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Abstract

In the present study, two lead-free piezoelectric ceramics, potassium sodium niobate (K0.5Na0.5NbO3, KNN) and lithium-doped potassium

sodium niobate (Li0.06K0.47Na0.47NbO3, LKNN), were prepared by a solid-state reaction process. The cytotoxicity evaluation indicated that the

cytotoxicity of KNN is low. However, a strength decrease was noted after soaking in saline solution for 7 days. The addition of 6 mol% Li into the

KNN improves its density; the strength and piezoelectric coefficient are enhanced consequently. Nevertheless, the cytotoxicity of LKNN is slightly

higher than that of KNN. The higher cytotoxicity is related to the release of Li ions. The release of Li ion also induces the degradation of

piezoelectric performance.
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1. Introduction

The use of bio-active materials may stimulate the growth of

tissue; and consequently reduce the recovery time. The

investigations on hard tissue replacements have thus moved

their focus to the development of bio-active materials recently.

Among these materials, the piezoelectric ceramics are unique

for their mechanism to stimulate cell growth [1]. Electrical

charges are produced by a piezoelectric under external loads.

Several studies had demonstrated that the electrical charges

were able to stimulate osteogenesis and cell proliferation [2–6].

The presence of charges may thus help the re-generation of

bone. The use of piezoelectric ceramics as implants has

therefore been proposed. Some in vitro and in vivo studies

indicated a higher piezoelectricity had induced a faster cell

growth [7]. Nevertheless, the benefit on cell proliferation had

not been observed in some studies [8,9].

Piezoelectricity has been found in human bone [2–4].

However, the piezoelectricity of bone is very small (Table 1).

The piezoelectricity has also been found in many synthetic
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ceramics, such as hydroxyapatite (Ca10(PO4)6(OH)2; HAp),

barium titanate (BaTiO3, BT) and lead zirconate titanate

(Pb(Zr,Ti)O3; PZT) [7,10]. Baxter et al. has reviewed piezo-

materials for bio applications as well as hydroxyapatite-barium

titanate materials [11,12]. The piezoelectric coefficient of BT is

higher than that of HAp. Feng et al. had applied BT as hard

implant in small animals [7], the benefit on bone regeneration

was observed. As indicated by a comprehensive evaluation on

the cytotoxicity of various metallic salts [13], the toxicity of the

metallic salts had demonstrated a trend as following:

Pb(NO3)2 > TiCl4 > BaCl2 > NbCl5 > LiCl. Since the toxi-

city of Pb salt is high, PZT cannot be used as the hard

replacement. The lead-free alkali niobates piezoelectric

ceramics, such as potassium sodium niobate (K0.5Na0.5NbO3,

frequently denoted as KNN), has been developed recently

[14,15]. The piezoelectric charge coefficient, d33, of dense

KNN can reach a value of 80 pC/N. Due to the low melting

point of KNN (around 1140 8C), and the high vapor pressure of

Na2O and K2O, the sinterability of KNN is relatively poor

[16,17]. The common approach to solve the problem is through

the addition of sintering aids. For example, an amount of 5–

7 mol% lithium oxide has been added into KNN to enhance its

sinterability [18]. The piezoelectricity for KNN is also

enhanced as Li is added [18]; it has been related to the
d.
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Table 1

Physical and piezoelectric characteristics of KNN and LKNN specimens. The

values for human bone are also provided for comparison.

Bone KNN LKNN

Relative density (%) – 94 � 0.4 96 � 0.4

Elastic modulus (GPa) 17–20a

6–13b

100 100

Biaxial strength (MPa) – 161 � 6 200 � 8

Piezoelectric coefficient, d33 (pC/N) 0.7 [10] 63 98

a Elastic modulus in longitudinal direction [26,27].
b Elastic modulus in transversal direction [26,27].
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formation of morphotropic phase boundary (MPB). A recent

study indicated that the toxicity of KNN is low [19]. However,

the degradation behavior of KNN and LKNN in water solution

has not been investigated yet. In the present study, the KNN and

LKNN specimens are fabricated by using conventional powder

mixing and pressureless sintering techniques. The cytotoxicity

of the KNN and LKNN is evaluated; then their degradation

behavior in saline solution is investigated.

2. Experimental

In the present study, the potassium sodium niobate

(K0.5Na0.5NbO3, KNN) and 6 mol% Li doped KNN

(Li0.06K0.47Na0.47NbO3, LKNN) specimens were prepared by

using a solid-state synthesis process. The process started by

mixing suitable amounts of potassium carbonate (K2CO3, J.T.

Baker Co., USA), sodium carbonate (Na2CO3, J.T. Baker Co.,

USA), niobium oxide (Nb2O5, Sigma–Aldrich Co., Germany)

and/or lithium carbonate (Li2CO3, Sigma–Aldrich Co., Ger-

many) powders together in a ball mill. The mixing was carried

out in ethyl alcohol for 4 h using yttria-stabilized zirconia milling

media. The slurry was dried in a rotary evaporator to remove the

alcohol, and then sieved through a #150 plastic mesh. The

powders were consolidated into discs with 10 mm in diameter

and 1 mm in thickness by die-pressing. The specimens were fired

pressurelessly in a temperature range from 1065 8C to 1120 8C in

air for 1 h, with the heating and cooling rates of 5 8C/min.

Specimen density was determined by applying the

Archimedes method. The relative density was estimated by

taking 4.51 g/cm3 and 4.50 g/cm3 as the theoretical densities

for KNN and LKNN, respectively [16,18]. Phase analysis was

conducted by using the X-ray diffractometry (XRD, X’pert

diffractometer, Philips Co., Netherlands) technique. Scanning

electron microscopy (SEM, XL30, Philips Co., Netherlands)

was used for microstructure observation. The biaxial strength of

the specimen discs was measured with a one-ball-on-three-balls

fixture. During the measurement of biaxial strength, the edges

of the discs were outside the loading area. The edge effects,

such as chippings at edge, would not affect the strength of the

specimen [20]. The method was a better technique to determine

the strength of brittle ceramics. The elastic modulus of the

specimens was determined by using the ultrasonic echo pulse

method. The piezoelectric charge coefficient, d33, was

measured with a d33 meter (PM3001, KCF Co., USA). Before

the piezoelectric measurement, silver electrodes were printed
onto the top and bottom surfaces of the discs. The polarization

was carried out in a silicon oil bath under a DC electric field at

3 kV/mm. After the polarization, the Ag electrodes were

removed for further tests.

L929 mouse fibroblast cells were used for cytotoxicity test.

The culture medium was minimum essential medium (MEM,

Gibco BRL, USA) containing 3.7 g/L of sodium bicarbonate,

10 vol% horse serum (HS) and 1 vol% penicillin–streptomycin

solution. The pH value of the MEM solution was adjusted to 7.2

by using HCl solution. The medium was then filtered by aseptic

0.22 mm filtering membrane in sterilized laminar flow and kept

at 4 8C. The cells were cultured at 37 � 1 8C in a 5 � 1% CO2

humidified atmosphere. Before the cytotoxicity test, the

extracts from the specimens were prepared by following the

ISO 10993-5 protocol. The KNN and LKNN specimens were

first crushed and ground to produce powders. The powders were

then sterilized by g-ray radiation. A powder mass of 2 g was

then soaked in 10 mL MEM solution inside a vessel at

37 � 1 8C for 24 h in 5 � 1% CO2 humidified atmosphere. The

vessel was then centrifuged for 5 min at 1000 rpm, and the

supernatant solution, extract, was collected. For some tests, the

pH value of extracts was adjusted to 7.2 by adding HCl solution.

The cells were seeded inside 96 well plates with cell density of

104 cells/100 mL in each well. The cells were incubated with

the supernatant of the release products for 24 h. The MTT agent

(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide) was then added; the cell density was measured by using

a cell counter (Countess, Invitrogen Co., USA). For comparison

purpose, the MEM was used as the negative control group; the

MEM with 10 vol% dimethyl sulfloxide (DMSO, Merck Co.,

Germany) was used as the positive control group. The cell

viability was calculated by using the following equation:

Cell viability

¼ mean cell density of sample

mean cell density of negative control
� 100% (1)

Six measurements had been conducted for each group. The

average value and its standard deviation were then calculated.

For the degradation study, the poled specimens were soaked

in normal saline (sodium chloride solution at 9 mg/L) at

37.5 8C. The ratio of specimen to saline solution was kept at 1 g

to 10 mL. The pH value of the saline solution was measured

after soaking with the specimens for 24 h. In order to accelerate

the dissolution, if any, the solution was replaced with the fresh

saline every day. The soaking test was repeated for 28th days.

The d33 and biaxial strength of the discs after soaking for 7, 14

and 28 days were also measured. The ionic concentration in the

saline solution was analyzed by using an inductively coupled

plasma-atomic emission spectrum (ICP-AES, Model 3000DV,

Perkin Elmer, Optima, USA). Surface morphology of the disc

after soaking was also observed with SEM.

3. Results

Fig. 1 shows the relative density of the KNN and LKNN

specimens as a function of sintering temperature. By adding



Fig. 1. Relative density of KNN and LKNN specimens as a function of

sintering temperature.
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6 mol% Li into KNN, the densification of KNN was enhanced.

The densities of KNN and LKNN specimens reach their highest

values as they were sintered at 1092 8C and 1075 8C for 1 h,

respectively. Since the density affect the piezoelectric

performance [21], the KNN and LKNN specimens were

respectively prepared by sintering at 1092 8C and 1075 8C for

subsequent evaluation. The microstructures of the KNN and
Fig. 2. Fracture surfaces of (a) KNN and (b) LKNN specimens after sintering at

1092 8C and 1075 8C respectively for 1 h.
LKNN specimens are shown in Fig. 2. The SEM micrographs

demonstrate that the porosity in the KNN specimen is slightly

higher than that in the LKNN specimen. Furthermore, the grain

size of the LKNN specimen is larger than that of the KNN

specimen, indicating that the Li addition enhances both the

densification and coarsening of KNN.

The XRD patterns of sintered KNN and LKNN specimens

are shown in Fig. 3(a). There was no starting material found in

the patterns, indicting that solid-state reactions between the

starting materials were completed after sintering. By looking

into the details within the 2u range from 44 to 47, Fig. 3(b), the

shift of peaks is resulted from the presence of both the

orthorhombic phase one and orthorhombic phase two due to the

addition of 6 mol% Li [18].

The toxicity of DMSO is high. The cell viability in the

MEM + DMSO solution (positive control group) was very low;

only around 5% cells were survived (Fig. 4). The viability of the

cells in the extract prepared from KNN powder was relatively

high, �84%, indicating that the toxicity of KNN specimen was

low. The cell viability in the extract prepared from the LKNN

powder was around 58%. However, the cell viability may be

affected by the pH value [22]. To avoid the influence from the

pH value, the pH values of KNN and LKNN extracts were
Fig. 3. XRD patterns for (a) KNN and LKNN specimens after sintering and (b)

LKNN specimens after soaking in saline for 28 days.



Fig. 4. Viability of cells after treated with the extracts from KNN and LKNN

specimens. The filled columns are the data for the extracts with pH value of 7.2;

the striped columns are the data for the extracts without pH adjustment. The cell

viability of control groups is shown for comparison.

Fig. 6. Ion concentrations detected in the normal saline solution after soaking

with (a) KNN and (b) LKNN specimens for various times.
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adjusted to 7.2 by adding HCl. This pH value was the same as

that of the MEM (negative control group). After the adjustment

of pH value, the cell viability in the KNN extract remains high.

The cell viability in the LKNN extract increased to a value of

72%, confirming that a higher pH value is harmful to the cell

viability. By taking the pH effect into account, the toxicity of

the LKNN extract is also low.

In order to evaluate the degradation behavior of the

piezoelectrics prepared in the present study, the KNN and

LKNN specimens were soaked in normal saline solution up to

28 days. The pH value of the saline solution was monitored

every day; the biaxial strength and piezoelectric coefficient

after soaking for a fixed time frame were also measured. The pH

value of a control saline solution (without soaking with

specimen) was also measured for comparison purpose. The

change of pH values as a function of soaking time is shown in

Fig. 5. The measurement was conducted after soaking with or

without the specimen for 24 h. After the opening of a bottle of
Fig. 5. pH values of normal saline after soaking KNN and LKNN specimens at

37.5 8C for various times.
fresh saline solution, the CO2 in air starts to dissolve into the

normal saline solution. The pH values of the control saline

solution thus decrease with the increase of time. The pH values

of the solution containing LKNN specimen were close to those

of the control solution. However, the pH values of the solution

containing KNN specimen were slightly higher than those of

the solution containing LKNN specimen.

The concentrations of ions in the normal saline after soaking

with the specimens for 7, 14, 21 and 28 days are shown in Fig. 6.

A relatively large amount of potassium and sodium ions were

released from the KNN and LKNN specimen. The concentra-

tion of K+ ions was relatively high the first day, and then droped

to a saturated value. The concentration of K+ and Na+ ions from

the KNN specimen was slightly higher than that from the

LKNN specimen. The concentration of Nb was very low,

around 10 ppm. Even though the amount of Li in LKNN was

only 6 mol%; the concentration of Li+ ions in the solution after

soaking with LKNN specimen was one order of magnitude

higher than that of Nb5+ ions.

The biaxial strength of LKNN specimen before soaking in

saline is higher than that of KNN specimen, Table 1. The



Fig. 7. Biaxial strength of KNN and LKNN specimens as a function of soaking

time.
Fig. 9. Piezoelectric charge coefficient (d33) of KNN and LKNN specimens as a

function of soaking time.
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strength of the LKNN specimen after soaking varies within a

relatively narrow range from 200 MPa to 240 MPa, Fig. 7. For

the KNN specimens, the strength drops by 20% after soaking in

normal saline for 7 days. For the KNN specimen, cracks can be

found on the surface. One typical example is shown in Fig. 8.

There is no crack found for the LKNN specimen after soaking.

Fig. 9 shows the variation of d33 value as a function of

soaking time. Differ from the strength degradation, the d33

values of KNN is more or less the same after soaking; however,

the d33 value of LKNN specimens decreases by 30% after

soaking for 28 days.

4. Discussion

Piezoelectric behavior depends on the arrangement of

cations and anions in crystal. The piezoelectric coefficient thus

depends strongly on the crystalline structure [2–4]. The

addition of 6 mol% Li into KNN moves the structure closer

the morphotropic phase boundary (MPB) [18,23], as indicated

by the XRD pattern shown in Fig. 3(b). Since two ferroelectric
Fig. 8. Surface of a KNN specimen after soaking in normal saline for 14 days.
phases are present in the sintered LKNN specimen; many

directions for the dipoles to move around are available. The

piezoelectric coefficient of the LKNN is therefore higher than

that of KNN.

The ion release does take place from both KNN and LKNN

specimens. The release of ions from the crystal induces

structure distortion. The structure distortion consequently

induces stress. However, as the pore volume is low enough

and the strength is high enough, no cracks are formed. A high

strength gains higher importance if the ion release is not

avoidable. The strength values of KNN and LKNN are higher

than that of HAp [24], suggesting that the potential of using

KNN or LKNN as hard replacement is high. Though the

strength of LKNN is higher than that of KNN, the piezoelectric

coefficient decreases significantly after soaking in normal

saline. The phase analysis for the LKNN specimen shows no

significant difference after soaking in normal saline for 28 days

(Fig. 3(b)). The decrease of d33 value is thus not resulted from

the structure change, but affected by the release of Li+ ions.

The cell viability is affected by the pH value [22]; therefore,

it is necessary to compare the cell viability at a constant pH

value. The ion release also affects the cell viability, Fig. 4. The

release of K+ and Na+ ions imposes little risk to the cells. It is

worth noting that the porosity in the KNN specimen is higher

than that in the LKNN specimens. Therefore, more K+ ions

were released from KNN specimen in the first day after soaking

in normal saline. The strength decrease of ceramic exhibits an

exponential relationship with the amount of porosity [25]. The

increase of density of KNN may enhance its strength

significantly. A denser KNN specimen may survive after the

release of ions from the specimen surface. Though the addition

of Li+ ions enhances the density and piezoelectric coefficient of

KNN, the presence of Li imposes minor toxicity on surrounding

cells. Furthermore, the piezoelectric coefficient is degrades as

Li+ ions are released from LKNN. Therefore, it implies that the

KNN with higher density and higher strength is favorable as

hard replacement for bone. Further study on the density
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improvement of KNN through the addition of bio-compatible

sintering additive is still needed.

5. Conclusions

In the present study, two piezoelectric potassium sodium

niobates were prepared by solid-state reaction and pressureless

sintering techniques. The cytotoxicity investigation has been

conducted. The cytotoxicity of KNN is low. The degradation

study indicates that a higher strength is preferred for biomedical

applications. The addition of 6 mol% Li into KNN can produce

dense LKNN, which fulfills the above requirement. However,

the release of Li increases slightly the cytotoxicity of LKNN. It

implies that the KNN with higher density and higher strength is

a potential piezoelectric biological ceramic.
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