Enhanced torsional actuation and stress coupling in Mn-modified 0.93(Na0.5Bi0.5TiO3)-0.07BaTiO3 lead-free piezoceramic system
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Supplementary Information
Figure S1a, Figure S1b and Figure S1c show the frequency dependence of the impedance and phase spectra of d15 shear poled 0.93NBT-0.07BT ceramic with composition near MPB (morphotropic phase boundary) and Mn modified 0.93NBT-0.07BT ceramic, respectively. It can be seen that the phase angle is negative and not exactly ±900 as expected for fully poled sample. Similar behavior of the impedance phase angle curve is encountered in [S1] for the thickness d33 poled 0.93NBT-0.07BT ceramic material. A phase angle determines how much the current leads or lags the voltage in a circuit. Current leads voltage by -900 in a purely capacitive circuit, whereas mixed resistive and capacitive impedance will have a phase angle somewhere between 00 and -900 [S2, S3, S4]. 
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Figure S1: (a) Impedance/Phase spectra of d15 shear poled 0.93NBT-BT-0.07BT ceramic, (b)  Impedance/Phase spectra of d15 shear poled Mn-modifed 0.93NBT-BT-0.07BT ceramic, and (c) Comparison of phase spectrum versus frequency of pure and Mn-modified 0.93NBT-BT-0.07BT.

The electromechanical parameters of NBT-BT-Mn poled along the x-axis that were used in the simulations are presented in Appendix S1. The mechanical properties of NBT-BT-Mn ceramics indicate that they are hard type of piezoceramics. NBT-BT-Mn piezoceramics have very high Young’s moduli  and shear moduli like other type of BNBT based ceramics [S5, S6]. For this reason, NBT-BT-Mn ceramic material is able to produce transverse shear actuation force comparable to that of lead-based shear-mode piezoceramics.
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Appendix S1
Electromechanical parameters of NBT-BT-Mn poled along the x-axis that were used in the simulations

Constant				Notation				Value

Piezoelectric strain coefficient (pC/N)	 d15					305
						 d33					195
						 d31					-89

Relative dielectric permittivity							974

										1297
Young`s moduli (GN/m2)			E1					123.34
						E2=E3					105.18
Shear moduli (GN/m2)			G12=G13				38.34
						G23					38.67

Poisson ratios									0.31

											0.36
Density (kg/m3)                                               ρ                                                         5949
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