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Influence of the niobium dopant concentration
on the Pb(Zry54Tig.46)O3 ceramics sintering
and final properties

M. D. DURRUTHY
CQF, 21 y 200, Rpto Atabey, Playa, C. Habana, Cuba, A.P. 16042

L. FUENTES*, M. HERNANDEZ, H. CAMACHO*
Centro de Ultrasonica, ICIMAF, Calle 15 # 551, Vledado, Plaza, C. Habana, Cuba, C.P. 10400

The effect of niobium doping on the structure and properties of piezoelectric PZT ceramics
is studied. Samples of the system Pb(Zr0,54Ti0,46)03 + x wt% Nb205, (X=0.2, 04, 06, 08,
1.0) were obtained by calcination of mixed oxides and subsequent sintering. Structural
analysis (XRD and Optical Microscopy) was carried out. All compositions lead to
single-phase tetragonal samples. As a general tendency, grain size and porosity decrease
as the niobium concentration increases. Important fiber texture appeared in all samples,
with crystallite [001] direction parallel to sample symmetry axes. Texture becomes more
intense as the Nb concentration increases. Studying the polarization and the piezoelectric
constant ds3, we observe a maximum of these properties for the intermediate value x =0.8.
© 1999 Kluwer Academic Publishers

1. Introduction tered compact grain size, densification rate and the final
It has been reported a considerable change of the fproperties among others are affected by the amount of
nal properties of PZT ceramics by means of the addopant.

dition of dopants [1-5]. Different dopant levels have Due to the fact that the atomic radius,(= 0.68,

led to alterations not only on the final properties, butr = 0.59,ry, = 0.79) and the electronegativity of nio-
also in the ceramic processing. It has been possible tbium cation (Zf*: 1.4, Tf**: 1.5, NIP*: 1.6) [16] is
obtain less susceptible to fatigue PZT systems by theery similar to those of zirconium and titanium, Nb
addition of either niobium or lanthanum [6, 7]. Another dopant is soluble in the PZT host. Exactly, this dopant
dopant effect is the decrease of the sintering temperaation is able to occupy either Zr or Ti sites in the same
ture. Murakamiet al. [8] added various metal oxides crystalline structure.

to PZT materials. This way, they sintered ceramics at In the present work, PZT 54/46 ceramics doped with
a relatively low temperature of 93&. They also re- different concentration of Ni®s [Pb(Zr554Tio.46)O03
ported that BiFe@ additive (BF) is effective improv- + x wt % Nb,Os] and sintered during different periods
ing the mechanical quality factor and Ba@zWVo5)Os  of time were studied. Section 2 has a brief explana-
(BCW) is useful for improving piezoelectric proper- tion of the performed experiments. It also presents the
ties. PZT ceramics doped with BF and BCW have beernparameters to be measured and calculated. Section 3
also studied by Dongt al. [9, 10]. They have proved is devoted to report the results and has been divided
that these additives were useful in both the loweringn three subsections. The first one describes the pow-
of sintering temperature and the improvement of theder compact behaviour while the sintering process is
dielectric properties. Sharmet al. [11] reported that occurring. In principle, the sintering behaviour agrees
the electronic configuration of rare earth ions plays arwith those reported by [17—-21]. The second subsection
important role in the structural properties of PLnZT focuses its attention on the microstructural study where
ceramics. Gesemanst al. [12] studied three sinter- the comparison between the macrostructural (sintering)
ing routes: (i) the basic PZT composition, (ii) basic and the microscopical behaviour is performed. We ob-
PZT composition with eutectic additive, and (iii) ba- serve that the grain growth is inhibited by adding nio-
sic PZT composition with eutectic and glass additive.bium, just as it is reported by Atkiet al.[22]. Finally,

Two types of PZT ceramics were obtained. One is sinthe dielectric and piezoelectric properties were studied
tered at 1000C, whilst retaining high piezoelectric ac- making emphasis on the dependence of the polarisa-
tivity (kp=59%). The lowest obtained sintering tem- tion and the piezoelectric constamjs on the dopant
perature is 750C. In general, it has been reported by level. Last section is devoted to analyse the experimen-
several authors [13—15] that structural parameters, sirtal results.
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2. Experimental was determined from the dependence of the dielectric
The samples were prepared by using a conventionalonstant£’) on the temperature.

method of ceramic preparation. Starting materials The X-ray diffraction patterns were performed in
were mixed in stoichiometric proportions to obtain a Philips diffractometer with G, filtered radiation.
Pb(Z1h54Tio.46)03 + X Wt % Nb,Os, x=0.2, 0.4, 0.6, The program FULLPROF by Rodyuez-Carvajal [24]

0.8, 1.0 by solid state reaction. Starting mixtures weravas employed, which involves the structure profile re-
carbonates and oxides such as PRG@B%), Zr  finement of X-ray powder diffraction data to be carried
(99%), TiG, (99%) and NbOs (spectrally pure). Then, out by means of Rietvel analysis [25]. Data processing
these materials were wet grinded to homogenise th&eads to quantitative calculation of crystallographic as-
mixture during 120 min. Presintering took place atpects of the structure. The program FULLPROF per-
960°C during 90 min. The used powder (green ma-mits to evaluate the fibber texture [26] by means of
terial) has a narrow particle size distribution and all theGaussian shape representation in the pole inverse figure
particles are in a range between 1 anif®. A 10%  R(h) (his areciprocal lattice vector related to the stud-
polyvinyl alcohol (PVD) was used as binder. Compactied crystal). The variabl®(h) modulates the diffracted
cylinders ¢ =13.1 mm) were formed at the pressure intensities through the parameti refinement in the

of 150 MPa. Green and final densities were calculategquation:
from the dimensions and the weight of the cylinder 2
compacts. Green density of 65% theoretical density R(h) = exp(-G1€7) (7)

was achieved. Sintering was performed at soak teMpeing2 the angle between the directibnand the di-
perature of 1250C during 30, 60, 100, 150 and 300 rection of the normal to the planes with the preferred

min respec'glyely: _ . orientationho. An important feature of the orientation
The densification rate, may be evaluated according gistribution is the characteristic angular width of the
to the relation: ho vicinity cone. The value of this angular width is
_ p o =(G1)~%2. The planes whose normal axis form an

€o = 0 1) angleo with hg has a relative population density equal

] . . ) .. to 1/etimes the one of the planes oriented along the
W_herep andp are thg rela_tlve Qen5|ty and its derivative sample normal direction.
with respect to the sintering time. The initial poling curves were measured by using a
The progress of sintering can be followed by deter-rower and Sawyer circuit[15] implemented to obtain
mining the total relative volume shrinkage,whichis  the hysteresis loop and the values of polarisation vector
given by [17]: P and electric field intensitf.

0 =1-[(1-AL/Lo(L-AR/R)’] (2

_ _ 3. Results
Values in the range @ 6 < 1 correspond to shrinkage. 3 1. Sintering study
If_t_he mass remains constant, this shrinkage means defe relative densityd/ o) increases with the time dur-
sification. ing the initial period, and becomes saturated beyond

The fractional axial and radial shrinkage are defined; 9o min for any niobium concentration (Fig. 1). The
by AL/LyandAR/Ry where:

AL=Lo—L (3) e l
AR=Ry—R (4) - ~ S

o
©
]
*
AN

beingL andLg the height at timeé and at the initial
moment respectively. Analogouslig and Ry are the
radii at timet and at the initial moment.

The sintered cylinders were cut in disks of 1 mm
thickness. Top and bottom faces of the cylinder plate
were silvered painted. The samples were polarised un-
der 2 kvV/mm bias at 15%C in a silicone oil bath for
15 min.

The electrical measurement of capadityand elec-
tric loss (tgé) were performed in a RLC PM 6303
(Philips). Real and imaginary electric constasitand

Relative density, p/p;

¢” were calculated through the following formulae [23]:
016 ) l ) I 1
ACL 0 100 200 300
/
& = 7D2 (%) Sintering time(min)
¢’ = g’tgg (6) Figure 1 Dependence of the relative densijty,o T, on the sintering time

for PZT + x wt % Nb,Os powder compact, where=0.2 (i), 0.4 (@),
. . . 0.6 (A),0.8(V), 1.0 (#), sintered at 1250C, indicating that the highest
The piezoelectric constadgs; was measured in @3 densities are reached for the highest Nb concentrations and the maximum
Berlincourt-piezometer. The Curie temperatufie)(  density is reached after100 min.
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TABLE | Dependence ofthe grain size, texture paranm@techarac-
0,012 teristic angular widtlr, and the piezoelectric constaiag on the dopant
level for sintered materials at 125G, during 100 min
% Nb Grain size gm) Gy o (0 2%}
% 0.008 0.2 14-36 —0.37488 1.6332 235
g 0.4 7-20 —0.44798 1.4940 90
g 0.6 4-14 —0.79818 1.1193 142
s 0.8 2-5 —0.78445 1.1290 300
s 1.0 1-2.5 —0.7892 1.1256 250
‘@ 0,004 M-
@ \
o )
N
e A -
0,000 = \\:_-;‘n—— —.‘."__‘T:‘f‘._.._‘ 03 x'\.: . e -
> - ‘:\“::i.:_ _-_
1 | \ I 2 | @ *7 T
0 100 200 300 g / e -7
. . R . g .'( ® - ~-@
Sintering time (min) = i /
=02 =y,
Figure 2 Densification rates,,, as a function of sintering time for PZT 3 ;7(./ L
+ X wt % Nb,Os powder compact, where=0.2 (H), 0.4 (), 0.6 (A), g L 4 /.\ /
0.8 (V), 1.0 (#), sintered at 125€C. S U / n
o {1
2 i/
. % 0.1 1‘/
p/pt profile shows a remarkable dependence on the @ }
niobium concentration. As a tendency, higher values i
of the final density are reached for the higher dopant /’/
levels. The dependence on the sintering time is quite / | |
expected [19-21]. A 95% of the theoretical density is 0.0 : L L
reached fox =0.8. 0 100 200 300

In general, the densification ratg has an expected
behaviour for every dopant concentration [17, 18]. Itis
high during the first moments and very low during the

Sintering time(min)

Figure 3 The relative volume shrinkagé, as a function of sintering
time for PZT+ x wt % Nb,Os powder compact, where=0.2 (1), 0.4

last Ones_ (Fig. 2). pgnsificatiqn does n_Ot show a COI']Sid('o), 0.6 (A),0.8(¥), 1.0 (#), sintered at 1250C. The bigger progress
erable difference in its behaviour for times longer thanof sintering occurs during the earlier stage.
100 min. The densification rate is affected by the dopant

level only during the first moments. An increasesgf
with the increase of the niobium level was observed.
For sintering time about 100 min, a slight negative den-
sification rate forx between 0.6 and 0.8 was obtained.
It seems that a phenomenon opposed to densification i
taking place. This fact might be closely related to our
experimental conditions.

Studying the relative volume shrinkage it shows
that the more significant ceramic shrinkage takes plact
until 100 min. The largest values 6fare obtained for
x between 0.6 and 1.0. After that a little dilation occurs
(Fig. 3), which is connected to the negative densifica-
tion rate.

The AL/Lo(AD/Dg) dependence does not follow
any known functional dependence because of the nege
tive densification rate. However, the experimental date
could be adjusted to a linear regression. This way, the
sintering process exhibits an anisotropic behaviour for
all the dopant concentrations (Fig. 4). A general ten-
dency to tend to an isotropic behaviour as the niobium
concentration level increases is observed.
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Figure 4 Relation between the fractional axiahL /Lo, and radial,

3.2. Microstructural study

The optical microscopy reveals a strong influence ofh

AR/Ry, shrinkage for PZT x wt% Nb,Os powder compact, where
=0.2 (m), 0.4 (@), 0.6 (A), 1.0 (®), sintered at 1250C, indicating
e anisotropic character of the shrinkage behaviour. This behaviour is

the dopant (_:oncentration on the_grain Size_ of the Si_nf:losertothe isotropic one as the dopant level rises. The dependence were
tered material (Table I). There is a quasimonotonicCadjusted according to a linear regression.
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Figure 5 Optical micrograph of a polished section of PZ10.4 wt % Nk»Os compact sintered at 125C for 100 min (relative density/p1 ~ 0.85,
grain size~7-20pum).

Figure 6 Optical micrograph of a polished section of PZ10.8 wt % Nk»Os compact sintered at 125C for 100 min (relative density/p1 ~ 0.95,
grain size~2-5um).

dependence of the grain size on the dopant level, since e Reticular parametersa=0.4043466 nm,c=

that the grain size decreases as the dopant level in- 0.4139867 nm.

creases. This way, we have that the niobium presence e Texture parametes; = —0.7892,0 = 1.1256.

inhibits the grain growth. Similar results have been ob-

tained also by Atkiret al. [22]. This inhibition is en- The X-ray diffraction patterns for different samples

hanced by the increment of the dopant concentratiomwith different niobium levels sintered during 100 min

(Figs 5 and 6). show that the ceramics have only the tetragonal single
Fig. 7, as arepresentative example, shows the Rietvglhase for all the cases. The texture effect favours the 001

analysis for an X-ray diffraction pattern. The refinementpeaks over the 100 ones and the 002 peaks over the 200

was carried out up to a point where the disagreemensnes (Fig. 8). In principle, we observe that the texture

factor wasR=2.50 with the following final parame- increases with the dopant level increment (Table 1). In

ters: fact the highest values of the texture are reported for
x=0.8 and 1.0 and there is not a remarkable differ-

e Chemical composition Pb(J4Zr0.46)Os. ence between them. The mentioned effect is related to

e Spatial group P4mm. the increment of the crystallite number oriented along
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Figure 7 Structure profile refinement for the PZF 1.0 wt% NiOs
X-ray pattern. Although the numerical adjustment to the experimental 0,2 0.4 0.6 0,8 1,0
datais acceptable, we assume that the difference between themis becaus - Percentage of the Nb dopant, x

of the difference between the texture near the surface and in the bulk.
Figure 9 Dependence of the real part of the dielectric constant before

ep (dot line) and after, (solid line) poling on the niobium concentration
for 30 min @) before- and¢) after poling; 100 min¢) before- and A)

001 after poling and 300 min+) before- and ¥) after poling. The poling
002 process does not considerably change this dependence.
200
100 ture (Tc) is in the range 330C < T¢ < 335°C, which is
7 1.0 lower in 30°C for similar PZT systems without doping
) than those reported by other authors[15]. The varia-
g 0.8 tion in the dopant concentration does not considerable
&E change the Curie temperature according to this experi-
B 0 mental data.
' Comparing the obtained results for the real part of
04 the dielectric constant beforeey, and aftere, poling
(Fig. 9), itis observed thatincreases with the niobium
J\\M‘,JUL 02 concentration for both cases,(@ande,). For lower Nb
A T N T R concentrations the tendencydg> ¢,, as it has been
6 20 wl 'y & reported by Chungt al. [13]. In fact, this magnitude is

not seriously affected by the poling process.

On the other hand, the imaginary part of the dielec-
Figure 8 Changes of (001), (100), (002) and (200) peaks of PZT com-tric constant (electric loss} is strongly affected by the
pact sintered at 1250 for 100 min, with increasing niobium level. As poling process (Fig. 10)_ As arule the electric lossrises.
the dopant level increases, the (001) peak intensity predominates ovefhe highest values are obtained for those samples sin-
the (100) peak intensity. We have almost the same picture between t . . . . .

(002) and (200) peak intensity. hFere_d dunn_g 300 min. Therefor_e, sintering during Ior_wg
periods of time depresses the final electrical properties.
o _ ~ The bestresults are found for ceramics withetween
the 002 direction while the dopant concentration in-g.6 and 1.0 and far= 30 and 100 min.
creases. Lawtal. [27] have found that the (00ZR00) From the initial polarisation curve (Fig. 11), it is ob-
peak intensity in PZT ceramics evidences the numbegerved that the polarisation increases with the dopant
of domains oriented qung the polgrlsatlon direction. |evel. The highest value of this magnitude is obtained

The observed variations of reticular parameter refor x =0.8 and for x=1.0 polarisation decreases.
lation c/a for different sintering time depending on Table | also reports the dependence of the piezoelec-
the Nb concentration have the order of the measureyic constantlss on the dopant level. We can notice that

ment uncertainty 1.0227 c/a < 1.0295, so that there  the highest values of the constahg is obtained for
is not a considerable dependence of this parameter op— 0 8.

the dopant level. However, the influence of the sintering
time is stronger.

4. Analysis of the results
3.3. Dielectric and piezoelectric study As was reported in Section 3, the most remarkable
Studying the dependence of the dielectric constant oshrinkage is accompanied with the smallest grain
the temperature, it is determined that all the samplesize, so that the inhibition of grain growth leads to
have the same ferroelectric phase. The Curie temperalensification enhancement during sintering. This result
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140 A relative detail to texture evaluation deserves to be
4 mentioned. The 001 and 100 peaks adjustment is al-
120 — v\/ most completed_. In fa_ct, the experir_nental i_ntensity of
the preferred orientation (001) is slightly higher than
the calculated one through the FULLPROF program
(Fig. 7). On the other hand, the opposite effect is ob-
4 served for the 002 and 200 peaks. A plausible explana-
tion to this paradox may be found in the supposition that
texture turns to be more intensive near the surface than
in the sample bulk. The 001/100 reflections give infor-
mation about the materials in a depth of an order equal
4 to 4-5um from the surface. The depth for the 002/200
><\ . reflections is twice as much as of the 001/100 peaks
one. These values were obtained taking into account
P S the mass absorption coefficient [30]. The FULLPROF
...... m ; limeioie adjustment leads to mean values among those of the
S ) different depths.

Doping with niobium in the range of the present work
does not seriously affect the ferroelectric phase and
the crystalline structure. This result is quite matching
Figure 10 Dependence of the imaginary part of the dielectric constantP€cause the ferroelectric phase is determined by the
beforeey, (dot line) and afte, (solid line) poling on the niobium con- ~ crystalline structure.
centration for 30 min M) before- and ¢) after poling; 100 min ¢) A highly ordered system (a poled ceramics) is un-
before- and A) after poling and 300 min+) before- and ¥) after ~ apa tg keep its order under an external excitation (an
poling. The poling process strongly affect this dependence due to the . . . . . .
domain reorganisation. electrical excitation), so 'Fhat keeplng'thls stage implies

some energy waste, which means high electric losses.

45 These kinds of materials gets “aged” and loses their
properties for these reasons. Sometimes, it is useful to
40 — yyvy pole again and it is possible to recover their properties.

N The increment of the imaginary part of the dielectric
vV constant (Fig. 10) evidences the material reorganisa-
tion which takes place at the domain level. Finally, the
. system reaches a more ordered state.

! * The decrease of polarisation foe= 1.0, a concentra-
A ‘WI‘ Py tion related to almost the most textured material and the
/‘ v ’/ smallest grain size, could be a consequence of a sort of
) o Z ao competition between the effects caused by the decrease
/'f, ul of the grain size and the increment of the number of do-
A » mains oriented along the polarisation direction (a more
A ; /./’ textured material).
‘/ % od Law [27] obtained that the higher the 002/200 peak
M intensity rate is, the more polarised the material is. It
means that the texture improvement always favours the
1 r 1 17 v 71U 1 polarisation. In the doping range of the present work, it
20 30 40 50 can be observed that the improvement of texture always
Electric field intensity, E (kV * cm™) favours the piezoelectric constati, it should be re-
called that a fact like this do not always occurs for all the
Figure 11 Initial poling curves forx=0.2 (m), 0.4 (@), 0.6 (A), 0.8 piezoelectric materials. On the other hand’ we suppose
(V), 1.0 (#), sintered at 1250C. As arule, the highest values Bfare gt the grain size decrease, after some critical value is
reached for the highest niobium concentrations. . . .
reached, affects the polarisation and depress the piezo-
electric properties (Table I). From=0.8 to x = 1.0,
agrees with those obtained by Ténal [28], who ob-  the texture almost remains the same, however, the grain
tained the smallest sintering rate when the grain growtlsize decrease is considerable and the piezoelectric con-
istaking place. Hence, the system tends to favour the destantdss is seriously affected. The compositizs= 0.8
crease of the specific surface area without grain growtlis determined to be the best one in the present study. This
if the niobium concentration is increased. As a resultresult differs from what we find in the handbook [14],
of the grain growth inhibition, it is obtained a system where the best properties are reportedfe 0.5.
where the grain-grain and grain-pore interfaces are of A possible explanation to this phenomenon is that
larger areas and it is exactly in these regions whereuring sintering, the grain necks are formed. We sup-
the materials transport, which leads to sintering, takepose that the properties of the transported material are
place [29]. different from the rest of the sintering compact for this
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kind of materials. Besides, the atom equilibrium in thesent us a copy of their contribution letting us learn from
grain boundary is different from the grain inside. Thetheir results. This way, we would like to thank Dr. A.R.
less the grain size is, the bigger the (amount of materiaBoccaccini [17] and Dr. D.H. Pearce for their very use-

in the grain boundary and in the necks)/(total amount oful

email contacts. We also should state that this piece

material) rate is. The increase of this rate, with the grairof work would be impossible without the collaboration
size decrease, has a negative influence on the expectaidth the Department of Ferroelectric Materials, Faculty
properties. Hence, we have a rivalry of the texture in-of Physics, University of Havana.

crease (improving polarisation and piezoelectric prop-
erties) and the grain size decrease (depressing these

properties). We suppose that the critical diameter foReferences

our case is between 1 andu2n, which correspond to 1.
x between 0.8 and 1.0. 2.

More experimental evidence is necessary to support,
this hypothesis. Some facts need to be studied more’
rigorously such as the state of materials involved in the 4,
“sintering transport”. Murakamet al. [31], according
to their results, strongly suggest the existence of the>
continuous amorphous grain-boundary phase for PZT
doped with complex oxides. They also reported that ,
one of the components of this phase is the lead oxide. Itg,
has been also reported a variation in the proportion of
constituents until a depth equal to 120 nm for other ma- ©:
terials with perovskite structure such as Ba3jg@e].
This fact leads to considerable alteration in its proper-;
ties. Furthermore, the presence of niobium is expected
to cause several effects on the PZT host system suctz.
as defect creation or grain boundary segregation. A de-
tailed study of these facts is beyond the scope of th%
present work.

14.

5. Conclusions

Doping PZT systems with niobium leads to consider-
able alterations on the processing, microstructure antb.
final properties of these kind of ceramics. The variation
of the dopant level plays an important role changing th
system behaviour. As a principle, the densification ratg g
and the final density increases as the dopant level is
risen. The increase of the niobium concentration als@9.
inhibits the grain growth and produces a more textured
ceramics. In summary, the parameters that were us
to study the sintering and the microstructural behaviour
present a quasimonotonic dependence on the dopapd.
level. On the other hand, the dielectric and piezoelec-
tric properties do not show this kind of dependence23-
In fact, there is a maximum for the polarisation and for
the piezoelectric constadiz whenx = 0.8. As arule, it
was observed that as the dopant level is increased, these
properties are improved. However, foB0< x < 1.0,  26.
it is found a depressing of the mentioned properties,
The more textured the material is, the more favoure
the polarisation is. Therefore, it is assumed that, wheng
the grain size is less than a critical value, the studiedo.
properties cannot be improved any more.
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