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(Pb; _ Ba,)TiO; or PBT (0.025 < x < 0.100) ceramics were prepared via the solid state
reaction method. The powders, calcined above 800°C, belonged to a pure tetragonal
structure. The c/a ratio of the PBT powders decreased while the average particle size
increased with the increasing of calcination temperatures. At the same calcination
temperature, the average particle size increased when the Ba ion contents increased. A
pure tetragonal structure was found in all PBT ceramics. The densest was discovered
in the sample sintered at 1150°C in all compositions. The Curie temperature slightly
decreased when the amount of Ba ions increased. The phase transition and dielectric
constant were also measured.

Keywords Solid state reaction; tetragonality; calcination temperature; Curie tempera-
ture

Introduction

PbTiO; (PT) is one of the most interesting and most studied perovskites possessing a ferro-
electric phase under ambient conditions. The strong interest in this material is caused by its
high spontaneous polarization and the wide temperature stability of the ferroelectric phase.
PT is used in the field of pyroelectric infrared detectors because of its large pyroelectric
coefficient and low permittivity and is also a good material for sensors and actuators [1].
Unfortunately, pure PT, because of its high c/a ratio, has been difficult to synthesize as
a mechanically robust, high density and monolithic ceramic [2]. However, the dense PT
ceramics can be prepared by the substitution of a small amount of dopant, such as isovalent
(Ca%*, Ba®*, S+, ete.) or off-valent (Sm>t, G+, Nd3+, etc.) ions into the Pb** sites. The
lattice anisotropy will be decreased and the samples become hard and dense [3-5].

The (Pb; _ ,Ba,)TiO3 (PBT) ceramics were prepared by the substitution with small
amounts of Baions into the Pb ion site. The substitution of Ba>* for Pb?* increases the lattice
parameter a while decreasing the lattice parameter ¢. The cell parameters continuously,
but nonlinearly, change with x. {2, 6]. The addition of a Ba ion not only reduced the
lattice anisotropy but also maintained the excellent dielectric and piezoelectric anisotropy
properties of the PBT ceramics, making it suitable for non-volatile random access memory
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(NVRAM) and surface acoustic wave (SAW) [7, 8]. The PBT ceramics can be synthesized
by several methods and has been widely reported (9, 10]. Yang and Haile [9] prepared PBT
via a sol-gel process. A high purity of (Pbg sBag 5)TiO3 powder was obtained at 500°C with
a nano-meteric size about 30-50 nm and a specific surface area of 21.91 m?*g. The particle
size of the PBT powders fabricated via the polymeric citrate precursor route were found
and ranged between 50 and 54 nm, in all compositions [10].

However, the effects of the addition of small amounts of Ba ions in PT on the phase
and morphology evolutions have not been reported yet. Furthermore, the result of firing
conditions on phase formation and the microstructure of (Pby _ ,Ba,)TiO; ceramics are
not clearly understood. Therefore, in this present study, the (Pb; _ ;Ba,)TiO3 (0.025 <x <
0.100) ceramics were fabricated by the solid state reaction method. The structural phase and
microstructure of the samples were studied as a function of firing conditions. In addition,
the DSC result and phase transition were also investigated.

Experimental

(Pb;, _ \Ba,)TiOz or PBT (0.025 < x < 0.100) ceramics were prepared by the solid-state
reaction method. The starting materials (PbO, BaCOj; and TiO,) were weighed, mixed and
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Figure 1. XRD patterns of PBT25; (a) powders calcined at various temperatures and (b) ceramics
sintered at different temperatures: (X) TiO, (+) TiO,, (") BaCos, (v ) PbO; and (@) PbO.
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ball-milled for 24 h by the zirconia media in ethyl alcohol. After being dried, the powders
were ground in an agate mortar. The mixed powders were calcined at different temperatures
(400-900°C) for 4 h in a covered alumina crucible. The PBT calcined powders were pressed
into the pellets with a diameter of 15 mm. The pellets were then sintered at temperatures
ranging from 1100-1225°C for 2 h. The phase identification of the calcined powdecrs and
sintered ceramics were carried out through an X-ray diffractometer. The microstructures
were investigated via a scanning electron microscope (SEM). The density of the sintered
pellets was measured using the Archimedes method. Silver electrodes were coated on both
sides of the polished samples. The room temperature dielectric constant was then measured

Table 1
The percent perovskite phase, lattice parameter a, ¢, ¢/a ratio and particle size of PBT
powders
Lattice
Ba?t Calcination parameter (A) Average
contents  temperatures S L ol particle
(%) °O) % perovskite phase a c ratio size (um)
2.5 400 8.39 — —_— — 0.13
600 93.16 3.884 4.132  1.064 0.16
700 95.12 3.884  4.128  1.063 0.24
750 96.90 3.887  4.127  1.062 0.30
800 100 3.888  4.124  1.061 0.39
850 100 3.889  4.121  1.060 0.43
900 100 3.890 4.114 1.058 0.62
5.0 400 7.65 —_ S — 0.14
600 94.51 3.885 4.128  1.063 0.19
700 97.33 3.886  4.125 1.062 0.24
750 98.65 3.886 4.124  1.061 0.32
800 100 3.887 4.123  1.061 0.43
850 100 3.889  4.121  1.060 0.60
900 100 3.8900 4.120 1.059 0.77
1.5 400 9.45 — — — 0.14
600 91.85 3.887  4.115 1.059 0.20
700 93.42 3.887 4.114 1.058 0.25
750 96.54 3.888 4.111  1.057 0.33
800 100 3.891 4.110  1.056 0.44
850 100 3.891  4.108 1.056 0.59
900 160 3.894 4.108 1.055 0.65
10.0 400 9.87 — — — 0.14
600 89.90 3.884  4.132 1.064 0.21
700 94.67 3.887  4.129 1.062 0.25
750 98.69 3.889 4.126  1.060 0.34
800 100 3890 4.122  1.060 0.45
850 100 3891 4.120 1.059 0.56

900 100 3.893  4.117 1.058 0.74
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by a LCR meter. The Curie temperature (T.) of PBT ceramics was evaluated using a
differential scanning calorimeter (DSC).

Results and Discussion

Figure 1(a) shows the XRD patterns of (Pbg 975Bag.25)TiO3 (PBT25) powders with different
synthesis conditions. The X-ray analysis indicated that the PBT25 powders, calcined from
600 to 900°C, have mainly set peaks with a major peak at (101). All of them belong to
the tetragonal phase of a perovskite-type structure and matched with JCPDS file number
06-0452 [11]. For PBT powders calcined below 800°C, impurity phases such as PbO,
BaCOs, TiO,, PbO,, and TiO were formed. Above 800°C of calcination temperature, the
impurity phases disappeared and the pure tetragonal phase was discovered in all sam-
ples. The XRD results of (Pbg 9s0Bag 0s50)TiO3 (PBT50), (Pbg.g25Bag g75)TiO3 (PBT75) and
(Pbg.gooBag.100)TiO3 (PBT100) were similar with PBT25.

The relative amounts of the perovskite phase were calculated by measuring the major
XRD peak intensities of the perovskite phase. The percentage of perovskite phase is
described by the following equation:

Lpe
% perovskite phase = ( Pt > x 100
Lperov + Ipbo + Ipaco, + Iri0, + IPbo, + Itio
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Figure 2. SEM micrographs of the PBT powders: (a) PBT50 calcined at 600°C, (b) PBT50 calcined
at 900°C, (c) PBT100 calcined at 600°C and (d) PBT100 calcined at 900°C.



09:46 2 December 2010

(Uppsala University Library] At:

Downloaded By:

208/[716] P. Panya and T. Bongkarn

This equation is a well-known equation widely employed in connection with the
preparation of complex perovskite structure materials [12, 13]. Where I yerov, Ipb0, IBac 0y,
I7i0,, Ippo, and Ig;p refer to the intensity of the (101) perovskite peak, and the intensities
of the highest PbO, BaCOs, TiO,, PbO, and TiO, respectively. The percent perovskite
phase of PBT powders in all compositions at various calcination temperatures are shown in
Table 1. There was an increase in the phase purity with increasing calcination temperatures.

The lattice parameters and tetragonality (c/a) of the PBT powders in all compounds
at different temperatures (600-900°C) were computed from the (100), (001), (200) and
(002) reflective peaks of the XRD patterns and are listed in Table 1. The lattice parameter
¢ and ¢/a ratio decreased while the lattice parameter a increased with the increasing of the
calcination temperatures.

The powders calcined at 800°C were pressed into pellets and sintered from 1100 to
1225°C. Figure 1(b) demonstrates the XRD patterns of the PBT25 sintered pellets at various
sintering temperatures. The single tetragonal perovskite phase of PBT was obtained in all
compositions. This result was similar with the XRD results of PBT50, PBT75 and PBT100
and indicated that Ba forms a complete solid solution with (Pb; _ ,Ba,)TiO; in the studied
composition range. The ¢/a ratio tended to slightly decrease with the increase of Ba ion
contents. There is a decrease in the tetragonality of the PBT sample, compared to the PT,
due to the incorporation of a smaller Ba ion in the place of the Pb ion site.
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Figure 3. SEM micrographs of the PBT ceramics: (a) PBT25 sintered at 1100°C, (b) PBT25 sintered
at 1225°C, (c) PBT75 sintered at 1100°C and (d) PBT75 sintered at 1225°C.
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Figure 2 shows the SEM morphology of synthesized PBT powders with different
temperatures for 4 h. The synthesized PBT powders consisted of ultra-fine particulates.
The particles were highly agglomerated and basically irregular in shape, with a substantial
variation in particle size. The powders sintered above 800°C seemed to display a signif-
icant level of necking and bonding as if they were in the initial stages of sintering. The
obtained particle size of PBT powders increased as the calcination temperatures increased
(Table 1). Figure 3 demonstrates the SEM micrographs of PBT ceramics sintered at various
temperatures. The grain size tended to increase when the sintering temperatures increased
(Table 2).

The densest of the PBT ceramics, in all compounds, were obtained in ceramics sintered
at 1150°C as shown in Table 2. The density of the samples increased up to a maximum
value of 7.438, 7.310, 7.419 and 7.444 g/cm3 in samples with x = 0.025, 0.050, 0.075 and
0.100, respectively; then the value decreased with the increase in the sintering temperature.
The density decreased when the temperature was higher than the optimal temperature. This
1s because there is a compromise between grain growth and the densification mechanisms
during heat treatment, especially during the final stage of sintering. If the sintering rate is
too fast and/or if the temperature is too high, the grain growth mechanism is faster than the
densification [14].

The tendency of the room temperature dielectric constant decreased, while the grain
size tends to increased with the increasing of the sintering temperatures as seen in Table 2.
Similar results were reported in BaTiOj;, modified PbTiOs, Pbggl.agTiO3 and
Pb(Zry 55 Tig )O3 ceramics [15-18]. Kakegawa er al. described the decrease of the
dielectric constant may due to the changing of the chemical composition [18]. In this

Table 2
The c/a ratio, average grain size, density and dielectric constant of PBT ceramics
dielectric
Ba’* Sintering Average constant
contents temperatures c/a grain Density at room
(%) O ratio size (um) (g/cm?) temperature
2.5 1100 1.059 1.9 7.132 2348
1150 1.060 1.8 7.438 1197
1200 1.059 2.6 7.432 1131
1225 1.059 5.1 7.412 708
5.0 1100 1.057 1.5 7.282 3151
1150 1.057 2.0 7.310 1394
1200 1.057 2.1 7.296 1077
1225 1.058 8.4 7.235 866
7.5 1100 1.057 0.9 7.343 2550
1150 1.056 3.0 7.419 1922
1200 1.057 6.4 7.417 1432
1225 1.056 5.7 7.412 912
10.0 1100 1.055 1.0 6.983 944
1150 1.055 2.0 7.444 938
1200 1.056 7.1 7.405 876

1225 1.056 4.9 7.280 294
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Figure 4. The DSC traces of: (a) PBT peliets sintered at 1150°C with various x and (b) PBT100
pellets with different sintering temperatures.

study, the higher sintering temperature led a greater lead loss, which evaporated above
800°C [19].

The ceramics which were sintered at 1150°C and PBT100 ceramics with different
sintering temperatures were selected to study phase transition by DSC measurement.
Figure 4(a) shows the DSC graph of PBT ceramics with different x. The endothermic
peak associated with the Curie temperature (T.)—the transition temperature from ferro-
electric (FE) to paraelectric (PE) phase——were observed. The T. was decreased with an
increase of Ba ion content. The T, of PBT ceramics were found to be 468, 459, 457 and
447°C for samples with x = 0.025, 0.050, 0.075 and 0.100, respectively. The DSC patterns
of PBT100 ceramics with different temperatures are demonstrated in Fig. 4(b). The T,
tended to slightly increase with an increase of sintering temperatures. The T, of PBT100
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ceramics were 446, 447, 449 and 450°C for samples sintered at 1100, 1150, 1200 and
1250°C, respectively. These results agreed with previous work [20].

Conclusions

The firing temperatures and Ba ion contents have a strong influence on the phase formation,
morphology, lattice parameter and tetragonlality of PBT ceramics. The pure tetragonal
perovskite phase appeared above 800°C of calcination temperature. The tetragonality of
powders decreased with an increase of calcination temperatures. The particles have a
spherical form and tend to increase with the rising of temperatures. The densest of the PBT
pellets was observed in ceramics sintered at 1150°C in all compositions. The T, of the PBT
ceramics depended on the sintering temperatures and Ba ion contents.
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Phase formation and dielectric properties of
(Pbg.g25Bag g75)(Zry — [ Ti, )O3 ceramics prepared by the solid-state
reaction method

Atthakorn Thongtha, Chakkaphan Wattanawikkam and Theerachai Bongkarn™

Department of Physics, Faculty of Science, Naresuan University, Phitsanulok 65000, Thailand

(Received 11 December 2010, final version received 21 June 2011)

Lead barium zirconate titanate [(PbggasBag.ors)H(Zr_Ti,)O1] ceramics with
0 <x<1 were prepared by the solid-state reaction method. The calcination
temperatures were between 800°C and 1000°C for 1h and the sintering
temperature was 1200°C for 3h. It was found that the structure of the calcined
powders and sintered pellets was in an orthorhombic phase for x=0; a rhom-
bohedral phase for x=10.25 and a tetragonal phase for 0.5 <x < 1. The ¢/a ratio
increased with an increase in the x content. The average particle size and density
slightly decreased with an increase in the x content, while the average grain size,
linear shrinkage, and Curie temperature increased when the x content increased.
Keywords: lead barium zirconate titanate, microstructure; phase transition;
crystal structure; dielectric properties

1. Introduction

Lead barium zirconate (Pb;_.Ba,)ZrO; (PBZ) is one of the perovskite structure materials
discovered by Roberts [1,2] in 1950. The investigation of the structural phase at room
temperature indicated that: PBZ with 0 < x <0.175 has an orthorhombic anti-ferroelectric
phase; PBZ with 0.175 < x <0.35 has a rhombohedral ferroclectric phase; and PBZ with
0.35 < x <1 has a cubic paraelectric phase [3-6]. The Curie temperature of the PBZ
materials decreased with the increase of x, from 230°C for x =0 to 50°C for x=0.35 [7].
The maximum dielectric constant at Curie temperature was observed at x=0.25 and a
relaxor ferroelectric behavior was exhibited at x =0.30 [7]. For x <£0.10, the electric field
induced an anti-ferroelectric-to-ferroelectric phase transition which gave a large increase in
volume {3,8,9]. Specifically, the anti-ferroelectric-to-ferroelectric phase (ransition of
(Pbyg.925Bagg75)ZrO; ceramics exhibited high expansion, which makes this ceramic an
interesting candidate for application in large-displacement actuator devices [3].

Lead barium titanate (Pb,_,Ba,)TiO; (PBT) with 0 <x < | is a perovskite ferroclectric
material which has a tetragonal structure at room temperature [10-14]. It changes from a
ferroclectric to a paraclectric phase when it receives a certain Curie temperature. The Curie
temperature of PBT materials drops monotonically with an increase of x, from 490°C at
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x=0 10 120°C at x =1 [15]. (Pby.925Bag.075)T105 has a high Curie temperature (~457°C
[13,14]. Tt has been considered for use in high-temperature electric and optical devices.

Lead barium zirconate titanate (PBZT) ceramic is a solid system composed of
orthorhombic anti-ferroelectric, rhombohedral ferroelectric, cubic paraelectric PBZ, and
ferroclectric PBT. Recently, Ujma ct al. [16--18] studied the dielectric properties of
(Pbg 75Bag 25)(Z1ro.70Ti0.30)03 ceramic which is the solid solution of rhombohedral
ferroclectric PBZ and tetragonal ferroelectric PBT. They found typical relaxor behavior.
The magnitude of the dielectric constant decreased and the maximum shifted to higher
temperatures with increased frequency. After a survey of the literature, it was found that
the dielectric properties and phase transition of a solid solution of orthorhombic
anti-ferroelectric PBZ and tetragonal ferroelectric PBT have not been studied. Therefore,
in this study, the phase formation, microstructure, phase transition, and diclectric
properties of (PbgoasBaggrs)(Zr_ T1,)O; (PBZT) ceramics with 0 <x <1 were investi-
gated. The PBZT ceramics were prepared by the solid-state reaction method. The
structural phase, microstructure, dielectric constant, and dielectric loss with a variation of
frequencies of the PBZT ceramics were characterized by a X-ray diffractometer (XRD),
scanning clectron microscopy (SEM), and LCR meter.

2. Experimental

The (Pbg g>5Bag g7sH{Zr, . Ti)O5 ceramics with 0 < x < 1 were prepared by a conventional
solid-state reaction method. The raw materials of PbO, BaCO;, ZrO,, and TiO, were
weighed and mixed by ball milling in ethanol using zirconia balls for 24 h. Aflter drying and
sieving, they were calcined between 800°C and 1000°C for | h. The calcined powders were
reground by ball milling and mixed with 2 wt% binder for 24 h. The calcined powders were
then dried, crushed, and sieved. The powders were isostatically pressed at 80 MPa into
I5mm diameter pellets. Finally, the pellets were sintered at 1200°C for 3h. In order to
minimize the loss of lead due to vaporization, the PbO atmosphere during the sintering
process was maintained using lead titanate and lead zirconate as the spacer powders. The
crystal structure and microstructure of the calcined and sintered samples were character-
1ized by an XRD and SEM, respectively. The average particle size and average grain size
were determined using a mean linear intercept method. The Archimedes displacement
method with distilled water was employed to evaluate the sample’s density. Silver paste
was coated and fired at 550°C for Smin to form electrodes. Dielectric constants with
various frequencies were also measured by an LCR meter.

3. Results and discussion

Figure 1 shows the XRD pattern of PBZT powders with 0 <x < 1. The pure perovskite
phase was observed for all compositions. For x =0, the structural phase, indexed in an
orthorhombic phase, matched the JCPDS file number 35-0739 [19] and corresponded to
previous works [3,5,7,20]. For x =0.25, the structural phase belonged to the rhombohedral
phase which matched the JCPDS file number 29-0775 [21]. For 0.5 <x <1, the samples
indexed in the tetragonal phase matched JCPDS file number 06-0452 [22], as shown in
Figure 1(a). To investigate the range of the rhombohedral structure, the XRD patterns of
x=0.05, 0.1, 0.2, 0.3, 0.4, and 0.45 were also studied, as shown in Figure 1(b). The
structural phase changed from orthorhombic to rhombohedral and rhombohedral to
tetragonal when x=0.05 and 0.4, respectively. The XRD results from the sintered pellets
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Figure 1. (a) XRD pattern of PBZT powders with (I) x =0 calcined at 1000°C, (I1) x=0.25 calcined
at 950°C, (III) x =0.5 calcined at 900°C, (IV) x =0.75 calcined at 850°C, and (V) x=1 calcined at
800°C. (b) XRD pattern of PBZT powders with (I) x =0 calcined at 1000°C, (I) x =0.05 calcined at
990°C, (I1I) x = 0.1 calcined at 980°C, (I1V) x =10.2 calcined at 960°C, (V) x =0.25 calcined at 950°C,
(VD) x =0.3 calcined at 940°C, (VII) x = 0.4 calcined at 920°C, (VIII) x = 0.45 calcined at 910°C, and
(IX) x=0.5 calcined at 900°C.

were similar to the results from the XRD powders, as shown in Figure 2. The lattice
parameters a, b, and ¢ of the PBZT ceramics were calculated by the least square method
and are shown in Table 1. For 0.5 < x < 1, the lattice parameters ¢ and ¢ decreased with
increased x values. The ¢/a ratio increased while the unit cell volume decreased when the x
values increased, as given in Table 1.

The SEM morphology of the PBZT powders is shown in Figure 3(a)-(c). The particles
were agglomerated and were irregular in shape with a variation in particle size. The
average particle size of 0 < x < 0.75 showed little difference in their values, while the value
in the size of the x = 1 sample rapidly decreased. The average particle size of 0 <x <1 was
between 0.4 and 1.7um. The change of the PBZT ceramic surface morphology was a
function of increasing x, as shown in Figure 3(d)—(f). The increase of the average grain
sizes was between 2.3 and 3.9 pm when the x content was increased from 0 to 1, as given in
Table 1. The measured density and linear shrinkage with the variation of the x content are
shown in Table 1. The increase of the x content also affected density and linear shrinkage.
The density tended to decrease, while the lincar shrinkage tended to increase with the
increase of x. The obtained density of all samples was around 96% of the theoretical
density.

Figure 4(a)—(c) illustrates the temperature dependence of the diclectric constant (g,) of
PBZT ceramics at various frequencies. For x=0, the diclectric constant showed two
peaks. The first peak showed an anomaly around 105°C, which was due to the phase
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Figure 2. XRD pattern of PBZT ceramics sintered at 1200°C with: (I) x=0, (II) x=0.25,
(D) x=0.5, (IV) x=0.75, and (V) x=1.

transition from an antiferroelectric to a ferroelectric state. This phase transition was
explained and confirmed by previous works {3,6,7,9]. The second peak was at around
202°C, which was caused by a ferroelectric—paraelectric transformation process, as shown
in Figure 4(a). When the content of x increased, the anomalous peak vanished but the
ferroelectric—paraelectric phase transition still occurred and the Curie temperature moved
toward a higher temperature, as shown in Figure 4(a)-(d). At varied frequencies, the
samples with x=0 did not change the Curic temperature, as is demonstrated in Figure
4(a), while x > 0.25 effected the shift of Curie temperature, as shown in Figure 4(b) and (c)
and is listed in Table 2. The Curie temperature shifted to a higher temperature with
increased frequency. The dielectric constant at a Curie temperature of x > 0.25 decreased
when the frequency increased from 1 to 100 kHz, as shown in Figure 4(b) and (c). Thisisa
typical behavior of relaxor ferroelectrics with x > 0.25. For x > 0.25, the result is similar to
previous works describing (Pbg 75Bag25)(Zrg 70Tip.20)O3 ceramics [16-18]. For the same
frequency at 1, 10, and 100 kHz, the dielectric constant at room temperature first increased
and reached its highest at x=0.75 and then the value dropped when x was higher than
0.75, as given in Table 2. The frequency and content of x affected the diclectric properties.
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Figure 3. SEM morphology of PBZT powders with: (a) x=0.5 calcined at 900°C, (b) x=0.75
calcined at 850°C, and (c) x =1 calcined at 800°C and PBZT ceramics with: (d) x=0.5, (¢) x=0.75,
and (f) x=1 sintered at 1200°C.

4. Conclusions

The results indicated that the concentration of Zr*™ and Ti*" ions has a significant effect
on the phase formation, microstructure, and dielectric properties of PBZT ceramics. The
structure phase of (Pbg.g25Bag g75)(Zr; _xTi, )O3 (PBZT) samples is in an orthorhombic
phase for x =0; a rhombohedral phase for x=0.25 and a tetragonal phase for 0.5 <x <1.
The average particle is 0.4-1.7 um and the average grain size is 2.3-3.9 um. The linear
shrinkage, average grain size, and Curie temperature of the PBZT increased, while the
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Figure 4. Functional temperature and frequency of the dielectric constant of PBZT ceramics with:
(a) x=0, (b) x=0.5, (c) x=1, and (d) PBZT ceramics with 0 <x <1 measured at 100 kHz.

Table 2.
at room temperature.

Curie temperature (7.), dielectric constant (¢,), and loss tangent (tan §) of PBZT ceramic

1 kHz 10kHz 100kHz
x T. (°C) & tané T. (°C) & tané T, (°C) £ tan g
0 202 128 0.008 202 126 0.006 202 124 0.005
0.25 272 253 0.032 274 251 0.006 274 250 0.002
0.5 337 878 0.002 338 875 0.002 344 873 0.002
0.75 405 920 0.003 407 917 0.002 410 915 0.002
1 450 268 0.084 452 216 0.051 458 204 0.016

average particle size and density decreased, when the x content increased. Typical relaxor
ferroelectrics were discovered in the PBZT sample with x > 0.25.
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