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Temperature-Insensitive (K,Na)NbO 3 -Based Lead-Free 
Piezoactuator Ceramics
 The development of lead-free piezoceramics has attracted great interest 
because of growing environmental concerns. A polymorphic phase transi-
tion (PPT) has been utilized in the past to tailor piezoelectric properties in 
lead-free (K,Na)NbO 3  (KNN)-based materials accepting the drawback of large 
temperature sensitivity. Here a material concept is reported, which yields an 
average piezoelectric coeffi cient d  33  of about 300 pC/N and a high level of uni-
polar strain up to 0.16% at room temperature. Most intriguingly, fi eld-induced 
strain varies less than 10% from room temperature to 175  ° C. The tempera-
ture insensitivity of fi eld-induced strain is rationalized using an electrostric-
tive coupling to polarization amplitude while the temperature-dependent 
piezoelectric coeffi cient is discussed using localized piezoresponse probed 
by piezoforce microscopy. This discovery opens a new development window 
for temperature-insensitive piezoelectric actuators despite the presence of a 
polymorphic phase transition around room temperature. 
  1. Introduction 

 Actuator applications require electromechanical coupling pro-
viding high strain with high force, e.g., fuel injectors, ink car-
tridges, ultrasonic motors, etc. [  1  ]  This requirement is largely 
fulfi lled by piezoelectric materials, which allow direct conver-
sion between electrical and mechanical energy. At present, 
lead zirconate titanate (PZT)-based ceramics are the most 
widely used materials for piezoelectric actuators. [  2  ]  According 
to a survey for piezoelectric actuators in the year 2009, PZT-
based bulk ceramics accounted for about 98% of the entire 
revenue, which is as large as 6.6 billion US dollars. [  3  ]  Despite 
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its adaptability to a wide range of distinct 
applications, PZT contains a large por-
tion of hazardous lead, raising health and 
environmental concerns, as addressed in 
international regulations such as WEEE 
(waste of electrical and electronic equip-
ment) and RoHS (restriction of certain 
hazardous substances). Therefore, tre-
mendous efforts have been devoted to 
the development of competitive lead-free 
counterparts during the past decade. [  4–12  ]  
The breakthrough made by Saito et al. in 
highly textured KNN-based ceramics with 
co-dopants of Li, Ta, and Sb has offered a 
signifi cant impact on the development of 
lead-free piezoceramics. [  4  ]  Hence, unprec-
edented attention is focused on to KNN 
after its fi rst discovery more than 50 years 
ago. [  13  ]  Despite the fact that pure KNN 
ceramics are normally associated with 
a poor piezoelectric coeffi cient  d  33  as low as 80 pCN  − 1 , [  13  ]  the 
value reported by Saito et al. [  4  ]  reached up to 416 pCN  − 1 , com-
parable to that of soft PZT ceramics. Afterwards, numerous 
dopants were exploited in the KNN system geared towards 
improvement of the piezoelectric coeffi cient  d  33 , which could 
be conveniently measured using the quasi-static method (e.g., 
by a Berlincourt-meter). In contrast, the normalized strain 
 d  33 *( S  max / E  max ) has the same units, but is the property for actu-
ator applications under large fi eld excursions. Solid solutions 
with other species, such as LiNbO 3 , [  14  ]  LiTaO 3 , [  15  ,  16  ]  etc. lead to 
advanced materials with piezoelectric coeffi cient  d  33  values in 
the range of 200–300 pCN  − 1 , while a comparably high piezoe-
lectric coeffi cient  d  33  of 300–400 pCN  − 1  is also obtained at room 
temperature with special effort. [  9  ,  17–18  ]  

 Initially, dopants such as Li, Ta, and Sb were seen as 
being responsible for constitution of a morphotropic phase 
boundary (MPB) in KNN-based ceramics, mimicking that in 
PZT ceramics and eventually resulting in property enhance-
ment. [  14,15  ]  Later on, it was proposed that the underlying origin 
for the property enhancement is not a classical MPB but a poly-
morphic phase transition (PPT), which exists in many mate-
rials such as in the classic perovskite BaTiO 3 . In a heating cycle, 
pure KNN undergoes phase evolution from orthorhombic at 
room temperature to tetragonal around 220  ° C, then further to 
cubic around 420  ° C. [  19  ]  PPT theory suggests that the observed 
property enhancement in KNN-based ceramics is due to a 
shift of the tetragonal-orthorhombic polymorphic phase transi-
tion point ( T  O-T ) from about 220  ° C to room temperature as a 
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result of dopants. [  16  ,  20–22  ]  Although there are still discussions on 
whether the orthorhombic phase in KNN-based system is actu-
ally monoclinic or not, [  23–26  ]  the infl uence of the PPT is more or 
less indisputable. 

 However, PPT is actually less favorable than MPB since it 
may result in problems of temperature sensitivity. [  17  ,  20  ,  27  ,  28  ]  
Zhang et al. [  20  ]  reported that for LiSbO 3  doped KNN ceramics, 
the normalized strain  d  33  ∗ , dropped from 355 pmV  − 1  at room 
temperature to around 250 pmV  − 1  at 50  ° C; while the radial 
coupling factor  k  p  also decreased linearly with increasing tem-
perature above room temperature. Hollenstein et al. [  28  ]  dem-
onstrated that the piezoelectric coeffi cient  d  31  and coupling 
factor  k  p  decreased up to 30% of their initial value after the 
fi rst heating cycle up to 140  ° C for Li-modifi ed KNN. Akdoğan 
et al. [  17  ]  found that for LiTaO 3  and LiSbO 3  co-doped KNN 
ceramics the spontaneous polarization  P  s , permittivity and 
piezoelectric coeffi cient  d  33  all peaked in a narrow temperature 
range at 25–31  ° C. In order to improve the temperature sta-
bility, two possible solutions have been adopted so far: shifting 
the  T  O-T  well below room temperature by chemical modifi ca-
tions, [  22  ,  27  ,  29  ]  or producing highly textured ceramic samples. [  4  ,  30  ]  
However, the former actually avoids the PPT problem by cre-
ating single tetragonal phase between room temperature and 
Curie point, which ineluctably sacrifi ces certainly piezoelectric 
activity (compared with those compositions benefi ting PPT 
effect at room temperature); while the latter requires complex 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  1 .     a) XRD pattern of CZ5 ceramics with peak indexing adopted fo
ovskite phase. b) TEM analysis of typical domain structures of CZ5. c) Ver
force microscopy (VPFM) image of domain structures of CZ5. d) Lateral p
microscopy (LPFM) image of domain structures of CZ5.  
synthesis incompatible with mass production. As a result, the 
development of KNN-based ceramics is still hampered due to 
insuffi cient temperature stability. 

 In this paper, we report on promising KNN-based lead-free 
piezoceramics with enhanced strain behavior as well as remark-
able temperature stability. The unipolar strain reaches 0.16% 
under an electric fi eld of 6 kV mm  − 1 , suffi ciently high for lead-
free piezoceramics. Although the piezoelectric coeffi cient  d  33  
demonstrates a temperature-dependent behavior, due to the 
existence of PPT effect, the unipolar strain retains its room-
temperature value up to a temperature as high as 175  ° C, sug-
gesting promising potential for actuator applications. We intro-
duce the new material fi rst with a discussion of salient proper-
ties and then continue to highlight its properties in contrast to 
neighboring compositions.   

 2. Results and Discussion  

 2.1. Structure, Domain Evolution and Small Signal Properties 

 The nominal composition of the material of choice is 
0.95(Na 0.49 K 0.49 Li 0.02 )(Nb 0.8 Ta 0.2 )O 3 -0.05CaZrO 3  (CZ5) with 
2 wt% MnO 2  addition, which is similar to a recently reported 
giant strain material engineered with duplex structure. [  31  ]  The 
mbH & Co. KGaA, Wein

r a tetragonal per-
tical piezoresponse 
iezoresponse force 
X-ray diffraction (XRD) analysis describes the 
material as a solid solution with a perovskite 
structure, as shown in  Figure    1   a. Tiny traces 
of impurities are observed in the 2  θ   range 
between 20 °  to 40 ° , probably because that 
eight kinds of raw materials (including oxides 
and carbonates, see Experimental Section for 
details) are used for the synthesis and unde-
sirable reactions between various species 
originate. The piezoelectric performance of 
KNN-based ceramics is especially sensitive to 
the perovskite phase structure, which can be 
quantifi ed by assessing relative intensities of 
(002) and (200) peaks. For the orthorhombic 
phase, this ratio ( I  002 / I  200 ) is about 2:1, while 
turns to 1:2 for the tetragonal phase.  [  19  ]  As 
for the present case, the (200) and (002) 
peaks are of similar magnitude, implying the 
coexistence of orthorhombic and tetragonal 
phases, with  T  O-T  around room temperature. 
As mentioned before, dopants can lower  T  O-T  
in the KNN system. In the present study, 
it is most likely due to a collective effect of 
Li, Ta, and CaZrO 3 . Note also that the (200) 
and (002) peaks are very close to each other, 
resembling a pseudocubic perovskite struc-
ture, which indicates promising piezoelectric 
performances. [  32  ] .  

 XRD data are routinely augmented by 
temperature-dependent dielectric proper-
ties to identify phase transitions in ferro-
electrics. Two anomalies are observed in 
both permittivity and dielectric loss curves 
heim Adv. Funct. Mater. 2013, 23, 4079–4086
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   Table  1.     Representative piezoelectric coeffi cient  d  33  values obtained in 
non-textured KNN-based lead-free piezoceramics. 

Material  d  33  [pC N  − 1 ] Ref.

KNN 80  [  13  ] 

KNN + Li 324  [  9  ] 

KNN + Li, Ta, Sb (LF4) 300  [  4  ] 

KNN + Li, Ta, Sb 345  [  17  ] 

KNN + Li, Ta, Sb 380  [  18  ] 

KNN + Li, Ta + CaZrO 3 320 This study
(Figure S1, Supporting Information), respectively, indicating 
phase transitions of orthorhombic-tetragonal (at a broad tran-
sition range,  T  O-T , between room temperature and 80  ° C) and 
tetragonal-cubic (at  T  C , 192  ° C). The room temperature permit-
tivity and dielectric loss measured at 1 kHz are 1735 and 0.014, 
respectively. 

 Superior piezoelectric properties were obtained for the poled 
CZ5 ceramics at room temperature. The piezoelectric coeffi -
cient  d  33  reached 320 pCN  − 1  (average of 270-360 pCN  − 1 ), which 
is among the top values of  d  33  reported so far in non-textured 
KNN-based ceramics (see  Table    1  ). [  4  ,  9  ,  17  ,  18  ]  The radial coupling 
coeffi cient  k  p  is 0.47, which is also high in KNN-based lead-free 
piezoceramics. The mechanical quality factor  Q  m  at a value of 
50 characterizes the current material as relatively “soft”. Gen-
erally, the piezoelectric and electromechanical properties are 
comparable to soft PZT ceramics. Again, the orthorhombic-
tetragonal co-existence is considered as a major reason for the 
excellent properties. [  17  ]  Microstructure analysis corroborated 
these fi ndings. Typical domain structures of a poled ceramic 
sample are revealed by transmission electron microscopy 
(TEM) and piezoforce microscopy (PFM) studies, as depicted 
in Figure  1 b–d. Due to the co-existence of orthorhombic-tetrag-
onal phase structures, complex domain patterns are observed. 
Besides, the present study revealed a specifi c domain structure 
     Figure  2 .     VPFM and LPFM images of the poled CZ5 sample surface as a function of tempera-
ture. The sample was poled in the vertical direction at room temperature using a Ag-paste 
electrode which was removed in an ultrasonic bath before PFM analysis.  
with both micro- and nanosized domains 
co-existing inside one single grain. As pro-
vided in Figure  1 b, typical strip-like ferro-
electric domains with width of several hun-
dred nanometers are marked in area (a), in 
accordance with previous reports in KNN-
based materials. [  33–36  ]  Meanwhile, area (b) 
and (c) demonstrate nanosized domains with 
irregular shapes, or featureless domains, [  35  ]  
resembling similar nanodomains discovered 
in PZT ceramics at its morphotropic phase 
boundary. [  37  ,  38  ]  Piezoresponse force micros-
copy (PFM) data are in accordance with TEM 
observations. Figure  1 c,d demonstrate that 
relatively large 180 °  domains consist of strip-
like quasi-periodical ferroelastic domains with 
period about 50–100 nm, see e.g., area (d). The 
observed domain patterns depend on grain 
size; large more regular domains were usually 
observed in bigger grains, while small irreg-
ularly shaped patterns were typical for fi ne 
grains (grain size distribution is visualized 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4079–4086
in Figure S2, Supporting Information). Domain size was found 
proportional to the square root of domain wall energy. [  39  ]  Since 
the energy of nanodomain walls is low, they would be easily 
reoriented under external excitations, e.g., applied electric fi eld 
or mechanical force, resulting in high piezoelectric response. 
Actually, it has been suggested that nanodomains play a vital role 
in the high piezoelectric property in both lead-based [  37  ,  38  ,  40  ]  and 
lead-free perovskites, [  18  ,  41  ]  which was further proven theoretically 
very recently. [  10  ]   

 As our prime interest rests with temperature-dependent 
obtainable strain, temperature-dependent domain evolution 
is further addressed by PFM. For the unpoled sample, a reor-
ganization of domain structures was observed in a tempera-
ture range between 140  ° C and 160  ° C. At higher temperatures 
domains start to disappear, and fi nally at 210  ° C piezoresponse 
is almost zero. For the poled sample the vertical PFM (VPFM) 
displays unipolar contrast at room temperature as provided 
in  Figure    2  , implying a nearly ideal poling effect. This unipo-
larity is preserved up to the Curie point, while the magnitude 
of the vertical piezoresponse is fading away as temperature 
approaches  T  C . At the same time, the lateral PFM (LPFM) 
images show more peculiar behavior. Comparison of the images 
taken at room temperature and at 127  ° C demonstrates not only 
variation of the magnitude of lateral piezoresponse, but also 
changes of its sign (polarity) in the majority of grains. These 
changes indicate a reorganization of domain structure. Specifi -
cally the out-of-plane component of polarization (VPFM image) 
remains the same, but the in-plane component (LPFM image) 
rotates, and might be attributed to the orthorhombic-tetragonal 
phase transition between room temperature and about 80  ° C.    

 2.2. Strain Behavior 

 Compared to a large number of reports concerning sensor-
related issues in KNN-based ceramics (e.g., piezoelectric coeffi -
cient  d  33 ), the strain behavior, as key feature for actuator systems, 
4081wileyonlinelibrary.combH & Co. KGaA, Weinheim
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is only occasionally targeted. [  31  ]  Typical strain values for soft PZT 
ceramics are around 0.15% at 2 kV mm  − 1 , while recently much 
higher strains up to 0.4% are obtained in a series of Bi-based 
materials resulting from fi eld-induced relaxor-ferroelectric phase 
transition, though much higher fi elds (typically 8 kV mm  − 1 ) are 
necessary. [  3  ,  7  ]  In the present study the strain reaches 0.16% at 
6 kV mm  − 1  (Figure S3, Supporting Information), which is a very 
promising value for ceramic samples, compared to lead con-
taining PZT piezoceramics, and electrostrictive ceramics, such 
as Pb(Mg, Nb)O 3 -PbTiO 3 . [  42  ]  The strain hysteresis, quantifi ed 
as the area within the strain versus electric-fi eld curve, refl ects 
domain motions at low electric fi elds but is almost negligible 
above 5 kV mm  − 1 . It should be noted that the strain hysteresis in 
the present material is smaller than that in Bi-based giant strain 
lead-free ceramics, [  43  ]  Generally, the small hysteresis correlates 
to a small dissipated energy  E  dis , which is the integral of the 
polarization versus electric-fi eld curve. Under unipolar loading 
with a fi eld of 3 kV mm  − 1 , the current material renders a small 
 E  dis  of 21 kJ m  − 3 , a little smaller than 26 kJ m  − 3  of lead-based 
soft PZT ceramics and much smaller than 61 kJ m  − 3  of lead-
free (1- x )(0.8Bi 1/2 Na 1/2 TiO 3 -0.2Bi 1/2 K 1/2 TiO 3 )- x BiZn 1/2 Ti 1/2 O 3  
( x   =  0.04) ceramics. [  44  ]  The small strain hysteresis as well as dis-
sipated energy lends the current material good positioning accu-
racy and low heat generation during operation, extending this 
material to high frequency applications. [  42  ]  

 An intriguing result rests with the temperature-insensitive 
strain behavior of the current material, as provided in  Figure    3  a. 
This behavior is observed from room temperature up to 175  ° C, 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 

     Figure  3 .     a) Temperature dependence of unipolar strain of CZ5 at 4 kV mm
strain  d  33  ∗  for various piezoceramics as normalized to its room temperatu
are taken from fi gures in the respective references. c) Temperature depend
d) Temperature dependence of permittivity (measured at 1 kHz) of poled 
which is comparable to the well-known LF4T textured ceramics 
reported by Saito et al. [  4  ]  However, an extremely complex tex-
turing technology is required for LF4T. Our result is in vari-
ance with the generally accepted hypothesis that temperature-
stability cannot be obtained in randomly oriented KNN-based 
ceramics due to the presence of the PPT effect, e.g., the non-
textured LF4 ceramics depicted in Figure  3 b. The temperature-
dependent strain behavior (in terms of normalized strain  d  33  ∗ ) 
of several representative piezoceramics is also provided in 
Figure  3 b for comparison. It is noted that the strain variation of 
the CZ5 ceramics in the investigated temperature range is less 
than  ± 10% of its room-temperature value (indicated by shadows 
in Figure  3 b), much better than the PZT5H ceramics [  45  ]  with 
a similar Curie point around 200  ° C. Even compared with the 
PZT4 [  4  ]  ceramics, which have a much higher Curie point at 
around 325  ° C and are dedicated for applications requiring con-
stant outputs, CZ5 outperforms slightly in terms of tempera-
ture stability. A still existing drawback lies in the fact that PZT 
requires a lower driving fi eld for the same amount of strain, 
e.g., 4 kV mm  − 1  and 2 kV mm  − 1  are required for KNN and PZT, 
respectively, to achieve 0.13% unipolar strain. As for the Bi-
based giant strain material, e.g., 0.92BNT-0.06BT-0.02KNN, [  46  ]  
though much higher strain ( ≈ 0.32% at 6 kV mm  − 1 ) is obtained 
around room temperature, a large decrease up to 60% in the 
strain level is observed at 175  ° C.  

 The result of superior temperature-insensitivity is brought 
into compositional context by comparing CZ5 to materials 
with different contents of CaZrO 3 . Figure  3 c demonstrates that 
GmbH & Co. KGaA, Weinheim

  − 1  fi eld excursion. b) Comparison of temperature dependence of normalized 
re value  d  33  ∗  RT . The data for PZT5H, [  45  ]  PZT4, [  4  ]  KNN-LF4, [  4  ]  BNT-BT-KNN [  46  ]  
ence of unipolar strain (at 4 kV mm  − 1 ) of ceramics with different CZ content. 
samples with different CZ content.  
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     Figure  4 .     a) Temperature dependence of in situ measurement of small 
signal  d  33  and large signal  d  33  ∗ . The  d  33  ∗  is calculated according to the 
unipolar strain at 4 kV mm  − 1 . b) Change of the local piezoresponse inside 
individual domains obtained from the PFM study.  
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the ceramic samples with other CZ contents do not exhibit 
temperature-stable strain behavior. For samples with lower CZ 
contents, e.g., CZ0 and CZ3, there are maxima in strain cor-
responding to permittivity shoulders as revealed in Figure  3 d, 
which are considered a consequence of the PPT effect. For 
samples with higher CZ contents, strain values of CZ6 yield a 
monotonous decay with temperature due to a low Curie point 
around 150  ° C, while CZ8 is characterized by a stable strain-
temperature curve at very small strain values probably due to 
complete suppression of ferroelectric order. As the permit-
tivity curve in Figure  3 d reveals, CZ5 is gifted with the ideal 
phase structure with a small difference in free energy between 
orthorhombic and tetragonal phases such that the infl uence 
of PPT is mitigated. It may also be speculated that the phase 
transition temperature is a function of applied electric fi eld as 
reported for BNT-based piezoceramics, diffusing the transition 
temperature further during fi eld excursions. [  47  ]  At the same 
time, the Curie point is not too low, allowing the tetragonal 
phase to remain stable in a relatively wide temperature range. 
Actually, the phase structural evolutions of CZ5 with increasing 
temperatures, that from orthorhombic-tetragonal coexistence to 
tetragonal then fi nally to cubic, are verifi ed by laboratory-level 
XRD measurements. However, the deviations between various 
phases are modest, which means that advanced facilities like 
synchrotron are preferred for detailed characterization.   

 2.3. Phenomenological Description 

 One may contemplate whether piezoelectric coeffi cient  d  33  of 
CZ5 could exhibit similar temperature-stable behavior as nor-
malized strain  d  33  ∗ ; The temperature-dependent piezoelectric 
coeffi cient  d  33 , which is very rarely reported in KNN-based 
ceramics due to a shortage of commercial equipment, is meas-
ured here in situ by a custom-designed apparatus, with 10 V 
applied on a 1 mm thick sample. [  48  ]  The piezoelectric coeffi cient  
 d  33  at room temperature is in the range of 300–320 pm V  − 1 , 
comparable to that measured by a Berlincourt-type meter. With 
increasing temperature (see  Figure    4  a),  d  33  reveals a broad max-
imum centered at about 36  ° C and then decreases gradually 
culminating in a signifi cant drop near the Curie point  T  C . This 
behavior is therefore consistent with a PPT at room tempera-
ture, as ascertained in the X-ray data as well with a broad phase 
transition regime as identifi ed with the temperature-dependent 
dielectric properties lying between room temperature and 
80  ° C.  

 The change of piezoelectric coeffi cient  d  33  is also refl ected in 
local PFM measurements. [  49  ]  The PFM method is based on the 
detection of local sample deformations induced by a weak ac 
fi eld. For the vertical PFM, the measured signal,  D  loc , is propor-
tional to the longitudinal piezoelectric coeffi cient  d  33  inside a 
single domain.  D  loc  can be estimated from profi les of the PFM 
signal taken across two neighboring antiparallel domains (see 
details in Figure S4, Supporting Information). Figure  4 b pro-
vides temperature dependences  D  loc ( T ) obtained for several rep-
resentative profi les taken in regions exhibiting maximal VPFM 
signal at room temperature. These dependences are in good 
accordance with the plot in Figure  4 a indicating qualitative sim-
ilarity in piezoelectric coeffi cient  d  33  macroscopic behavior and 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4079–4086
local single domain. Details of the calculation of parameter  D  loc  
in Figure  4 b are explicated in Supporting Information. 

 In contrast, the normalized strain  d  33  ∗ , which is derived 
from unipolar strain, remains almost constant in the range 
of 300–350 pmV  − 1  from room temperature up to 175  ° C. Note 
that the small value of the normalized strain  d  33  ∗ , compared 
to the piezoelectric coeffi cient  d  33  at room temperature, stems 
from the large chosen fi eld amplitude, but is higher, e.g., for 
1 kV mm  − 1  with a value of 400 pmV  − 1  (Figure S3, Supporting 
Information). The different temperature-dependent behavior 
of  d  33  ∗  could be rationalized using the phenomenological rela-
tionship of electrostriction in ferroelectrics. For a better under-
standing of this phenomenon, temperature-dependent polariza-
tion ( P – E ) as well as bipolar strain hysteresis loops were meas-
ured, as presented in  Figure    5  . Well-saturated  P – E  loops are 
observed for all temperatures at 4 kV mm  − 1 . The temperature 
dependence of various parameters, e.g., unipolar strain  S  uni , 
remanent polarization  P  r , etc., are summarized in  Figure    6  .   

 For tetragonal piezoelectrics, the piezoelectric coeffi cient  d  33  
is determined by the following equation, [  50  ] 
4083wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     a) Polarization hysteresis loops and b) bipolar strain curves of 
CZ5 measured at 25  ° C, 50  ° C, 100  ° C, and 175  ° C.  
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 d33 = 2Qε0ε33 P3   (1)   

where  Q  is the electrostrictive constant and typically varies little 
with temperature; [  51  ]    ε   0  is the vacuum permittivity;   ε   33  is the per-
mittivity and in this case it does not change much before  T  C , as 
shown in Figure  3 d. However,  P  3  is the polarization along the 
polar axis and approximately equals remanent polarization  P  r  
for ferroelectric ceramics, which in this case decreases almost 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  6 .     Temperature stability of various parameters.  X  T  and  X  RT  signify 
 P  max ,  P  r ,  S  uni  and  P  max  2  –  P  r  2  at different temperatures.  
linearly with increasing temperature, as displayed in Figure  6 . 
Strictly, the  P  3  in  Equation 1 , which is related to the piezoelec-
tric coeffi cient  d  33 , is not exactly the  P  r  measured by means 
of Figure  5 , due to the existence of temperature-dependent 
thermal depoling and time-dependent relaxation; in this case, 
 P  3  decays more severely than  P  r . The piezoelectric coeffi cient 
 d  33  reaches a small peak as shown in Figure  4 a, due to the per-
mittivity anomaly around  T  O-T ; then it follows the decreasing 
trend of remanent polarization and fi nally suffers a sudden 
drop before  T  C . 

 The normalized strain  d  33  ∗  is derived from the unipolar strain 
at a certain electric fi eld. For a succinct understanding, the elec-
trostrictive behavior as relationship between fi eld-induced strain 
 S  and polarization  P  is considered, [  52  ]  as  Equation 2 :

 S = QP2
  (2)   

where  Q  is the electrostrictive constant. Note that this equa-
tion is valid not only for pure electrostrictors but also for other 
materials showing electrostrictive behaviors, e.g., ferroelectric 
piezoelectrics. [  53  ]  Considering unipolar fi eld excursions, we 
obtain the unipolar strain  S  uni  as related to the remanent and 
maximum polarization as written in  Equation 3 : [  54  ] 

 Suni = Smax − Srem = QP2−
max QP2

r = Q(P2−
max P2

r )   (3)   

where  P  max  is the maximum electric-fi eld-induced polarization 
and  P  r  is the remanent polarization.  P  max  and  P  r  can both be 
obtained in the  P – E  loop as provided in Figure  5 a. The tem-
perature dependence of  S  uni  and  P  max  2 – P  r  2  are contrasted in 
Figure  6 , exhibiting exactly the same traces, hence validating 
 Equation 3 . The temperature dependence of  P  max  and  P  r  are 
also provided in Figure  6 . It is concluded that the tempera-
ture-insensitive unipolar strain behavior in the present study 
is due to the constant values of the difference of squared 
values of  P  max  and  P  r , or  P  max  2 − P  r  2 , with temperature variation 
below the Curie point  T  C . Therefore, a reduction in  P  max  with 
temperature can be compensated by a stronger reduction in  P  r  
with temperature, yielding a temperature-insensitive unipolar 
strain.    

 3. Conclusions 

 We have developed a new lead-free KNN-based piezoceramic 
with temperature-insensitive strain behavior. A high level of 
unipolar strain up to 0.16% is obtained at room temperature, 
with slim hysteresis and dissipated energy even smaller than 
PZT ceramics. The electric fi eld-induced strain is found to vary 
less than 10% in the temperature regime from room tempera-
ture up to 175  ° C. These excellent features render the current 
material especially suitable for high-precision actuator applica-
tions demanding good temperature stability. The origin of this 
temperature-insensitive unipolar strain behavior in the present 
study is phenomenologically attributed to the stable differ-
ence of squared values of  P  max  and  P  r  over a wide temperature 
range, based on  Equation 3 . It is believed that a series of KNN-
based ceramics, given that the free energy barrier between 
orthorhombic and tetragonal phases is tuned, will present sim-
ilar temperature-insensitive strain behavior.   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4079–4086
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 4. Experimental Section 
 Ceramic samples with composition (1- x )(Na 0.49 K 0.49 Li 0.02 )(Nb 0.8 Ta 0.2 )O 3 -
 x CaZrO 3  (abbreviated as CZ x ), with 2 wt% MnO 2  addition, were prepared 
by a conventional ceramic processing route. The oxides or carbonates 
(all Alfa Aesar GmbH & Co. KG, Karlsruhe, Germany) of the respective 
elements, namely Li 2 CO 3  (99.0%), Na 2 CO 3 , (99.5%), K 2 CO 3  (99.0%), 
Nb 2 O 5  (99.9%), Ta 2 O 5  (99.0%), CaCO 3  (99.5%), ZrO 2  (99.5%), MnO 2  
(99.5%) were mixed according to a stoichiometric ratio with the nominal 
composition, followed by ball milling for 24 h in an ethanol solution. 
The mixed powders were calcined at 900  ° C for 4 h and subjected to ball 
milling again for 24 h to enhance the compositional homogenization. 
The synthesized powders were then pressed into disks of 10 mm in 
diameter and 1.5 mm in thickness, followed by cold-isostatic pressing 
under 300 MPa. Such pellets were sintered in air at 1080–1120  ° C for 2 h. 
High-resolution XRD measurements with Cu K α  radiation (Rigaku, D/Max 
2500) were carried out to determine the crystal phase. Samples were poled 
under 3 kV mm  − 1  bias at 80  ° C in a silicone oil bath for 30 min. 

 For the macroscopic electrical characterization, pellets were ground 
down to 1 mm height and painted with silver paste that was burnt in 
afterwards at 400  ° C to form the electrodes. Permittivity and dielectric 
loss were measured as a function of temperature using an impedance 
analyzer (HP 4192A, Palo Alto, CA). The piezoelectric coeffi cient  d  33  
was checked at room temperature using a quasi-static piezoelectric 
constant testing meter (ZJ-3A, Institute of Acoustics, Chinese Academy 
of Science), and also determined in situ as a function of temperature by 
a custom-designed apparatus, which is described in detail elsewhere. [  48  ]  
The normalized strain  d  33  ∗  as well as polarization-electric fi eld ( P – E ) 
hysteresis loops were measured using a ferroelectric tester (aixACC TF 
Analyzer 2000) at various temperatures, with a fi xed frequency of 1 Hz. 

 The TEM specimen was obtained by mechanically polishing to a 
thickness of about 20  μ m. The central parts of the disks were further 
reduced by precision argon-ion milling (RES101, Leica EM, Wetzlar, 
Germany) at an acceleration voltage of 6 kV. These specimens were 
investigated using a high-resolution TEM (HRTEM JEOL 2011) operated 
at 200 kV with a point resolution of 0.19 nm. 

 For the PFM observations the sintered samples were ground down to 
about 250  μ m and subsequently polished using polycrystalline diamond 
paste with abrasive particles of 15  μ m, 6  μ m, 3  μ m and 1  μ m (DP-Paste 
P by Struers A/S, Ballerup, Denmark) for 1 h each. The PFM experiments 
were carried out using a commercial atomic force microscopy MFP-3D 
(Asylum Research, USA). The PFM signal was obtained under ac voltage 
 U  ac   =  5-10 V,  f  ac   =  50 kHz applied to a conductive Pt-Ir coated cantilever 
PPP-NCHPt (Nanosensors, Switzerland). The measurements were done 
in the temperature range from 25  ° C up to 220  ° C. Both vertical and 
lateral PFM images were taken, which provide information about the 
distribution of out-of-plane and in-plane components of polarization, 
respectively. The PFM images were analyzed using WSxM software 
(Nanotec Electronica, Spain). [  55  ]    

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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