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Abstract

To improve densification of the (Ba,, 4sCa, ;5s)(Hf, ;Ti, )O; (BCHT) ceramics prepared via powder injection
moulding, MnO, and Li,CO; were used as sintering aids. The BCHT ceramics doped with different Mn- and
Li-amount prepared by powder injection moulding in which paraffin was used as injection binder, have rather
pure perovskite structure with complicated polymorphic ferroelectric phase coexistence. Polyhedral grains
combined with nearly round shape grains with increased relative density and larger gains size were obtained at
appropriate doping amount, related to the formation of liquid phase during sintering and increased mobility of
ions due to the generation of point defects caused by heterovalent cations doping. The Mn- and Li-doped BCHT
ceramics are displacement driven ferroelectrics with apparent diffused transition characteristic at different
extent, relating to the morphotropic phase boundary composition and the variation of point defects induced by
doping. Comparable or surpassing electrical performance was acquired, especially the dielectric breakdown
strength was increased due to the improved sinterability. With appropriate doping amount, piezoelectricity
larger than 300 pC/N can be obtained in the Mn- and Li-doped BCHT ceramics poled under low electric field.
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I. Introduction increased piezoelectricity-related physical mechanism
was illuminated as construction of the triple critical
point morphotropic phase boundary (TCP-MPB), where
ferroelectric rhombohedral and tetragonal phases, and
paraelectric cubic phase converged and formed phase
boundary tiled to temperature axis [4,10,11]. The in-
termediate bridging ferroelectric orthorhombic phase
was immediately observed, which provided more spon-
taneous polarization directions, degenerated the en-

Pb(Zr, ,Ti )O, (PZT)-based perovskite ferro-
electrics have monopolized world-wide commercial
piezoelectricity-related applications, such as sensors,
actuators, transducers, etc. due to the versatile excel-
lent performance [1-3]. Due to the toxicity of lead,
environmental protection and health concerns have
excited booming requirements for lead-free perovskite

piezoelectrics with competitive properties [4-6]. ergy barrier for domains movement and switching, and

Recently, three categories of ’BgT1O3 (B”l:)-bafed played important role in such enhancement [4,10-12].
lead-free piezoceramics (BaCa)(B _T1)03 (BCB T’ B"= " In the BCB'T system, (BaCa)(HfTi)O, ceramics at-
Zr, Sn, HY) have attracted extensive research interest  acted our research attention since rather high Curie

since their piezoelectricity can catch up with or surpass temperature (T) can be obtained in the Hf-based solid
that of the PZT-based piezoelectric ceramics [7-9]. The solution [12,13].

Normally, the (BaCa)(HfTi)O, ceramics were pre-
pared by solid-state sintering method and the sin-
tering temperature was 1450°C or above to obtain
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high piezoelectric performance [8,10,13]. Since ce-
ramics processing affects physical properties greatly
[14-16], in our previous work [17] we prepared
(Ba 4sCa, ;5)(Hf  Ti; 3)O; (BCHT) ceramics via pow-
der injection moulding process using polyethylene gly-
col, polyvinyl butyral and polyoxymethylene as injec-
tion binders. Although improved electrical properties
were obtained, the used injection binder system was
complex and processing (including internal mixing, wa-
ter degreasing, decarbonization burning and sintering)
was complicated. Subsequent work was undertaken us-
ing paraffin as injection binder and the degreasing pro-
cess was simplified as very slow burning procedure.
Via such modification, excellent piezoelectricity was ac-
quired in the obtained BCHT ceramics, whereas their
relative density decreased slightly.

In the aforementioned powder injection mould-
ing method, the sintering temperature for preparation
of the BCHT ceramics was still 1450°C or above
[17], making the ceramics processing cost expensive
and difficult for manufacturing. Two techniques are
well known to decrease sintering temperature effec-
tively, i.e. using nano-sized precursor powder synthe-
sized by wet chemical method or adding sintering
aid. Ji et al. [18] obtained homogeneous high reac-
tive (Ba, 4sCa, 5)(Zr, , Ti; 3)O; precursor nanopowder
by hydrothermal method, which decreases the sinter-
ing temperature to 1260 °C with elongating soaking
time. Excellent ferroelectric, energy-storage and pyro-
electric properties were obtained, and relative density
higher than 94 %TD (theoretical density) and piezoelec-
tric constant ds3 larger than 210 pC/N were obtained de-
pending on sintering conditions. Sun et al. [19] stud-
ied the influence of MnO, addition on grain growth
and electrical performance of Ba, 33Cay, 4,21 (o Tij 9305
ceramics. The ceramics sintered at 1400 °C has high
relative density of 96.28 %TD, sharp dielectric peak
at the Curie temperature of ~120°C and rather large
ds3 of 308 pC/N. In a similar system, Chen et al. [20]
used Li,CO, as sintering aid to fulfil low-temperature
sintering of (Ba 35Ca,) ;5)(Ti¢Zr,,)O; ceramics. The
sintering temperature was decreased down to 1350 °C,
whereas the relative density, still higher than 90 %TD
and ds33 > 400pC/N was obtained. To form liquid
phase during sintering and decrease sintering temper-
ature effectively, it was recommended that the sintering
aid should be added after calcination and the so-called
two-step synthesis technique was adopted in ceramics
preparation as clearly described in the study of Li-doped
(Ba 3sCa,, |5)(Tij ¢Zr, ,)O5 ceramics [20].

In this work, (Ba, ¢sCa,, ,5)(Hf ; Ti, 1 )O; (BCHT) ce-
ramics were prepared via the powder injection moulding
using paraffin as injection binder and MnO, and Li,CO,
as sintering aids. MnO, and Li,CO; were added into
the raw materials together with other components and
the injection precursor powders were obtained by calci-
nation process. Such procedure will influence sintering
process since solid solution is formed during the calci-
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nation process and ions mobility will be higher induced
by heterovalent doping [21]. Detailed influences of Mn-
and Li-doping on perovskite formation, grains morphol-
ogy, electrical properties and ferroelectric characteris-
tics were studied in detail.

II. Experimental

The Mn- and Li-doped (Ba¢sCa, s)(Hf,,Ti;4)O,
(BCHT) ceramics were prepared via the powder in-
jection moulding using paraffin and oleic acid as in-
jection binders [17,22]. Two different series with dif-
ferent amounts of sintering aids were obtained, i.e. in
the first one with MnO, (Mn-BCHT-x, where x indi-
cates content of MnO, in mol% and x = 0, 0.1, 0.3,
0.5, 1.0, 1.5, and 2.0) and the second one with Li,CO,
(Li-BCHT-y, where y indicates content of Li,CO; in
mol% and y = 0, 0.4, 0.7, 1.0, 1.5, and 2.0). Stoichio-
metric amounts of BaCO; (99%), CaCO; (99%), TiO,
(99.99%), HO, (99.9%), MnO, (99.9%) and Li,CO,
(99.9%) were well mixed and calcined at 1350°C
for 3h. The obtained precursor powders for injec-
tion moulding (81.5 vol.%) were mixed at 90 °C with
18 vol.% paraffin and 0.5 vol.% oleic acid. The injection
binder was degreased via a very slow heating process
using the 1250 °C calcined Al,O; as adsorbent. Then,
the degreased green pellets were sintered at 1450 °C for
4 h. Detailed powder injection moulding procedure was
described in our previous work [17,22].

Phase structure of the polished Mn- and Li-doped
BCHT ceramics was analysed by Rigaku D/max-
2500/PC X-ray diffractometer. The relative density p,
was calculated from bulk pp,; and theoretical oy,
densities. The bulk density pp,; was measured by the
Archimedes’ water immersion method and the theoret-
ical density ps., Was calculated based on the cell vol-
ume obtained by the XRD measurement and chemical
formula weight. Grains morphology of free surface of
the sintered Mn- and Li-doped BCHT ceramics was
observed by JEOL JSM-IT100 scanning electron mi-
croscope. For electrical performance measurement, sil-
ver electrode was coated by manual printing and fired
at 650°C for 30 min. Temperature dependent dielec-
tric properties were measured by HDMS-1000 high-
temperature dielectric measurement system. Large sig-
nal electric field induced polarization hysteresis (P-E)
and strain loops (S-E) were detected by Precision Pre-
mier LC and AixACCT TF-analyzer 2000 ferroelectric
testing system, respectively. For piezoelectricity char-
acterization, the ceramics were poled using CS2674A
withstand voltage tester under different electric fields at
room temperature for 1 min. Piezoelectric constant d33
was measured by ZJ-6A quasi-static piezoelectric tester.
Planar electromechanical coupling coefficient K, and
mechanical factor Q,, were measured according to the
IEEE standard using Agilent 4294A impedance anal-
yser.
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II1I. Results and discussion

3.1. Phase structure characterization

XRD patterns of the Mn- and Li-doped BCHT ceram-
ics are shown in Figs. 1 and 2, respectively. Rather pure
perovskite structure is obtained in the BCHT ceramics
with different amount of Mn- and Li-doping without de-
tectable impurity. As shown in Figs. 1a and 2a, the ce-
ramics can be indexed as pseudo-cubic structure since
most diffraction peaks seem to be singlet peak with
rather high symmetry on the whole within 26 of 10°-
80° [23]. Such phenomena indicate that Mn**/Mn** and
Li* ions may diffuse into perovskite cell to form solid
solution, which can be confirmed further based on the
movement of diffraction peaks and the cell parameters
calculation as discussed below.

As shown in Figs. 1b and 2b of the expanded XRD
patterns around the {200} diffraction reflection, appar-
ent splitting of the diffraction peak can be seen. With
the variation of Mn- and Li-doping amount, the location
(26) of the respective diffraction peaks changes gradu-
ally, i.e. in both doping experiment the diffraction peaks
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tend to move to higher 26 degree with increasing the
doping content. Such diffraction peaks’ shift indicates
the shrinkage of the crystalline cells, which can be at-
tributed to the smaller radius of the doping cation during
substitution process to form solid solution.

Complex site occupancies types exist in the Li-doped
materials, including interstitial position and substitution
at A- or B-site of the perovskite lattice. In this work,
related cations radii are 1.61 A, 1.34 A and 1.18 A for
Ba?*, Ca** and Li* in 12-fold coordination and 0.71 A,
0.605 A and 0.76 A for Hf**, Ti** and Li* in 6-fold co-
ordination, respectively [24,25]. Therefore, Li* tends to
occupy A-site with large mobility and large off-centring
as reported by Chen et al. [20], since Li occupying in-
terstitial or B-site will lead to the expansion of the per-
ovskite lattice.

As for the Mn-doped materials it is difficult to pre-
cisely determine whether Mn is located at A- or B-site
of the perovskite structure. Both sites occupation may
exist due to two reasons. The first, although MnO, was
used as raw material, Mn tends to exist as Mn** and
Mn?* during sintering. Then, Mn** and Mn** tend to

Omol% Mn

’; T 0.1mol% Mn
- 1200} L 0.3mol% Mn 3
© L
- 0.5mol% M pa 0.3mol% Mn
.5mol% Mn > /\
:? 800 - !\ A 0 ———————————0.5mol% Mn
g e b\ 4 OMOI% Mn ST
[] < 1.0mol% Mn
€ 4oor 1.5mol% Mn = 0
- — " 1.5mol% Mn
2.0mol% Mn

o

[ (@) . . .

10 20 30 40 50 60 70 80
26 (°)

F(b) 2.0mol% Mn

440 445 450 455 460 465
20(°)

Figure 1. XRD patterns of the Mn-BCHT-x ceramics sintered at 1450 °C (a) and expanded XRD patterns around {200}
diffraction reflection (b)
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Figure 2. XRD patterns of the Li-BCHT-y ceramics sintered at 1450 °C (a) and expanded XRD patterns around {200}
diffraction reflection (b)
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occupy B-site and A-site of the perovskite structure due
to its cation radii of 0.53 A in 6-fold coordination and
0.96 A in 8-fold coordination (in 12-fold coordination
Mn?* jonic radius for A-site of the perovskite structure
will be larger). Secondly, the calculated cell parameters
of the Mn-doped BCHT ceramics change irregularly,
which further confirm the complex site occupancy types
existing in the Mn-doped BCHT ceramics considering
the radii differences between Ba>*, Ca®* and Hf*", Ti**
in respective coordination polyhedra.

With the increase of Mn- and Li-doping amounts, the
relative intensity of the fitted (002) and (200) diffrac-
tion peaks reverses (Figs. 1b and 2b), correlating with
the change of ferroelectric phases coexistence. In the
study of the alkali niobate ceramics by Wu et al. [26],
the intensity ratio of /p2)/I00) Was used to determine
phase structure, where 2:1 was regarded as orthorhom-
bic (O) phase, 1:2 was attributed to tetragonal (T) phase
and broadening of diffraction peaks and complex inten-
sity ratio was considered as related to multi ferroelec-
tric phases coexistence. Recently, Zhao et al. [4] re-
vealed broad structural flexibility in a similar system
(1-x)Ba(Ti, ¢Sn,, ;,)05-x(Ba, ;,Ca,, ;) TiO;, where mul-
tiphases convergence region with the coexistence of
rhombohedral (R), O and T ferroelectric phases around
cubic paraelectric phase zone was verified by XRD
Rietveld refinement. Such existence was further ob-
served inside nanodomains by atomic-resolution po-
larization mapping using aberration-corrected scanning
transmission electron microscopy, contributing to the
ultrahigh piezoelectricity [4]. Therefore, multi ferro-
electric phases coexistence is confirmed, and the relative
content of the T phase tends to increase with increasing
the Mn- and Li-doping amounts according to the calcu-
lation method proposed by Wang et al. [27].

3.2. Density and grains micromorphology

Due to the complicated ferroelectric phases coexis-
tence in the BCHT system, the phase structure is in-
dexed according to pseudo-cubic structure since most
diffraction peaks present singlet nature in total (Table 1)

[23]. It can be clearly seen that the Mn- and Li-doping
increases densification of the BCHT ceramics, although
adding dopant at the beginning would not decrease sin-
tering temperature effectively, which can be attributed
to the increase of ions mobility induced by doping [21].
It is proved that doping requires appropriate amount,
where the Li-doping is more effective in the densifica-
tion of the BCHT ceramics due to the largest relative
density obtained with less doping amount. Considering
the supposition of cell parameters calculation, lattice pa-
rameters present continuous decrease characteristic of
the doped BCHT ceramics, confirming the formation of
solid solution. As compared with the undoped BCHT
ceramics prepared via powder injection moulding us-
ing paraffin as injection binder sintered at different tem-
peratures, higher relative density >90 %TD is obtained
via different amounts of Mn- and Li-doping sintered
at 1450 °C, which increases their dielectric breakdown
strength effectively. The largest densification is obtained
in the Mn-BCHT-1.0 and Li-BCHT-0.7 ceramics, with
relative density being 92.37 %TD and 93.05 %TD, re-
spectively.

SEM images of the Mn- and Li-doped BCHT ceram-
ics are shown in Figs. 3 and 4. Similar microstructural
grain morphology characteristic can be found in both
doped samples. Polyhedral grains combined with nearly
round shape grains can be found, presenting the den-
sification of liquid-phase sintering mechanism induced
by the Mn- and Li-doping [21]. Bimodal distribution of
grains can also be found in some ceramic samples, cor-
roborating the difficulty of preparation of the BCB’T
system ceramics due to the high sintering temperature
[17]. The change of pores number corresponds well with
the variation of density, which exerts effects on physi-
cal performance, but not significantly since grinding and
polishing was undertaken before such measurement.

On the whole, clear grain boundary and compact
grains are obtained in the doped BCHT ceramics. With
the increase of Mn doping content, the average grain
size tends to increase at first and then decreases with
wave type variation, where the largest average grain size

Table 1. Lattice parameters and density of the BCHT ceramics without doping and with different amounts of Mn- and

Li-doping

Sample a= b =c a=p=y Cel \01031ume Bulk der;sity Relative density
[A] [°] [A”] [g/cm”’] [%TD]
BCHT 4.014 90.157 64.69 5.207 87.55
Mn-BCHT-0.1 4.007 90.132 64.35 5.147 85.98
Mn-BCHT-0.3 4.000 89.875 63.99 4918 81.69
Mn-BCHT-0.5 3.998 89.820 63.91 5.377 89.15
Mn-BCHT-1.0 4.014 90.212 64.67 5.537 92.37
Mn-BCHT-1.5 4.000 89.028 64.01 5.547 92.27
Mn-BCHT-2.0 3.998 89.914 63.91 5.118 84.38
Li-BCHT-0.4 4.016 90.206 64.76 5.469 92.03
Li-BCHT-0.7 4.018 90.336 64.89 5.520 93.05
Li-BCHT-1.0 4.015 90.220 63.74 5.287 88.90
Li-BCHT-1.5 3.999 89.948 64.96 5.248 87.00
Li-BCHT-2.0 4.011 90.132 64.53 5.307 88.94
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Figure 3. SEM images of free surface of the Mn-BCHT-x ceramics after thermal etching at 1350 °C for 2 h: a) x = 0.1,
b)x=0.3,¢)x=0.5,d)x =1.0,e) x =1.5and f) x = 2.0

appears in the Mn-BCHT-1.0 ceramics, being 17.6 um.
As comparison, maximum average grain size is obtained
in the Li-doped samples, where the average grain size
increases at first and then decreases with increasing the
Li-doping content, and the Li-BCHT-0.7 ceramic sam-
ple has the maximum average grain size of 20.4 um.

With the change of Mn- and Li-doping amount,
grains size and distribution, pores number and ceram-
ics density change accordingly. The major densification
mechanism can be attributed to the formation of cationic
point defects and oxygen vacancies via different pro-
cesses [28]:
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Hf* )/ Ti**
Mn?* L Mg+ Ve )
3, HEY/TiH , .
2Mn”" ——— 2 Mny; i Vo 2)
i+ Ba2+/ca2+ < (1]
2Li 2 Lig, jcat Vo 3)

For low heterovalent cations substitution of Mn substi-
tuting Hf**/Ti** and Li substituting Ba>*/Ca**, oxygen
vacancies are generated to compensate charge balance
[19,29,30]. Such point defects increase mobility of ions,
which increases ceramics densification and grains size
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Figure 4. SEM images of free surface of the Li-BCHT-y ceramics after thermal etching at 1350 °C for 2h: a)y = 0.4,b) y = 0.7,
¢)y=10,d)y=15ande)y = 2.0

although the amount of liquid phase produced during
sintering also exerts impact. Whereas, when the doping
content is excessive, grain growth is inhibited accompa-
nied by irregular change of grains morphology [21].

3.3. Dielectric properties and ferroelectric nature

Figure 5 shows dielectric performance of the Mn- and
Li-doped BCHT ceramics. Sole dielectric peak around
the Curie temperature (7¢) is observed in all samples,
which correlates with the MPB ferroelectric phase to
cubic paraelectric phase transition [10]. Relative den-
sity and grains morphology are major factors affecting
dielectric properties, which vary with the doping con-
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tent. As shown in Fig. 5a, as compared with the undoped
BCHT ceramics, dielectric constant maximum (g,,) in-
creases slightly and dielectric peak becomes sharper at
first, and then the &, value decreases greatly and dielec-
tric peak broadens quickly accompanied by the vari-
ation of the T¢ temperature. Dielectric loss decreases
slightly at first and then increases slightly with increas-
ing the Mn-doping content. In the Li-doped BCHT ce-
ramics, dielectric constant presents similar change trend
with more apparent regularity with increasing the Li-
doping content. Furthermore, dielectric loss decreases
in all samples (Fig. 5b). The low-temperature shoulder
appeared in the loss tangent-temperature curves corre-
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Figure 5. Temperature dependent dielectric performance of: a) Mn-BCHT-x and b) Li-BCHT-y ceramics measured upon
heating at 10 kHz

lating with the polymorphic ferroelectric phase transi-
tion [10].

The influence of frequency on dielectric performance
is shown in Figs. 6a and 6b using the Mn-BCHT-1.0
and Li-BCHT-0.4 ceramics as examples. Almost the
largest dielectric constant value, being €, = 10556 with
Tc =81°C and g, = 11154 with T¢ = 82°C at 1 kHz,
respectively, and narrow dielectric peaks are obtained in
these ceramics, correlating with the large relative den-
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sity and appropriate grains size. The multi ferroelectric
phases coexistence also contributes to the excellent di-
electric performance [4].

Ferroelectric characteristic of the Mn- and Li-doped
BCHT ceramics can be studied via dielectric behaviour
fitted by the Curie-Weiss law and exponential law as
shown in Fig. 7 using the Mn-BCHT-1.0 and Li-BCHT-
0.4 ceramics as examples [31,32]. Based on the di-
electric response fitting, the fitted equations are &
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Figure 6. Frequency dependent dielectric performance of: a) Mn-BCHT-1.0 and b) Li-BCHT-0.4 ceramics measured upon

heating
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Figure 7. Dielectric behaviour fitting of: a) Mn-BCHT-1.0 and b) Li-BCHT-0.4 ceramics using the Curie-Weiss (1) and

exponential law (2)

53



C. Wang et al. / Processing and Application of Ceramics 15 [1] (2021) 47-57

1.046 x 10°/(T — 93.1) and 1/e — 1/10556.4 = (T —
81)!1793/7067377 for the Mn-BCHT-1.0 ceramics, and
& 1.00 x 10°/(T — 96.7) and 1/g — 1/11154.3
(T - 82)'97°/1775744 for the Li-BCHT-0.4 ceramics,
respectively. All the ceramics can be fitted by both laws,
but all have deviations to some extent. The fitted Curie-
Weiss constant C is around 10, correlating with normal
ferroelectrics characteristic [31]. The diffusive coeffi-
cient vy is close to 2 in the Mn-doped BCHT ceramics,
and the y value is larger than 1.5 in all samples, reveal-
ing partial relaxor ferroelectrics nature [31,32]. There-
fore, the Mn- and Li-doped BCHT ceramics are dis-
placement driven ferroelectrics with apparent diffused
characteristic to some extent, related to the MPB com-
position selected and the variation of point defects in-
duced by different doping content [33].

3.4. Ferroelectric and strain performance

Figures 8 and 9 show ferroelectric and strain prop-
erties of the Mn-BCHT-x ceramics. Rather saturated
and enhanced symmetric P-E hysteresis loops are ob-
tained in the doped BCHT ceramics. With the increase
of Mn-doping content, remnant polarization P, tends to
decrease and coercive field E. tends to increase with
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Figure 8. P-E hysteresis loops of the Mn-BCHT-x ceramics
measured at 15kV/cm and 1 Hz
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variant change. Within the Mn-doping amount of 0—
0.3 mol% and 1.0-2.0mol%, the P, value decreases due
to the pinning down effect on the ferroelectric domains
induced by point defects and their aggregation [34];
whereas, within 0.3—1.0 mol% Mn-doping amount, the
increase of relative density and grains size compensate
such decrease to some extent, leading to slight increase
of the P, value. Excellent ferroelectricity is obtained in
the Mn-BCHT-1.0 ceramics, with P, = 8.81uC/cm?
and E. 3.7kV/cm. The Mn-BCHT-2.0 ceramics
shows rather symmetric butterfly-like S-E loop (Fig.
9), and the strain reaches 0.1% at only 25kV/cm far
less than saturation. The inverse piezoelectric constant
dyy = 404.2pm/V and strain hysteresis of 8.01% are
calculated according to literature reported method [35].

Ferroelectric and strain properties of the Li-BCHT-
y ceramics are shown in Figs. 10 and 11. Similar
ferroelectric and strain behaviour can be found with
some difference. When the Li-doping amount is above
1.5mol%, the P, value decreases sharply; whereas the
E. value increases slightly with elevating the Li-doping
content. As discussed above, point defect Lig, -, forms
due to doping, then V{ is generated to compensate
charge balance [28]. Such point defects and their ag-
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Figure 10. P-E hysteresis loops of the Li-BCHT-y ceramics
measured at 15kV/cm and 1 Hz
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Figure 9. Bipolar (a) and unipolar (b) S-E loops of the Mn-BCHT-2.0 ceramics measured at 25 kV/cm and 10 Hz around room
temperature
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gregation pins down the mobility of ferroelectric do-
mains, leading to the decrease of P, value and increase
of E,. value with different influence extent [34]. When
compared with the Mn-BCHT-2.0 ceramics, higher P,
of 10.04 uC/cm?, lower E, of 3.0kV/cm, as well as in-
creased strain to 0.122% at only 25 kV/cm without sat-
uration (Fig. 11) are obtained. Also, increased inverse
piezoelectric constant d, = 488.4pm/V and decreased
strain hysteresis of 3.15% [35] are obtained for the Li-
BCHT-0.4 ceramics.

3.5. Piezoelectric property

Poling condition is major factor influencing piezo-
electricity of piezoelectric materials [36], where Fig. 12
shows the effect of poling electric field on the piezo-
electric properties of the Mn- and Li-doped BCHT ce-
ramics. As compared with the undoped BCHT ceramics,
the Mn- and Li-doped BCHT ceramics present easy po-
larization characteristic and piezoelectric constant ds3
increases slightly with increasing electric field due to
the introduction of point defects via doping. For the
Mn-doped BCHT ceramics, the d33 value decreases at
first and then increases with increasing the Mn-doping
amount, and the minimum d33 value appears in the Mn-
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BCHT-1.0 ceramics. For the Li-doped BCHT ceramics,
when the Li-doping content is above 1.0 mol%, the ds3
value decreases sharply, before which the ds3 value of
the Li-doped BCHT ceramics is larger than 300 pC/N.
Such d33 value change can be attributed to the com-
plex influences of crystalline related factors including
pores, density and grains size and distribution, and con-
centration of moveable V{'. The average grains size and
relative density increase at first and then decrease with
the increase of doping content due to the competition
between liquid-phase sintering mechanism contribution
and inhibition of grain growth with excessive doping
amount. Besides, point defects of My, Mny; and
Lig,c, are formed induced by Mn- and Li-doping, and
V& is generated for charge balance compensation [28].
Such point defects and their aggregation increase ions
mobility and prevent ferroelectric domains movement
[19,34] depending on the concentration. Table 2 shows
the influence of poling electric field on the planar elec-
tromechanical coupling coefficient K, and mechanical
factor Q,, of the Mn- and Li-doped BCHT ceramics.
Similar change trend of K, appears in the ceramics, and
rather large K, value can be obtained at appropriate dop-
ing amount.
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Figure 12. Electric field dependence of piezoelectricity of: a) Mn-BCHT-x and b) Li-BCHT-y ceramics
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Table 2. K, and Q,, of the BCHT ceramics without doping and with different Mn- and Li-doping contents under different

poling electric field
Doping type and K, Om

content 5kV/cm 10kV/em 15kV/cm 20kV/cem 5kV/em 10kV/em 15kV/em  20kV/cm

BCHT 0.338 0.336 0.372 0.395 3903 719 495 432
Mn-BCHT-0.1 0.302 0.309 0.325 0.313 162 203 185 173
Mn-BCHT-0.3 0.265 0.274 0.286 0.273 262 223 284 54
Mn-BCHT-0.5 0.251 0.255 0.259 0.253 962 666 713 613
Mn-BCHT-1.0 0.121 0.122 0.127 0.127 67 84 32 78
Mn-BCHT-1.5 0.277 0.276 0.275 0.264 721 679 796 995
Mn-BCHT-2.0 0.302 0.325 0.320 0.308 401 459 384 421
Li-BCHT-0.4 0.294 0.335 0.354 0.368 152 128 128 150
Li-BCHT-0.7 0.214 0.273 0.310 0.372 150 157 148 140
Li-BCHT-1.0 0.239 0.296 0.322 0.334 162 155 152 151
Li-BCHT-1.5 0.193 0.232 0.207 0.243 137 138 122 130
Li-BCHT-2.0 0.214 0.226 0.211 0.232 42 59 117 88

IV. Conclusions

The Mn- and Li-doped BCHT ceramics were pre-
pared via powder injection moulding using paraffin as
injection binder. Rather pure perovskite structure is ob-
tained in the doped BCHT ceramics, where multi fer-
roelectric phases coexist with different content depend-
ing on the Mn- and Li-doping amount. Via Mn- and
Li-doping, average grains size increases and relative
density can be larger than 90 %TD, where the largest
average grains size appears in the Mn-BCHT-1.0 ce-
ramics and Li-BCHT-0.7 ceramics, being 17.6 um and
20.4 um, and the largest densification is obtained in the
Mn-BCHT-1.0 and Li-BCHT-0.7 ceramics, with rela-
tive density being 92.37 and 93.05 %TD, respectively.
The Mn- and Li-doped BCHT ceramics are displace-
ment driven ferroelectrics with apparent diffused char-
acteristic to a different extent. Excellent ferroelectricity
is obtained in the Mn-BCHT-1.0 ceramics, with P, =
8.81 uC/cm2 and E. = 3.7kV/cm. The strain reaches
0.1% at only 25 kV/cm, inverse piezoelectric constant is
dy; = 404.2 pm/V and strain hysteresis is 8.01% for the
Mn-BCHT-2.0 ceramics. For the Li-BCHT-0.4 ceram-
ics, P, is 10.04 MC/sz, E. is 3.0kV/cm, strain reaches
0.122% at only 25kV/cm, d5; = 488.4pm/V and strain
hysteresis is 3.15%. The Mn- and Li-doped BCHT ce-
ramics present easy polarization characteristic, and the
ds3 value larger than 300 pC/N can be obtained at ap-
propriate doping amount.
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