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properties of lead-free Biys(Nag gKp.2)o5TiO3 ceramics
modified with Sn** ions
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ABSTRACT

The microstructure, strain behavior, and piezoelectric properties of Bips(Nag s-
Ko2)05TiO3 (BNKT-Sn) piezoelectric ceramics modified with Sn** ions were
systematically studied. The experimental results indicated that the Sn** ion
doping was a viable and effective method to promote the electromechanical
properties and the strain behavior of the BNKT ceramics. When the Sn content
was 0.02 mol, the resultant BNKT ceramics exhibited excellent electrical prop-
erties with a density of 5.92 g.cm™, a dielectric constant (¢,) of 1235, a dielectric
loss (tand) of 0.048, the electromechanical coupling factors of 0.36 (k) and 0.39
(ky), a piezoelectric coefficient (ds3) of 171 pC/N, and a mechanical quality factor
(Qy) of 125. Moreover, a large unipolar strain of 0.45% and a high normalized
strain of 865 pm/V were achieved at 50 °C. The main achievement of this study
was the large normalized strain (ds5) of 876 pm/V at the SnO, content of
0.04 mol.
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(BNKT)-based ceramics are the most promising can-
didates for replacing the PZT-based piezoelectric
ceramics due to the former’s large piezoelectric
coefficients, large field-induced strains, good ferro-

1 Introduction

Lead-free piezoelectric materials with high strains
exhibit an interconversion of electrical and mechani-

cal energies that can be utilized in a wide range of
applications, such as sensors, actuators, and electrical
devices [1-4]. Therefore, multifarious piezoelectric
ceramics, such as KNag_,NbOjs-based ceramics
[5-8], Bips(Nag_nKy)osTiOs-based  piezoelectric
ceramics [1, 2, 9-11], and (Ba;.,Ca,)(Zr;.,Ti,)Os-based
piezoelectric ceramics [12-14] have been synthesized.
Among the lead-free materials, Bip 5(INa —»Ky)o5TiO3
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electricity, and high Curie temperatures [15]. Fur-
thermore, modification of the elements at A-and/or
B-sites to obtain a modified BNKT solid solution is a
viable approach to enhance the dielectric, ferroelec-
tric, and piezoelectric properties or reduce the sin-
tering temperature [16]. Zhang et al. [17] reported
that the Sn*' cations could enter the B-sites of a
perovskite structure to replace the Ti*' ions and
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enhance the energy storage density. It was also
pointed out that 1% mol SnO,-doped Srp¢(Nags.
Bip5)0.4Ti03 ceramics yielded a high energy storage
efficiency (1) of 80%. Recently, in our research, it was
discovered that optimal Sn doping could effectively
reduce the sintering temperature of the BNKT
ceramics by generating a eutectic liquid phase at
170 °C [18]. Moreover, it was found that isovalent S,,
substitution at Ti-sites could induce a ferroelectric-to-
nonpolar pseudocubic phase transition and a giant
strain at the phase boundary [19, 20]. Recently, sev-
eral novel BNKT-based ceramics exhibiting high
strain under a low electric field have been discovered.
In a research reported by Khaliq et al. [21], Bigs.
Na0A5Ti03 seed-modified 0.96Bi0A5(Na0A7gK0,22)0_5_
TiO3 0.04Bi(Mgo sTip5)O3  exhibited considerably
high Spax/ Emax values of 725 pm/V at 3 kV/mm and
560 pm/V at 2.5 kV/mm. Gupta et al. [22] recently
reported that Sr(HfysZr(5)O3-doped Bigs(Nags-
Ko2)05TiO3 ceramics display excellent piezoelectric
properties. The ceramics with Sr(Hfj 5Zr( 5)O3 content
of 2% mol showed the S,ax/Emax Value of 663 pm/V
under the field of 5 kV/mm, indicating its potential
as a lead-free replacement material for actuating
applications. Huo et al. [23] reported obtaining a
large normalized strain of 600 pm/V in the BNKT
ceramics in complex with Cs,Nb,O;, tungsten bronze
phase. Zhang et al. [24] also demonstrated that
(BigsNag5)TiO3-based ceramics exhibited a large
strain of 0.38% (d33* = Smax/ Emax = 638 pm/V) under
a field of 60 kV/cm. In another report by Zhang et al.
[25], d33* = Spmax/Emax = 720 was achieved for the
NKBT-0.05FN ceramic at 50 kV/cm. In the present
study, Sn-modified Bi0,5(Na0_8K0'2)0.5TiO3 (BNKT)
lead-free ceramics were synthesized using a con-
ventional solid-state reaction method, with the main
objective of improving the strain behavior and the
piezoelectric properties of BNKT ceramics by adding
a suitable amount of Sn** ions.

2 Experiment

The general chemical formula of the investigated
material was Bips5(NagsKo2)o5(TiixSn, )O3 (BNKTS)
(x =0.0, 0.01, 0.02, 0.03, and 0.04). Reagent grade
oxide powders (purity > 99.5%) of Bi,O;, TiO,, Na,.
CO;3, K,CO3, and SnO, were used as starting mate-
rials. The oxide powders of Bi,O;, TiO,, NayCOs;,
K,COj3, and SnO, were weighed and milled for 20 h.
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The powders were calcined at 850 °C for 2 h, pro-
ducing the BNKTS compound. The production of the
BNKTS compound was confirmed through thermo-
gravimetric analysis (TGA) and differential thermal
analysis (DTA) [20]. The calcined BNKTS powder
was then milled for 20 h. Next, the ground materials
were pressed at 150 MPa into pellets of diameter
1.2 cm and thickness 1.5 mm by steel mold of the
corresponding diameter, which was then sintered at
1100 °C for 3 h in the air at a heating/cooling rate of
5 °C/min.

The crystalline phase of the sintered ceramics was
examined by X-ray diffraction (XRD, D8 Advance)
under Cu-K, radiation at a wavelength of 1.5405 A,
in the 20 range of 20°-70°, and with a step size of
0.02°, at room temperature (RT). Scanning electron
microscopy (SEM, Hitachi S_4800) was employed to
examine the surface morphologies. In addition, the
energy-dispersive spectrometry (EDS) of the sintered
ceramic was performed. Furthermore, Rietveld
refinements were performed using the FullProf soft-
ware, and the grain size was determined using the
mean linear intercept method. The sintered samples
were coated with silver paint at 550 °C for 15 min
and then polarized in silicone oil at 25-125 °C for
25 min under 3.5 kV/mm to measure their piezo-
electric properties. The piezoelectric properties of the
Sn-modified BNKT ceramics were determined from
their resonant vibration spectra collected at room
temperature using an impedance analyzer (HP 4193A
and RLC Hioki 3532). The piezoelectric constant, ds3,
was determined using a dz; meter (YE2730A,
Sinocera).

3 Results and discussion

3.1 The structure and microstructure
characteristics

In order to clarify the morphological evolutions and
the elemental distributions of the ceramic samples,
the EDS spectra of the Sn-doped BNKT ceramics
were obtained and are shown in Fig. 1a. It is clear
from the EDS spectra that Bi, Na, K, Ti, and O ele-
ments were present in the synthesized ceramics,
similar to the findings reported by Wang et al. [26]. In
our recent research, the sintering temperature of the
Sn-doped BNKT ceramics was determined to be
1100 °C [18]. In comparison to the green pellets
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without sintering that had a diameter of 12 mm and a
thickness of 1.5 mm, after sintering at 1100 °C for 3 h,
the Sn-doped BNKT ceramics exhibited good
shrinkage with a diameter of 10.3 mm and a thick-
ness of 1.0 mm [inset of Fig. 1a]. Therefore, based on
preliminary observation and the testing for sample
homogeneity using the EDS surface method, it could
be confirmed that the chemical composition of the Sn-
doped BNKT ceramics was considerably good qual-
itatively as well as quantitatively.

Figure 1b displays the crystalline phases of the Sn-
doped BNKT ceramics over a 26 range of 20°-70°. All
samples possessed a typical perovskite structure. In
order to clearly illustrate the effect of SnO, on the
structural properties of the BNKT ceramics, a mag-
nified view of the peaks in the region between 46.2°
and 47.1° is presented in Fig. 1c. The tetragonal phase
concentration was quite low and was observed only
in the ceramic samples without Sn** ions or those
with an extremely small concentration of Sn** ions.
The Lorentz curves could be used to theoretically fit
the partial intensity profile of ceramics as presented
in Fig. 1c. This was consistent with the report by Han
et al. [27] for Sn-doped Bi;,»(Nagg,Ko1s)1,2TiO3.
Moreover, the presence of rhombohedral crystal

Rietveld refinement technique (Fig. 1d). The fitting
analysis of the peak shape, peak position, structure,
and background was performed by considering the
rhombohedral (R3c) space group symmetry. In our
previous report, the coexistence of two different
structural phases occurred, and hence, the mor-
photropic phase boundary (MPB) was confirmed at
Sn** ion content of 0-0.01 mol, along with the
rhombohedral phase fraction (R3c) of greater than
60% [20]. On further refinement (the content of Sn**
ions was higher than 0.01 mol), the rhombohedral
symmetry was observed to fit well (Mr = 100%). It is
well known that the BigsNagsTiO5; ceramic is rhom-
bohedral, while the Big 5K, 5TiO3 ceramic is tetragonal
at room temperature [28]. The split (002)r and (200)1
peaks indicate the ferroelectric tetragonal phase (T),
while the single (200)gx peak represents the ferro-
electric rhombohedral phase (R). Thus, doping could
increase the tetragonal or rhombohedral phases of the
BNKT ceramic system. According to Pradhan et al.
[29], the structure of the Bigs(NaggKp2)os5TiO3
ceramics can be described by the P4mm space group
with the lattice parameters of a = 3.893 A and
¢ =3.908 A and a c/a ratio of 1.004. However, in our
work, a pure Big 5s(Nag sKo.2)0,5Ti103 with both R phase

symmetries  (R3c) in the  Bigs5(NagsKo2)os (space group R3c ~ 60%) and T phase (space group
(Tip.0gSNp02)O5 sample was confirmed using the Pimm ~ 40%) was observed [20]. Similar
Fig. 1 The structure of the
SnO,-doped BNKT ceramics 800 (a) Bi (b) ‘ 10003
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observations were reported by Ullah et al. [28], who
observed that the relative amount of the tetragonal
phases was 58.6% for the Bigs(Nag75Kg 22051103
ceramic samples sintered at 1100 °C. The overall
effect of Sn*" ions on the XRD patterns of Bigs
(Nag sKo.2)0,5TiO3 ceramics was the slight shift in the
intensity of the peaks toward lower angles and the
enhancement of the rhombohedral phase (R) struc-
ture, as depicted in Fig. 1c. This result implies that
the Sn** ions (0.69 A) replaced the similar-sized Ti**
ions (0.61 A) at the B-site rather than the bigger
cations at the A-site, such as K*, Na*, and Bi®* [18].
Similar results were observed by Yan et al. [30] in Sn-
doped Bags5ry5TiO5 ceramics as well as by Zhang
et al. [17] in Sn-doped Srg(Nag 5Bip5)04TiO5 ceram-
ics. It is evident that the Goldschmidt’s tolerance
factor [16], FBNKT/Sn) < IBNKT when Ti-
=0.61 A <rs, =069 A, and the corresponding
atom radii are rg>" = 1.17 A, ryat = 1.39 A, re™
=1.64 A, and ro> = 1.42 A [31, 32]. Therefore, the
tolerance factor of pure BNKT was tpnir = 0.9492
when tgnkT/sn < tenkr < 1.

Figure 2 presents the scanning electron microscopy
images of the fracture surfaces (SEM) of the Sn-doped
BNKT ceramics with different Sn contents. In our
previous research [18], the perovskite structure of the
ceramic samples was formed in the temperature
range of 745-883 °C. In order to ensure the single
perovskite phase formation in high-volume samples,
the calcination of the Sn-doped BNKT ceramics was
carried out at 850 °C for two hours (Fig. 2a). The
average grain size of the calcined BNKT compounds
was about 0.33 pm (Fig. 2a). However, the mecha-
nism underlying the effects of the preliminary calci-
nation temperature on the microstructures of the Sn-
doped BNKT samples remains unknown so far and
requires further investigation. In order to better
understand the influences of different Sn contents on
the microstructure of the Sn-doped BNKT ceramics,
the samples were sintered at 1100 °C for three hours
(Fig. 2b—f). In all samples, the grains had a dense
microstructure and a clear grain boundary. At low Sn
doping levels (x < 0.03), the grain size increased with
the increasing Sn content and reached the maximum
value of 1.62 um at the Sn content of 0.03 mol
(Fig. 3e). The increase in the grain size may be due to
a reaction between Bi and Sn elements, which pro-
duced some molten compounds [33, 34]. Similar
behaviors of increase in the grain size and change in
the morphology have also been observed in Zn-
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modified BNKT ceramics [35]. Muhsen et al. [36]
suggested that the increase in the grain size could be
related to the differences in the ionic radii of Sn** and
Ti** at the B-sites, due to which the interdiffusion
movement occurred via the grain boundary through
the formation of necks between the grains, and its
growth accelerated the grain growth. As the Sn con-
tent further increased, the grain size decreased
(Fig. 3f). This could be because during sintering to
produce the Sn-modified BNKT ceramics, a portion
of Sn*" ions may accumulate near the grain bound-
aries and reduce their densification mobility. The
reduction in the mobility of the grain boundary
weakens the mass transport and thus inhibits the
grain growth to a certain extent [37]. It is reported
that a large grain size is essential to obtain ceramics
with good piezoelectric properties [16, 18, 36]. Sn**
ions diffused into the BNKT lattice until the Sn
doping content was less than 4%.

3.2 Influence of Sn content on the strain
behavior and piezoelectric properties
of BNKT ceramics

Figure 4a illustrates the dielectric constant (e;) and
dielectric loss (tand) of the sintered ceramics with
different SnO, contents at 1 kHz. With the increasing
Sn content, &, gradually increased, reached the peak
value of 1235 at x = 0.02, and then decreased. The
variation trend of tané was the opposite; tano
decreased rapidly when the Sn content was less than
0.02 mol, reached the smallest value of 0.048 at the Sn
content of 0.02 mol, and then started to increase.
These phenomena are probably related to the
density and the increasing grain size. According to
Mubhsen et al. [36], the movement and growth of the
grain boundaries through the formation of necks
between the grains increase the grain size of the
ceramics. The dielectric properties of the Sn-doped
BNKT ceramics were improved with an increase in
their density (Fig. 4b). With the increase in the Sn
content from 0 to 0.04 mol, the density of the
ceramics increased from 5.80 g/cm’ to 5.92 g/cm’,
reached the maximum values of 592 g/cm® at
x=0.02 (98.6% of the theoretical density) corre-
sponding to the highest &, value, and then started to
decrease again. This could be because the low melt-
ing point of the Bi-Sn system is beneficial for the
generation of a eutectic liquid phase at 138.4 °C
[33, 34], and this phase can work as a lubricant
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Fig. 2 Microstructures of the Sn-doped BNKT ceramics: a calcined ceramic at 850 °C, b-f sintered ceramic at 1100 °C (b x = 0.00, ¢
x=0.01, d x=0.02, ex=0.03, fx=0.04)
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Fig. 3 Grain size distribution for the SnO,-doped BNKT ceramics: a calcined ceramic at 850 °C, b-f sintered ceramic at 1100 °C ( b
x=0.00, ¢ x=0.01,(d) x=10.02, ex=0.03, fx=0.04)

during the sintering process, wetting the solid parti-  segregation of some Sn*" ions at the grain boundaries
cles, and providing capillary pressure among them, prevented grain boundary movements during sin-
thereby increasing the sintering capacity of the  tering and inhibited the grain growth, leading to a
ceramics [3, 4, 38]. However, when the Sn content decrease in the grain size and a reduction in the
exceeded the solubility limit of the Sn** ions, the
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density and the dielectric properties of the ceramics
[36].

The piezoelectric properties of the Sn-modified
BNKT ceramics were determined from their resonant
vibration spectra (Fig. 5a, b). It is clear from Fig. 5¢c
that the electromechanical coupling factors (k,, ko
and the piezoelectric factor (dz3) varied as a function
of the Sn content. With the increase in the Sn content,
the values of k, k, and ds; were significantly
increased. At x =0.02, the Sn-modified BNKT
ceramics exhibited the best piezoelectric properties,
with the k;, ki, and dz3 values of 0.36, 0.39, and 171
pC/N, respectively, and this could be attributed to
the increase in the grain size. Therefore, at small Sn
contents, the increase in the grain size was beneficial
for the improvement of ki, k;, and d33 as the increas-
ing grain size reduced the volume fraction of the
[36]. However, with further
increase in the Sn content, the values of k, k;, and d33
decreased; this happened when the solubility limit of
the Sn*" ions in the Biys(NagsKg2)osTiO; ceramics
was 0.02 mol. When the SnO, content was above
0.02 mol, excess Sn>* ions accumulated at the grain
boundaries and abnormally influenced the piezo-
electric properties. Jiang et al. [39] obtained the best
piezoelectric properties with k, = 0.3 in 0.2 wt%
Mn** doped (Nag5Kg2)5BiosTiOs. Zhang et al. [40]
reported that 0.3 wt.% Sm>** substitution in (Nag g.
Ko.18)Bip5TiO3 ceramics exhibited a high planar cou-
pling factor (k,) value of 0.22. Surprisingly, the
variation in the mechanical quality factor (Q,,) was
almost similar to that of ds;, and the optimized Sn
content was 0.03 mol instead of 0.02 mol, resulting in

grain boundaries

@ Springer

the highest Q,, value of 125 (Fig. 5b). The values of
Q. increased when the Sn content increased from 98
to 125, and then decreased with a further increase in
the Sn content. It is believed that mechanical loss is
typically quantified in terms of the material’s
mechanical loss tangent (tand) and the dielectric loss
is also quantified in terms of the material’s dielectric
loss tangent (tand), which occur in the material due to
the inertia of the charge exchange process [41, 42],
which is represented by Q' m ~ tand. Interestingly,
an abrupt drop in the Q,, value was observed when
0.04 mol Sn** ions were doped on the B-site Ti*"
ions. The accumulation of an excess amount of Sn
ions at grain boundaries led to a reduction in the
mechanical quality factor (Fig. 3f) [43]. Thus,
although the average grain size of the ceramic was
the largest when the Sn content reached x = 0.03
(1.62 um), as depicted in Fig. 3e, the piezoelectric
properties of Sn-doped BNKT ceramics reached the
highest values of k,, ki, ds3, and Qn when Bigs
(Nap gK.2)0.5TiO3 was doped with 2 mol.% of the Sn
dopant.

Figure 6 demonstrates the bipolar strain curves of
the BNKT ceramics as a function of the Sn content
[44]. A slight decrease in the maximum strain (Syax)
occurred initially at x = 0.01; then, the Sy« value
increased with a further increase in the Sn content
(Fig. 7a). The value of S, increased with the
increasing Sn content and reached the maximum
value of 0.16% at x = 0.02. Negative strains in ferro-
electric materials manifest as the switching back
point of domain reorientation under cyclic fields;
hence, the highest values of k;, and d33 were obtained
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at x = 0.02. However, with further increase in the Sn
content, the S, value decreased and tended to zero
because the relaxor of the Sn-doped BNKT ceramics
was enhanced [44]. The normalized strains (ds3*) of
the sintered ceramics were calculated (Fig. 7a) and
compared with those of the other BNKT-based
piezoceramics (Fig. 7b). It is evident from Fig. 7a that
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Fig. 6 The bipolar S — E loop of BNKT ceramics as a function of
Sn doping

the normalized strain reached the maximum value of
876 pm/V at x = 0.04 and then decreased. Therefore,
the variation of the normalized strain with the Sn
content was almost similar to that of S..., and the
optimized Sn content of 0.04 mol led to the largest
ds3* value of 876 pm/V (Fig. 7a). Among all the
BNKT-based ceramics reported to date, the BNKT-
0.04Sn ceramic has the largest ds3* value of 876 pm/V
(Fig. 7b) [45-50].

3.3 Influence of temperature on the strain
behavior and piezoelectric properties
of BNKT ceramics

For practical applications of piezoelectric materials,
the temperature stability of their electromechanical
properties (poling temperature and operating tem-
perature) is crucial. In order to determine the opti-
mum poling temperature for the Sn-doped BNKT
ceramics to enhance their piezoelectric responses,
their poling temperatures were measured in silicone
oil under 3.5 kV/mm for 25 min (Fig. 8). At the pol-
ing temperature of 75 °C, BNKT-0.025n exhibited the
best piezoelectric properties with dj3 = 171 pC/N
and k;, = 0.36. The effect of temperature allowed the
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flexible domains to easily move in the field direction
and resulted in improved piezoelectric properties.
The suitable polarization of the Sn-doped BNKT
ceramics was noticed in the temperature range of
50-100 °C, which then decreased quickly upon fur-
ther increasing the temperature [51-53]. With a fur-
ther increase in the temperature, the rise of the
leakage current caused a reduction in ds3 and kp, [12],
which proves that the piezoelectric responses of the
ceramics were dependent on the poling temperature.

Figure 9 displays the temperature-dependent
strain hysteresis loops of the Bigs(NaggKo2)os
(Tip.0gSNp02)O5 ceramics (x = 0.02). A typical ferro-
electric behavior was noticed until 100 °C. However,
when the temperature exceeded Tryr (Fig. 10) and
reached 125 °C, a little negative strain was observed
[48]. Several researchers have suggested that the shift
of TR in various lead-free BNKT ceramics could be
related to the loss of Bi, K, and/or Na during the
processing [20]. It is believed that the origin of the
large strain in Bi-based ceramics is associated with
the reversible electric field-induced phase transition
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Fig. 8 Poling temperature dependence of BNKT-0.02Sn ceramics
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from a nonpolar ergodic relaxor to the polar ferro-
electric state [22]. Therefore, the temperature depen-
dence of the polarization and the strain hysteresis are
the maximum at the boundary where the ferroelectric
state transforms into the relaxor state.

In order to elucidate the variation trend of tem-
perature-dependent strains, strain values were plot-
ted against temperatures ranging from 25 °C to
125 °C (Fig. 11). The temperature-induced phase
transition of the ceramics was verified by the strain—
electric field (S-E) hysteresis measurements. The
positive maximum strain (Sy.x) gradually increased
with temperature, reached the highest value of 0.45%
at 50 °C, and then gradually decreased (Fig. 11). With
further increase in temperature, lattice softening
occurred when the temperature approached the
phase transition temperature; hence, the S;,.x value
decreased [54]. When the sintering temperature was
higher than Tgg, a notable increase in the usable
strain occurred due to the reduction in the remanent
strain (Fig. 9). According to Yin et al. [55], Smax
reached the maximum value and S..; dropped to
almost zero at around Tg.g, indicating that the field-
induced long-range ferroelectric order disappeared
around this temperature.

It is evident from Fig. 11b that Bigs(NagsKo2)os
(Tip.0gSn( 02)O3 ceramic presented the highest dis*
value of 865 pm/V at 50 °C. The positive maximum
strain (Smax) gradually increased with increasing
temperature and promoted the increase in dz3*
according to the following formula: d33* = Smax/ Emax
[45, 51]. The obtained ds3* and S,..x values in this
research are higher than those reported previously
for lead-free ceramics [19]. The large Smax value can
be attributed to the reversible electric field-induced
transition between the ergodic relaxor and the fer-
roelectric status around the Trgr temperature [48].
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Fig. 9 Plots of strain vs. electric field for Big s(Nag gKg 2)o.5(Tip.08Sng.02)O3 ceramics at various temperatures
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Fig. 10 Temperature dependence of the dielectric constant and the loss of Big s(Nag gK¢2)o.5(Tip.0gSng.02)O5 ceramics as the functions of

temperature, measured at 1 kHz

Due to the shift of Tr.gr below the room temperature
(RT), a large d33* was obtained at RT.

4 Conclusions

In this work, Bips(NagsKo2)o5(Ti1-)Sn,)O5 lead-free
ceramics were synthesized using a conventional
mixed-oxide approach. The experimental results
revealed that the doping of Sn** ions into the BNKT

ceramics significantly improved their dielectric and
piezoelectric properties as well as their strain
behavior. The resultant ceramics exhibited excellent
dielectric properties with a density of 5.92 g.cm™, a
dielectric constant (¢,) of 1235, and a dielectric loss
(tand) of 0.048. Under the optimized poling temper-
ature, the sintered ceramics had the best piezoelectric
constant (d33) of 171 pC/N, while the electrome-
chanical coupling factors were 36% (k) and 39% (k)
at 75 °C. In particular, the electric field-induced
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unipolar strain was increased from 0.17% for the pure
BNKT (x = 0.00) to 0.45% (x = 0.02) at an electric field
of 50 kV/cm, with a corresponding increase in the
large normalized strain (ds3) from 400 to 876 pm/V
for 4 mol. % Sn-modified BNKT ceramic, which is
relevant for the actuator applications of this material.
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