the tetragonal–cubic phase transition temperature
Tc). This change is accompanied by an increase of the orthorhom-
ic to tetragonal polymorphic phase transition temperature (TO–T).
inally, a decrease of the piezoelectric coefficient is observed with
he added quantity of MnO. This reduction is related to the increase
f the TO–T polymorphic phase transition temperature and thus to
he stabilization of the orthorhombic symmetry at room temper-
ture. However, it significantly improved the mechanical quality
actor (Qm) of these materials.
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