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THERMOMECHANICAL CYCLE FOR FIGS . 10A - D illustrate sample temperature of a pyroelec 
THERMAL AND / OR MECHANICAL ENERGY tric component . 
CONVERSION USING PIEZOELECTRIC FIGS . 11A - B illustrate sample temperature of a pyroelec 

MATERIALS tric component . 
FIGS . 12A - B illustrate D - E diagrams for a new power 

CROSS - REFERENCE TO RELATED PATENT cycle . 
APPLICATIONS FIG . 13 illustrates energy density of a new power cycle as 

a function of material temperature . 
This application claims the benefit of U . S . Provisional FIG . 14 illustrates energy density of a new power cycle as 

Patent Application 61 / 804 , 108 filed on Mar . 21 . 2013 to 10 a function of stress . 
McKinley et al . , titled “ Thermomechanical Cycle for Ther - FIG . 15A illustrates energy density of a new power cycle 
mal and / or Mechanical Energy Conversion Using Ferroelec - as a function of heater temperature . 
tric Materials , ” the contents of which are incorporated herein FIG . 15B illustrates power density of a new power cycle 
by reference in their entirety . as a function of heater temperature . 

15 FIGS . 16A - B illustrate electric displacement of a new 
STATEMENT REGARDING FEDERALLY power cycle . 

SPONSORED RESEARCH OR DEVELOPMENT FIG . 17 illustrates electric displacement of a new power 
cycle as a function of electric field . 

This invention was made with government support under ment support under FIGS . 18A - B illustrate electric displacement of a new 
Grant Number DGE0903720 , awarded by the National 20 power cycle as a function of electric field and varying stress . 
Science Foundation . The government has certain rights in FIG . 19A illustrates saturation polarization . 
the invention . FIG . 19B illustrates large - field relative permeability . 

FIG . 20 illustrates electric displacement of a new power 
BACKGROUND cycle as a function of electric field . 

25 FIG . 21 illustrates power density of a new power cycle as 
Energy conversion is important for many processes . Addi - a function of stress . 

tionally , harvesting thermal and mechanical energies could FIG . 22 illustrates power density of a new power cycle as 
contribute to more sustainable and efficient energy use . a function of stress . 
Improved energy conversion capability is thus desirable . FIG . 23A illustrates electric displacement versus electric 

30 field . 
SUMMARY FIG . 23B illustrates stress versus strain . 

A system for generating electrical energy includes a DETAILED DESCRIPTION 
thermal source , an electric field source , a stress source , a 
piezoelectric component , and a cycle controller coupled to 35 Acronyms and Definitions 
the thermal source , the electric field source , and the stress Tc : applied cold temperature 
source . The cycle controller provides control signals to the Th : applied high temperature 
thermal source , the electric field source , and the stress Tcold : material cold temperature 
source to repeatedly cycle the piezoelectric component Thor : material high temperature 
through the sequence : ( a ) application of : a first temperature , 40 V : Volts ( MV : megavolt ) 
a first electric field , and a first stress ; ( b ) application of : the uC : microCoulomb 
first temperature , a second electric field greater than the first J : Joules 
electric field , and the first stress ; ( c ) application of : a second W : Watts 
temperature , the second electric field , and a second stress g : gram ( kg : kilogram ; mg : milligram ) 
greater than the first stress , and ( d ) application of : the second 45 m : meter ( cm : centimeter ; mm : millimeter ) 
temperature , the first electric field , and the second stress . L : liter 
The second temperature may be greater than or equal to the Pa : Pascals ( kPa : kiloPascals ) 
first temperature . DC : direct current 

C : Celsius 
BRIEF DESCRIPTION OF THE DRAWINGS 50 K : Kelvin 

This disclosure presents a new power cycle for direct 
FIG . 1 illustrates an example of an energy conversion conversion of thermomechanical energy into electrical 

system . energy using piezoelectric materials . The cycle includes , 
FIG . 2 illustrates an example of a computing device . sequentially : ( i ) isothermal electric poling performed under 
FIG . 3A illustrates an example of an Olsen cycle . 55 substantially zero stress ; ( ii ) uniaxial compressive stress 
FIG . 3B illustrates an example of a new power cycle . during a heating transition ; ( iii ) an isothermal electric de 
FIG . 3C illustrates an example of states and transitions of poling under uniaxial stress ; and ( iv ) the removal of com 

a new power cycle . pressive stress during a cooling transition . The new power 
FIG . 4A illustrates an example of a new power cycle . cycle is able to generate electrical energy at temperatures 
FIG . 4B illustrates an example of states and transitions of 60 below those of the Olsen cycle . In addition , the new power 

a new power cycle . cycle is able to adapt to changing thermal and mechanical 
FIG . 5 illustrates an example of a testing device . conditions . A variation of the new power cycle maintains an 
FIG . 6 illustrates an example of another testing device . applied isothermal temperature throughout the cycle such 
FIGS . 7A - D illustrate examples of isothermal D - E cycles that a temperature of the piezoelectric material is held close 
FIGS . 8A - D illustrate examples of isothermal D - E cycles . 65 to constant at a bias temperature Tbias . Tbias is selected such 
FIG . 9 illustrates specific heat of a pyroelectric compo - that application of stress to the piezoelectric material in 

nent . stage ( ii ) causes the material to undergo a phase transfor 
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mation . Tbias is further selected such that a phase transition more of the components of computing device 200 . The 
caused by stress changes in stage ( iv ) of the cycle is a phase components shown are provided by way of illustration and 
transition to a phase with a maximize polarization . are not limiting . Computing device 200 may have additional 

In a piezoelectric material , the electric charge within the or fewer components , or multiple of the same component . 
material changes when the material is mechanically 5 Processor 210 represents one or more of a processor , 
deformed . Applying a compressive stress in the poling microprocessor , microcontroller , ASIC , and / or FPGA , along 
direction decreases the electric displacement for a given with associated logic . 
temperature and electric field . The reduction in surface Memory 220 represents one or both of volatile and 
charge can be captured as current in an external load . non - volatile memory for storing information . Examples of 

A subclass of piezoelectric materials is pyroelectric mate - 10 memory include semiconductor memory devices such as 
rials . Pyroelectric materials possess a temperature - depen - EPROM , EEPROM and flash memory devices , magnetic 
dent spontaneous polarization defined as the average electric disks such as internal hard disks or removable disks , mag 
dipole moment per unit volume in the absence of an applied neto - optical disks , CD - ROM and DVD - ROM disks , and the 
electric field . For a subclass of pyroelectric materials , known like . 
as ferroelectrics , there exists the ability to switch the direc - 15 Input / output interface 230 represents electrical compo 
tion and magnitude of the spontaneous polarization by nents and optional code that together provides an interface 
applying a magnetic field opposite and with greater magni from the internal components of computing device 200 to 
tude than a coercive electric field due to the spontaneous external components . For example , a signal representing a 
polarization . value of energy 120 , such as a temperature , voltage , or 

The new power cycle leverages the piezoelectric proper - 20 current may be received at input / output interface 230 , and 
ties of a material , and may further leverage the pyroelectric computing device 200 may use information in the signal to 
properties of the material . Categories of pyroelectric mate - adjust the new power cycle according to the available energy 
rials include ( i ) ceramics such as lead zirconate titanate 120 . For another example , input / output interface 230 may 
( PZT ) , barium titanate ( BaTiO3 ) , and lithium titanate ( Li - provide control signals to devices such as variable electric 
TiO3 ) , ( ii ) single crystals such as lead magnesium niobate - 25 field source 150 , variable stress source 160 , and variable 
lead titanate ( PMN - PT ) and lead zirconate niobate - lead thermal source 170 . 
titanate ( PZN - PT ) , ( iii ) polymers like polyvinylidene fluo - Communications interface 240 represents electrical com 
ride ( PVDF ) , polyvinylidene fluoride trifluoroethylene ponents and optional code that together provides an interface 
( P ( VDF - TrFE ) ) , and polyvinylidene fluoride trifluoroethyl - from the internal components of computing device 200 to 
ene chlorofluoroethylene ( P ( VDF - TrFE - CFE ) ) , ( iv ) biologi - 30 external networks . 
cal materials including bovine phalanx , femur bones , and Bus 250 represents one or more interfaces between com 
collagen ( found in fish scales and hair ) , and ( v ) minerals ponents within computing device 200 . For example , bus 250 
such as tourmaline and quartz . may include a dedicated connection between processor 210 

The new power cycle provides substantially improved and memory 220 as well as a shared connection between 
cycle time over the Olsen cycle . 35 processor 210 and multiple other components of computing 

The new power cycle was demonstrated experimentally device 200 . 
on [ 001 ] - poled PMN - 28PT ( 0 . 72PbMg13N62302 - 0 . 28Pb - Portions of cycle controller 180 may be implemented as 
TiO3 ) pyroelectric single crystals , and performance and computer - executable instructions in memory 220 of com 
constraints on the operating conditions of the new cycle puting device 200 , executed by processor 210 . An embodi 
were compared with those of the Olsen cycle . 40 ment of the disclosure relates to a non - transitory computer 

FIG . 1 illustrates system 100 for energy conversion in readable storage medium having computer code thereon for 
accordance with this disclosure . System 100 includes a performing various computer - implemented operations . The 
process 110 that generates energy 120 by its operation . term “ computer - readable storage medium " is used herein to 
Energy 120 may be waste energy of process 110 . Energy include any medium that is capable of storing or encoding a 
converter 130 receives energy 120 and converts it to elec - 45 sequence of instructions or computer codes for performing 
trical energy 140 . Energy converter 130 includes a variable the operations , methodologies , and techniques described 
electric field source 150 , a variable stress source 160 , and a herein . The media and computer code may be those specially 
variable thermal source 170 . The conversion cycle is con - designed and constructed for the purposes of the embodi 
trolled by cycle controller 180 , which controls changes in ments of the disclosure , or they may be of the kind well 
electric field , stress , and temperature to perform cycles of 50 known and available to those having skill in the computer 
energy conversion , and to adapt the cycles to the energy software arts . Examples of computer - readable storage media 
received and to the present environmental conditions . Cycle include , but are not limited to : magnetic media such as hard 
controller 180 may be , may include , or may be included in , disks , floppy disks , and magnetic tape ; optical media such as 
a computing device . Cycle controller 180 controls variable CD - ROMs and holographic devices ; magneto - optical media 
electric field source 150 , variable stress source 160 , and 55 such as optical disks ; and hardware devices that are specially 
variable thermal source 170 to selectively apply an electric configured to store and execute program code , such as 
field , stress , and temperature , respectively , to a piezoelectric application - specific integrated circuits ( “ ASICs ” ) , program 
component 190 , which in response generates electrical mable logic devices ( “ PLDs ” ) , and ROM and RAM devices . 
energy . Power for operation of variable electric field source Examples of computer code include machine code , such 
150 , variable stress source 160 , and variable thermal source 60 as produced by a compiler , and files containing higher - level 
170 may be provided by energy 120 received from process code that are executed by a computer using an interpreter or 
110 , and cycle controller 180 may control the new power a compiler . For example , an embodiment of the disclosure 
cycle based on the energy 120 presently available . may be implemented using Java , C + + , or other object 

FIG . 2 illustrates an example of a computing device 200 oriented programming language and development tools . 
that includes a processor 210 , a memory 220 , an input / 65 Additional examples of computer code include encrypted 
output interface 230 , and a communication interface 240 . A code and compressed code . Moreover , an embodiment of the 
bus 250 provides a communication path between two or disclosure may be downloaded as a computer program 
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product , which may be transferred from a remote computer between four states . The first transition of the Olsen cycle is 
( e . g . , a server computer ) to a requesting computer ( e . g . , a an increase in electric field from E , to Ey at constant 
client computer or a different server computer ) via a trans material temperature Tcold . The second transition is the 
mission channel . Another embodiment of the disclosure may heating the material from Tcoid to Thor under constant electric 
be implemented in hardwired circuitry in place of , or in 5 field Ey . The third transition is a decrease in the electric field 
combination with , machine - executable software instruc - from E , to E , at constant temperature Thor . The cycle is 
tions . closed by cooling the material from Thot to Tcold under 

Cycle controller 180 controls the new power cycle to constant electric field E , 
convert thermal energy and / or mechanical energy into elec - FIG . 3A illustrates the Olsen cycle superimposed on 
trical energy using a piezoelectric material . The piezoelec - 10 electric displacement D versus electric field E diagram ( D - E 
tric material may be also pyroelectric . diagram ) for three isothermal bipolar loops . The Olsen cycle 

The electric displacement D of a pyroelectric material at superimposed over the D - E loops includes cyclic transitions 
temperature T under electric field E and compressive stress between Tcold and Thor , and also between low electric field 
o can be expressed as in equation ( 1 ) . E , and high electric field Eh , as described above . The area 

15 enclosed by the four associated state transitions corresponds D ( E , 1 , 0 ) = £g£ , ( 1 , 0 ) E + Ps ( 1 , 0 ) to the generated energy density No , defined as the electrical 
In equation ( 1 ) , ? , is the vacuum permittivity ( = 8 . 854x10 - 12 energy ( in Joules ) produced per unit volume ( in liters ) of the 
F / m ) and ? , ( 1 , 0 ) is the large - field relative permittivity of the material per cycle . It is expressed in J / L / cycle and defined as 
material at temperature T and under stress o . The saturation in equation ( 2 ) . 
polarization P ( 1 , 0 ) is equal to the electric displacement in 20 
the linear fit of D versus E at large field extrapolated to zero No = PEND 
electric field , and the slope of this linear fit corresponds to The power density P , is the amount of energy generated 
the product & ge , ( 1 , 0 ) . Other important properties include ( i ) per unit volume per unit time . It is expressed in W / L and is 
the remnant polarization P , ( 1 , 0 ) corresponding to the polar - defined as PD = N , f where f is the cycle frequency . 
ization under zero applied electric field , ( ii ) the coercive 25 To maximize the energy density N , generated by the 
field Ec ( 1 , 5 ) corresponding to the electric field required to Olsen cycle , the electric field span ( Er - EL ) should be as 
reach zero electric displacement , and ( iii ) the Curie tem - large as possible without causing de - poling and / or electric 
perature TCurie defined as the temperature at which a ferro - breakdown . Similarly , the electric displacement span should 
electric material undergoes a phase transition from ferro be as large as possible . To do so , material temperature Thot 
electric to paraelectric . This phase transition temperature is 30 should be greater than the Curie temperature Tcurie . Thus , 
typically defined as the temperature corresponding to the the cycle should be performed with material temperature 
maximum of the real part of the complex dielectric constant Thot sufficiently above TCurie so that even a high electric field 
for a given frequency and applied electric field . cannot re - pole the material . 

Various piezoelectric materials may be used for energy Notably , however , pyroelectric crystals may crack due to 
conversion using the new power cycle of this disclosure . 35 thermal stresses for temperature differences in excess of 90° 
Single crystals and ceramics offer advantages in that they C . , and piezoelectric crystals may experience dielectric 
exhibit low leakage current due to high electrical resistivity , breakdown for electric fields larger than 0 . 9 MV / m . Addi 
and they do not require electrical poling prior to performing tionally , the power density of the Olsen cycle is limited by 
an energy conversion cycle . Polymer films offer the advan - the necessarily low cycle frequency due to slow thermal 
tage that they can sustain significantly larger electric fields . 40 relaxation transitions . 
One type of piezoelectric material is pyroelectric PMN - The new power cycle uses piezoelectric energy conver 

XPT crystal . PMN - xPT crystals possess large piezoelectric sion , and may also use pyroelectric energy conversion . 
constants near the morphotropic phase boundary ( MPB ) Variable uniaxial compressive stress is used to achieve 
separating the rhombohedral and tetragonal phases . This improved energy and power density . In addition , material 
MPB in PMN - xPT corresponds to x between 27 . 5 and 33 % . 45 temperature may be reduced to Thor < T Curie such that issues 

Mechanical loading can change the crystal phase and of cracking and breakdown may be minimized or prevented . 
domain structure and alter piezoelectric material dielectric Further , power density may be increased by increasing 
properties . In PMN - xPT crystals , coercive field Ec , and frequency , as the applied stress serves to speed up the 
remnant polarization P , decrease with increasing compres - heating and cooling transitions of the material . 
sive stress . 50 The new power cycle may be implemented as a thermo 

For the demonstration of the new power cycle of this mechanical energy harvesting cycle ( “ new thermomechani 
disclosure , single crystal PMN - 28PT samples were selected cal cycle ” ) or , in a variation thereof , a thermally biased 
for the advantageous piezoelectric properties . The electric mechanical energy harvesting cycle ( " new thermal bias 
field versus temperature ( E - T ) phase diagram of [ 001 ] cycle ” ) . The new thermomechanical cycle is described with 
PMN - 28PT under zero stress indicates that the material has 55 respect to FIGS . 3B - C , and the new thermal bias cycle 
a monoclinic - tetragonal ( M - T ) phase boundary around 90° variation is described with respect to FIGS . 4A - B . 
C . under zero electric field . This phase boundary tempera FIG . 3B illustrates one example of the new power cycle , 
ture decreases to 85° C . and 70° C . as the electric field showing that the new power cycle achieves a higher energy 
increases from 0 to 0 . 2 MV / m and 0 . 8 MV / m , respectively . density N , than does the Olsen cycle . In FIG . 3B , the new 
At room temperature under zero electric field , the material 60 power cycle is projected onto the D - E plane , superimposed 
is in the rhombohedral phase and undergoes a rhombohe over the same isothermal bipolar D - E loops as shown in 
dral - monoclinic ( R - M ) phase transition at 0 . 2 MV / m . 
By way of comparison , to illustrate the improved energy FIG . 3C is a graphic of the four states and transitions of 

conversion capability of the new power cycle , an Olsen the new thermomechanical cycle , presented visually in 
cycle is first described . 65 terms of stress , temperature , and electric field imposed in 

The Olsen cycle includes two isothermal and two isoelec - each state . For each stage of FIG . 3C , the arrow next to the 
tric field transitions , where the four transitions define a cycle electric field represents the relative magnitude of the field . 
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( 5 ) 

( 6 ) 

In state 1 , applied stress is equal to zero , the temperature where N , is the electrical energy produced per unit volume 
of the piezoelectric material sample is low ( Tcold ) due to of the material per cycle while lin and Win are the thermal 
applied temperature Tc , and the electric field applied is low energy and mechanical work provided per unit volume of the 
( EL ) . The transition from state 1 to state 2 ( transition 1 - 2 ) is material during the cycle . 
an increase in electric field from E , to Ey at T . / , where the 5 The thermal energy consumed by the material during the 
transition is isothermal and in the absence of applied stress . cycle may be expressed , per unit volume , as 
The transition 2 - 3 is the simultaneous compression of the Qin = pc ( 7 ) dT sample ( On ) and an increase in temperature to Thor , while the 
electric field remains constant at E . . . The transition 3 - 4 is a where co ( T ) is the specific heat of the pyroelectric material 
decrease in electric field from E , to E , , where the transition 10 in J / kg K and p is the density of the pyroelectric material in 
is isothermal at Thor and the stress remains Oy . The transition kg / m ” . The specific heat of pyroelectric materials co ( T ) is 
4 - 1 closes the cycle by simultaneously cooling the sample to temperature - dependent and can be estimated , for example 
Tcold and removing the stress , while electric field E , remains from differential scanning calorimetry . 

The mechanical work Win per unit volume of material can constant . 
Cycle frequency refers to how often the complete cycle 15 be expressed as 

( states 1 , 2 , 3 , and 4 , and transitions 1 - 2 , 2 - 3 , 3 - 4 , 4 - 1 ) may Win = $ ( x ) de 
be performed . The time spent in states 1 , 2 , 3 , and 4 is where ' x ' represents the strain in the longitudinal direction generally negligible in comparison to the time spent in parallel to the polarization . For pyroelectric materials under transition , and therefore cycle frequency f ( in Hz ) is defined 20 going phase transitions , the relationship between o and x is 
as approximately f = ( T12 + T23 + T34 + T41 ) - where tij corre typically non - linear , and may be estimated from stress - strain sponds to the duration of the transition i - j . The area enclosed curves . by the four transitions in the D - E diagram , shown in FIG . According to equation ( 1 ) , the large - field dielectric con 
3B , corresponds to the generated energy density No defined stant e . ( T . o ) and the saturation polarization P . ( T . ) are 
by equation ( 2 ) . Cycle frequency depends on material prop - 25 functions of both temperature and compressive stress . 
erties and material thickness , among other things . For Assuming the D - E path of the new thermal bias cycle 
example , in some materials , a thinner sample may allow for follows that of the D - E loops at bias temperature T , both improved cycle frequency , as polarization may be achieved under zero and Oy stress , the power density of the new cycle 
more quickly in the thinner sample . The experiments at frequency f can be expressed as reported in this disclosure were performed at cycle frequen - 30 
cies of 0 . 025 Hz , 0 . 1 Hz , 0 . 125 Hz , 0 . 5 Hz , 1 Hz , 2 Hz , and 
3 Hz , for example . However , other cycle frequencies are also Pp = f ( EH - EL ) possible . For example , cycle frequency may be in one of the 
ranges : greater than 0 . 1 Hz , greater than 0 . 5 Hz , greater than 0 ) - Er ( Th , oh ) ( EH + EL ) + Ps ( Tb , 0 ) – Ps ( Tb , on ) ] } 
1 Hz , greater than 2 Hz , greater than 5 Hz , greater than 10 35 
Hz , greater than 50 Hz , or greater than 100 Hz , depending 
upon the piezoelectric material used for the energy conver - Equation ( 6 ) presents a model that could enable the rapid 
sion . determination of the power density of materials undergoing 

FIG . 4A illustrates D - E cycles for the new thermal bias the new thermal bias cycle from intrinsic dielectric proper 
cycle , which is isothermal throughout the cycle . Thus , 40 ties of PMN - 28PT without physically having to perform the 
electric field and stress are applied to effect the state tran - cycle . 
sitions , but applied temperature is held constant . Generally , 
applied temperature is held constant such that material EXPERIMENTS 
temperature remains at selected bias temperature Ty , where 
bias temperature T , is selected based on properties of the 45 Experimental Setups 
piezoelectric material . 

FIG . 4B is a graphic representing the four states of the Experimental Setup : Samples 
cycle with transitions between states . In state 1 , applied PMN - 28PT was chosen to demonstrate the advantages of 
stress is equal to zero and the electric field applied is low the new power cycle for its strong piezoelectric response 
( EL ) . The transition 1 - 2 is an increase in electric field from 50 over a broad temperature range . Single crystal samples of 
E , to Eg , where the transition is in the absence of applied PMN - 28PT were purchased from Sinoceramics , LLC . The 
stress . The transition 2 - 3 is the compression of the sample dimensions of the samples were 5x5x3 mm3 . The average 
( Oh ) while the electric field remains constant at Ey . The weight of the samples was 588 . 5 + 0 . 8 mg , corresponding to 
transition 3 - 4 is a decrease in electric field from E , to E , a density of p7847 + 11 kg / m " . The samples were poled in the 
where the stress remains Oy . The transition 4 - 1 closes the 55 [ 001 ] - direction . The two 5x5 mm2 faces of each sample 
cycle by removing the stress , while electric field E , remains were entirely coated with Cr / Au electrodes . Two strain 
constant . gages were mounted to opposite 5x3 mm2 faces of one of the 

The efficiency of a material undergoing a power cycle is samples to measure longitudinal strain ( parallel to the polar 
generally defined as the ratio of the energy produced by the ization direction ) . 
material to the energy consumed by performing the cycle . 60 Experimental Setup : Thermomechanical Energy Harvesting 
The efficiency of the new power cycle can be expressed as Cycle 

FIG . 5 illustrates a diagram of a setup used to perform 
experiments related to the new thermomechanical cycle . A 

( 3 ) spring return air cylinder ( McMaster - Carr 6498K252 ) was 
65 vertically actuated using compressed air at a maximum 

pressure of 469 kPa . A 24 V DC solenoid valve was used to 
control the extension and contraction of the cylinder rod . A 

ND 
n = Oin + Win 
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100 W cartridge heater was embedded in a 1 . 27 cm thick the sample temperature , and removed before electric field 
aluminum plate serving as a heat source . A type - K thermo cycling began . The heater temperature Th was approxi 
couple was embedded at the center of this heating block , mately 27° C . greater than the sample temperature under 
whose temperature was maintained at Ty with an Omega steady - state conditions due to the low thermal conductivity 
CN - 7823 proportional integral derivative ( PID ) temperature 5 of the electrically insulating Kapton film ( k = 0 . 12 W / m K ) . 
controller . The PMN - 28PT sample was sandwiched between Additionally , the setup of FIG . 6 was used for experiments 
two copper tapes used to provide electrical contact between related to collecting isothermal D - E loops under different the sample ' s electrodes and the wires . This assembly was ( static ) compressive stress . 
placed on top of a 5 mm thick steel die . An aluminum heat Experimental Setup : Sample Temperature 
sink ( Cool Innovations 3 - 151514M ) was placed in thermal 10 The setup of FIG . 5 was also used to test sample tem 
contact with the steel die by epoxy adhesive ( OMEGA perature as a function of time for various cycle frequencies . BOND® 200 ) to passively cool the pyroelectric sample to Thermomechanical cycling was performed without electric Tcold during the transition 4 - 1 . A 0 . 14 mm thick Kapton film field cycling for the above conditions on one of the samples was used to electrically isolate the sample ' s electrodes from s electrodes from in order to measure the sample temperature oscillations . To 
the metallic heat source and sink . Note that the sample 15 do so . a type - K thermocouple was bonded with OMEGA 
temperature could not be measured during electric field BOND® 101 to the center of one of the 3x5 mm² faces for 
cycling due to electrical conduction between the sample and one of the samples . 
the thermocouple . An electrical system ( not shown ) was Experimental Setup : Specific Heat 
used to control the cycles and take measurements . The Differential scanning calorimetry ( DSC ) was performed 
electrical system included a Sawyer - Tower circuit that mea - 20 using a Diamond DSC from Perkin Elmer , USA to determine 
sures electric field and electric displacement . the specific heat c ( T ) of PMN - 28PT . The specific heat is Experimental Setup : Thermal Bias Mechanical Energy Har - defined as 
vesting Cycle 

FIG . 6 illustrates a diagram of a setup used to perform 
experiments related to the new thermal bias cycle . A spring 25 
return air cylinder ( McMaster - Carr 6498K252 ) vertically 
actuated using compressed air at a maximum pressure of 469 
kPa . A 24V DC solenoid valve was used to control the 
extension and contraction of the cylinder rod applying where Opsc is the heat transfer rate provided to the sample 
pressure on the sample between two copper rods . The 30 and measured by the DSC ( in W ) , m is the sample mass ( in 
PMN - 28PT sample was sandwiched between two copper kg ) , and T = dT / dt is the heating rate expressed in ° C . / s . The 
tapes used to provide electrical contact between the sample ' s instrument was calibrated using an indium standard pur 
electrodes and the wires . A 0 . 14 mm thick Kapton film was chased from Perkin Elmer , USA . The melting temperature at 
used to electrically isolate the sample ' s electrodes from the atmospheric pressure and specific phase change enthalpy 
copper rods . The sample was placed inside an acrylic 35 were measured to be 160 . 82° C . and 26 . 94 J / g , respectively 
support structure submerged in a heated silicone oil bath . A ( i . e . , within 2 . 7 % and 5 . 6 % , respectively , of the indium 
100 - Watt cartridge heater was imbedded in a 1 . 27 cm thick properties reported in literature ) . 
aluminum plate serving as a heat source to the oil bath . A 
type - K thermocouple was embedded at the center of this Experimental Procedures 
heating block whose temperature was maintained at Ty with 40 
an Omega CN - 7823 proportional integral derivative ( PID ) Experimental Procedures : Thermomechanical Energy Har 
temperature controller . The corresponding sample bias tem - vesting Cycle 
perature To was measured by a type - K thermocouple placed Isothermal bipolar D - E loops of [ 001 ] PMN - 28PT were 
on the sample . After the desired steady - state temperature collected for temperatures of 22° C . , 130° C . , and 140° C . 
was reached , this second thermocouple was removed prior 45 and 150° C . , at values of static compressive stress ranging 
to performing the cycle so that it did not electrically interfere from 0 to 25 . 13 MPa . Measurements were taken by applying 
with electrical measurements performed on the sample . In a triangular voltage signal at 0 . 1 Hz across the single crystal 
addition , a servo - hydraulic test frame was used in place of samples . The amplitude of the applied voltage corresponded 
the spring return air cylinder for mechanical characterization to an electric field varying from - 0 . 75 to 0 . 75 MV / m . All 
of the sample during the cycle . The electrical system 50 measurements were repeated three times to assess repeat 
included a Sawyer - Tower circuit that measures electric field ability and to estimate the experimental uncertainty . 
and electric displacement . The compressive force applied by The new thermomechanical cycle was performed with the 
the servo - hydraulic mechanism was computer - controlled , duration of the transitions being T12 = T34 and T23 = T41 , where 
enabling strain to be measured as a function of stress while T23 = 7 * ( T12 ) . The frequency ranged from 0 . 025 to 1 Hz by 
also simultaneously measuring electric field and electric 55 varying T23 between 17 . 5 and 0 . 438 seconds ( and corre 
displacement . spondingly varying T12 ) . The cold source temperature Tc 
Experimental Setup : Isothermal D - E Loops was passively maintained near room temperature ( approxi 

Avariation of the setup illustrated in FIG . 5 was also used mately 22° C . ) and did not exceed 30° C . The hot source 
for experiments related to collecting isothermal D - E loops temperature Ty varied from 60° C . to 217° C . The low 
under different ( static ) compressive stress . The setup was 60 electric field E , was fixed at 0 . 2 MV / m . The high electric 
modified in that the heat sink and steel die were replaced field Ey varied from 0 . 75 to 0 . 95 MV / m . The uniaxial stress 
with a wood block and an aluminum heating plate , respec - Oy applied during transitions 2 - 3 and 3 - 4 ranged from 0 to 
tively , similar ( but inverted ) to the wood block and heat 33 . 56 MPa . 
source placed above the sample . The sample was uniformly Experimental Procedure : Thermal Bias Mechanical Energy 
heated to Thot from both sides in this manner , to minimize 65 Harvesting Cycle 
the temperature gradient in the sample . A type - K thermo - Isothermal bipolar D - E loops of [ 001 ] PMN - 28PT were 
couple placed directly on the sample was used to measure collected for applied temperatures of 22° C . , 80° C . , and 
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140° C . and 150° C . , at values of static compressive stress FIG . 6 . The loops were measured at 0 . 1 Hz for one sample 
ranging from 0 to 25 . 13 MPa . The dielectric properties of at 22° C . , 80° C . , 140° C . , and 150° C . ( FIGS . 8A - D , 
PMN - 28PT were estimated from the isothermal bipolar D - E respectively ) under mechanical loading between 0 and 25 . 13 
loops . The saturation polarization P ( 1 , 0 ) and the large - field MPa . As can be seen , the results are consistent using either 
dielectric constant ? , ( 1 , 0 ) were evaluated by linearly fitting 5 experimental setup ( FIG . 5 modified , or FIG . 6 ) . 
the bipolar D - E loops corresponding to a decrease in electric Experimental Results : Specific Heat 
field from 0 . 75 MV / m to 0 . 5 MV / m according to equation FIG . 9 plots the specific heat c . ( T ) as a function of 
( 1 ) . temperature T between 20° C . and 180° C . , followed by 

The new thermal bias cycle was performed so that the cooling from 180° C . to 20° C . The PMN - 28PT sample 
duration of each transition was equal , i . e . , T , = T2z = T24 = 141 . 10 exhibited peaks in c , at the phase transition temperatures 
The new thermal bias cycle was executed for frequency f corresponding to 90° C . and 150° C . during heating and 135° 
ranging from 0 . 5 Hz to 3 Hz by varying t . , between 1 second C . and 70° C . during cooling . 
and 0 . 083 second , respectively . The uniaxial stress og Experimental Results : Sample Temperature 
applied during transitions 2 - 3 and 3 - 4 ranged from 0 to FIGS . 10A - D illustrate the results of sample temperature 
35 . 67 MPa . The low and high electric fields E , and Ey were 15 experiments , without electric field variation , showing tem 
fixed at 0 . 2 MV / m and 0 . 8 MV / m , respectively . perature oscillations of a PMN - 28PT sample for frequencies 

In addition , the new thermal bias cycle was performed at of 0 . 025 Hz , 0 . 125 Hz , 0 . 5 Hz , and 1 Hz , respectively , for 
very low cycle frequency ( f - 0 . 004 Hz ) in the servo - hydrau - heater temperatures Ty varying from 80 to 200° C . For each 
lic test frame , while the electric field , electric displacement , heater temperature , it took approximately 40 seconds for 
stress , and strain were simultaneously measured . The load 20 sample temperature to reach oscillatory steady - state . For a 
frame measured the applied force ranging from 0 to 850 given frequency , the peak to peak temperature span and the 
Newtons corresponding to stress of 0 to 34 MPa . The energy maximum and minimum sample temperatures Thor and T cold , 
density N , generated per cycle was evaluated by numeri - respectively , increased with increasing heater temperature 
cally integrating experimental data for D versus E according Ty 
to equation ( 3 ) using the trapezoidal rule . The mechanical 25 FIGS . 11A - B show sample temperature for sample tem 
work Win done per cycle was evaluated by numerically peratures Thot and Tcold as a function of heater temperature 
integrating experimental data for o versus E according to for frequency varying from 0 . 025 Hz to 1 Hz . Each data 
equation ( 5 ) using the trapezoidal rule . Finally , the material point corresponds to the arithmetic mean of Thot and Tcold 
efficiency n given by equation ( 2 ) was estimated . measured over five consecutive cycles in the oscillatory 
Experimental Procedure : Comparison Experiments 30 steady - state regime . The solid lines correspond to the linear 
By way of comparison , experiments were also performed fit of Thor or Tcord Versus Th for a given frequency . This fit 

using the Olsen cycle , to determine a maximum energy was used to compute calibrations for Thor or Tcold for given 
density with cold source temperature Trset at 22° C . and hot heater temperatures and cycle frequencies . Note that , for 
source temperature Ty ranging from 80 to 170° C . The f > 0 . 5 Hz , Thor is approximately equal to Tcold . The tempera 
electric fields E , and Eh were fixed at 0 . 2 MV / m and 0 . 75 35 ture of a sample during cycling was found to be independent 
MV / m , respectively . The , cycle frequency f was dependent of compressive stress for a given heater temperature . 
on Th based on the amount of time necessary for the Experimental Results : Thermomechanical Energy Harvest 
sample ' s electric displacement to reach a minimum or ing Cycle 
maximum during the heating and cooling transitions , respec FIGS . 12A - B depicts , in a D - E diagram , the new ther 
tively 40 momechanical cycle performed at 0 . 025 Hz superimposed 

over isothermal D - E loops . FIG . 12A illustrates variation 
Experimental Results between source temperatures Tr = 22° C . and Ty - 157° C . , 

corresponding to sample temperatures Tcoid = 52° C . and 
Experimental Results : Isothermal D - E Loops Th = 109° C . FIG . 12B illustrates variation between source 
FIGS . 7A - D illustrate results of experiments for collect - 45 temperatures Tc = 22° C . and Ty = 187° C . , corresponding to 

ing isothermal bipolar D - E loops using the test structure of sample temperatures Tcold = 59° C . and Thor = 129° C . Based 
FIG . 5 with modifications as described above for isothermal on the sample temperature calibration curves ( FIGS . 10A 
testing . The loops were measured at 0 . 1 Hz for one sample D ) , the sample did not reach the cold source temperature of 
at 22° C . , 130° C . , 140° C . , and 150° C . ( FIGS . 7A - D , 22° C . , and instead , cooled to approximately 52° C . ( FIG . 
respectively ) under mechanical loading between 0 and 25 . 13 50 12A ) and 59° C . ( FIG . 12B ) during transition 4 - 1 and before 
MPa . FIGS . 7A - D illustrate the effect of compressive stress the transition 1 - 2 began . For both cycles ( FIGS . 9A , 9B ) , the 
on the D - E loops . The isothermal D - E loops were closed and electric field was cycled between E , - 0 . 2 MV / m and 
consecutive D - E loops overlapped for the temperature and Ex = 0 . 75 MV / m . A compressive stress of ow = 18 . 81 MPa 
compressive stress considered . This indicates that leakage was applied during transitions 2 - 3 and 3 - 4 . The examples of 
current through the sample was negligibly small . The non - 55 new thermomechanical cycles plotted in FIGS . 12A - B gen 
linearities in D - E loops , observed as the electric field was erated energy densities of 24 . 0 J / L and 33 . 6 J / L , respectively . 
reduced from 0 . 75 MV / m to 0 . 0 under zero stress , corre - The Olsen cycle performed under similar operating con 
spond to electric field induced phase transitions — tetragonal ditions would yield much lower energy densities . Indeed , it 
to monoclinic Mc phase transition at 80º C . and 0 . 4 MV / m , is evident that for Tcold 50° C . and Tho = 110° C . , the Olsen 
tetragonal to cubic phase transition at 130° C . , 140° C . , 150° 60 cycle would generate no energy . For T 6 0° C . and 
C . , and 160° C . at electric fields 0 . 01 MV / m , 0 . 1 MV / m , Thor = 130° C . , the Olsen cycle would generate approximately 
0 . 18 MV / m , and 0 . 25 MV / m , respectively . At T = 170° C . half of the energy density of the new cycle . 
( not shown ) , the sample remained in the paraelectric pseudo FIG . 13 plots the energy density experimentally generated 
cubic phase for all electric fields considered , and compres - by the new thermomechanical cycle at frequency 0 . 025 Hz 
sive stress had negligible effect on the D - E loops . 65 in comparison with the maximum energy density generated 

FIGS . 8A - D illustrate results of experiments for collect - by the Olsen cycle at frequencies ranging from 0 . 013 Hz to 
ing isothermal bipolar D - E loops using the test structure of 0 . 021 Hz as a function of temperature Thot between 80° C . 
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and 170° C . Each data point represents an average over four FIGS . 16A - B show electric displacement variations ver 
cycles and the error bars correspond to one standard devia sus time t for representative new thermomechanical cycles 
tion or 63 % confidence interval . The error bars associated performed at frequency 0 . 125 and 1 Hz , respectively . In both 
with the Olsen cycle were larger because it was not auto cases , the heater temperature Th was maintained at 160° C . , mated . FIG . 13 shows that , for Thor , between 80° C . and 150° 
C . , the energy density generated by the new power cycle was the low and high electric fields E , and Eh were set at 0 . 2 
larger than that generated by the Olsen cycle . In fact , the MV / m and 0 . 75 MV / m , respectively , and the compressive 
Olsen cycle did not generate positive energy density for Thot stress was ou = 25 . 13 MPa . The states 1 - 4 of the cycle are 
below 130° C . indicated . For comparison , the two cycles are aligned to 

FIG . 14 shows the generated energy density of the new state 4 . The cycle of FIG . 16A at 0 . 125 Hz illustrates the 
thermomechanical cycle as a function of applied compres piezoelectric and pyroelectric contributions to the cycle . 
sive stress Oh for heater temperatures Th varying between During transition 4 - 1 , approximately 85 % of the change in 
60° C . and 170° C . Here , the frequency was fixed at 0 . 125 electric displacement corresponding to an increase from 0 to Hz while the electric field was cycled between 0 . 2 and 0 . 75 6 uC / cm ' occurring in the first 0 . 25 seconds . This change in MV / m . Energy density increased nearly linearly with displacement can be attributed to the change in compressive increasing Oh for any given heater temperature Ty . For 15 
heater temperature Ty = 160° C . , the sample temperature stress from Oy to o = 0 MPa . The remaining 15 % of the 
calibration curve at 0 . 125 Hz predicted T - 1 = 92° C . , cor - change in electric displacement of transition 4 - 1 occurred 
responding to the temperature at which [ 001 ] PMN - 28PT is between 0 . 25 and 3 . 5 seconds , and can be attributed to the 
in the tetragonal phase and exhibits the highest saturation cooling from sample temperature Thot = 101° C . to Tcold 90° 
polarization under zero stress . On the other hand , for 20 C . The cycle of FIG . 16B at 1 Hz showed a similar response 
Ty = 170° C . the calibration curve predicts Tcold 96° C . , to the reduction in compressive stress during transition 4 - 1 
corresponding to the pseudocubic phase featuring a smaller as the electric displacement increased from 0 to 6 °C / cm² in saturation polarization than the tetragonal phase under zero 
stress . Thus , the energy density generated at 0 . 125 Hz for a the first 0 . 25 seconds . However , in this case , the large cycle 
given compressive stress was the largest with Th equal to frequency did not allow the sample to experience cooling 
160° C . 25 during transition 4 - 1 . Instead , the sample remained at 104° 

FIG . 15A shows the energy density generated using the C . for the entire cycle and thus did not experience any 
new power cycle as a function of heater temperature Ty for change in electric displacement due to a change in tempera 
frequency 0 . 125 Hz , 0 . 5 Hz , and 1 Hz . The high applied ture . As a result , the generated energy density as well as the 
stress Oy was fixed at 25 . 13 MPa , the low and high electric overall change in electric displacement between states 4 and 
fields E , and Ey were set at 0 . 2 MV / m and 0 . 75 MV / m , 30 2 for the cycle at 1 Hz were approximately 85 % of those at 
respectively , and the cold source temperature Tc was 22° C . 0 . 125 Hz . This indicates that the piezoelectric contribution 
The energy density increased with increasing heater tem - to the new cycle is independent of cycle frequency between 
perature for any given frequency . In addition , it decreased 0 . 125 Hz and 1 Hz . 
only slightly with increasing cycle frequency , because the FIG . 17 shows five consecutive ( superimposed ) new 
change in electric displacement as a result of a change in 3 cycles performed on PMN - 28PT in the D - E diagram corre 
compressive stress occurred quickly and was nearly similar sponding to the maximum generated power density . The 
for all frequencies . Moreover , longer heating and cooling thermal source temperatures Tc and Th were set at 22° C . 
durations at lower cycle frequency allowed the slow thermal and 130° C . , respectively . The high compressive stress Oh 
relaxation transitions to take place . This enabled more was 33 . 56 MPa . The low and high electric fields were 0 . 2 
charge to build up at the electrode surfaces during transition 40 MV / m and 0 . 95 MV / m , respectively . The cycle frequency 
4 - 1 resulting in the largest N , generated for Ty above 110° was 1 Hz and the resulting sample temperature was 
C . at 0 . 125 Hz . In fact , the difference between Tcora and Thot ThorTcoid = 85° C . , corresponding to the phase boundary 
was around 10° C . at 0 . 125 Hz , while it was less than 1°C . between the monoclinic phase and the highly polarized 
at higher cycle frequency . tetragonal phase . The consecutive cycles nearly overlapped , 

FIG . 15B shows the power density as a function of heater 43 indicating the cycle was repeatable , resulting in power 
temperatures for the data used as the basis of FIG . 15A . density of 41 . 3 + 0 . 4 W / L . 
Increasing the cycle frequency resulted in increased power Table 1 summarizes the operating conditions , energy 
density . In fact , the power density at 1 Hz was nearly ten inputs Qin and Win , generated energy density ND , and the 
times larger than that at 0 . 125 Hz for heater temperature Ty material efficiency n obtained experimentally for various 
above 100° C . This can be attributed to the fact that N , did » conditions of the new thermomechanical cycle performed on 
not decrease significantly as the frequency increased by a PMN - 28PT . Table 1 also provides conditions corresponding 
factor of eight . to the maximum material efficiency of the Olsen cycle . 

TABLE 1 
f Eh TH Thot Tcold 0 Win Qin No n 

Cycle type ( Hz ) ( MV / m ) ( C . ) ( °C . ) ( °C . ) ( MPa ) ( kJ / m2 ) ( kJ / m3 ) ( kJ / m ? ) ( % ) 
0 86 15 . 9 

2 . 0 30 
540 
1202 
292 
301 
469 

4 . 7 

Olsen 
TM 
TM 
TM 
TM 
TM 
TM 
TM 
TM 
TM 

0 . 021 
0 . 025 
0 . 025 
0 . 125 
0 . 125 
0 . 5 
0 . 5 

0 . 75 
0 . 75 
0 . 75 
0 . 75 
0 . 75 
0 . 75 
0 . 75 
0 . 75 
0 . 75 
0 . 95 

- 
157 
107 
160 
130 
160 
130 
160 
130 
130 

170 90 
108 . 5 51 . 9 
73 . 9 40 . 2 
103 . 1 90 . 4 
85 . 1 74 . 4 

100 . 9 99 . 9 
83 . 2 82 . 2 
104 . 4 104 . 3 
85 . 4 85 . 3 
85 . 4 85 . 3 

0 
18 . 81 
18 . 81 
25 . 13 
25 . 13 
25 . 13 
25 . 13 
25 . 13 
25 . 13 
33 . 56 

aaaVNN 21 
26 

9 . 4 
6 . 1 
43 . 5 
25 . 2 
60 . 5 
50 . 0 
64 . 1 55 9 41 
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For the entries of Table 1 , the material efficiency of the compressive stress known to affect the phase transition 
thermomechanical power cycle and of the Olsen cycle was temperatures and the corresponding peaks in c , ( T ) . 
estimated using equation ( 3 ) . The thermal energy Qin was Experimental Results : Thermal Bias Mechanical Energy 
estimated according to equation ( 4 ) using the measured Harvesting Cycle 
density and specific heat cp presented in FIG . 9 . The 5 FIGS . 18A - B plot isothermal bipolar D - E loops measured 
mechanical energy input Wm was computed from equation at 0 . 1 Hz on [ 001 ] PMN - 28PT samples for bias temperature 
( 5 ) using the area enclosed by the stress - strain curves at 850 T , of 80° C . ( FIG . 18A ) and 100° C . ( FIG . 18B ) under 
C . measured at 0 . 2 MV / m and 0 . 95 MV / m for [ 001 ] PMN - mechanical loading ranging between 0 and 25 . 13 MPa . The 
28PT single crystals . When the new cycle was performed at D - E loops were closed , and consecutive D - E loops over 
low frequency , the large heat input resulted in small effi - " lapped for temperature and compressive stress considered . 
ciencies . These results illustrate the importance of operating This indicates that leakage current through the sample was 
under small temperature swings and heat input to improve negligibly small . As seen from FIGS . 18A - B , the D - E loops 
the cycle efficiency . gradually became slimmer with increasing compressive 
Moreover , for a given temperature swing , the efficiency stress . This behavior is indicative of continuous polarization 

was highly dependent on the operating temperatures . For rotation . 
example , the two cycles performed at 0 . 5 Hz in Table 1 both FIG . 19A shows the saturation polarization P ( 1 , 0 ) and 
had similar energy density No , the same Win , and a tem - FIG . 19B shows the large - field dielectric constant ? , ( 1 , 0 ) 
perature swing Thor - Tcold1° C . , but their efficiencies dif - retrieved from the isothermal bipolar D - E loops for tem 
fered by nearly a factor of two . This difference can be 20 peratures 22° C . , 80° C . , and 100° C . and compressive stress 
attributed to the operating temperatures . One cycle was between 0 and 25 . 13 MPa . Each data point represents the 
performed between 82 . 3° C . and 83 . 2° C . where c , ( T ) average over three D - E loops . The error bars have been 
exhibited a phase transition peak and a large thermal hys omitted because they fell within the data markers . In addi 
teresis ( FIG . 9 ) while the other was performed between tion , FIGS . 19A - B shows the piecewise cubic hermite 
99 . 9° C . and 100 . 9° C . , where no phase transition occurred . 25 interpolating polynomial fit of the properties for each tem 
This emphasizes the importance of choosing the operating perature considered . FIG . 19A indicates that the saturation 
temperatures such that the heat input is minimized and the polarization P , decreased nearly linearly with increasing 
energy density is maximized in order to maximize the stress at 22° C . and 100° C . This behavior is also charac 
material efficiency n . This can be achieved by operating teristic of continuous polarization rotation corresponding to 
under adiabatic conditions at a bias temperature near the 30 continuous phase transitions . On the other hand , at 80° C . , 
Curie temperature . In fact , the maximum power density the saturation polarization was nearly constant below 6 . 16 
cycle performed at 1 Hz ( FIG . 9 ) achieved an efficiency MPa and decreased linearly with compressive stress beyond . 
larger than 64 % . In this case , the heat input was Q : = 9 kJ / m3 This can be attributed to phase transition from tetragonal to 
and the mechanical work performed was Win = 55 kJ / m3 . monoclinic at 80º C . and compressive stress between 6 . 16 
Although the sample underwent small temperature fluctua - 35 and 10 . 38 MPa . Indeed , at 80° C . , [ 001 ] PMN - 28PT 
tions Thor Tcola 0 . 1° C . during the cycle , the corresponding assumes the tetragonal phase under zero stress and electric 
thermal energy input Qin was comparable to the mechanical field above 0 . 4 MV / m . In addition , [ 001 ] PMN - 32PT was 
energy Win reported to assume the monoclinic phase at 80° C . under 

At low frequencies , it is important to choose Tcold such stress above 10 MPa and electric field below 1 MV / m . As 
that heating and applying compressive stress have a similar 40 stress increased from 0 to 25 MPa , the largest change in 
effect on the electric displacement . The two cycles per - saturation polarization occurred at 80° C . , while the smallest 
formed at 0 . 125 Hz in Table 1 illustrate this fact . The cycle change occurred at 22° C . FIG . 19B indicates that the 
performed between 90 . 4° C . and 103 . 1° C . had a material large - field relative permittivity increased with increasing 
efficiency of 9 . 4 % . In this case , the material was in the compressive stress for all temperatures considered . This 
highly polarized tetragonal phase at Tool90 . 4° C . and 45 behavior is consistent with bipolar D - E loops reported for 
E - 0 . 75 MV / m . Then , both heating and the addition of [ 001 ] PMN - 30PT and [ 001 ] PMN - 32PT at room tempera 
compressive stress during transition 2 - 3 decreased the elec t ure for compressive stress up to 30 MPa . 
tric displacement of the material . On the other hand , for the FIG . 20 depicts , in the D - E diagram , the new thermal bias 
cycle performed between 74 . 4° C . and 85 . 1° C . , the sample cycle performed at 1 Hz at bias temperature T , = 80° C . The 
was near the phase boundary between monoclinic Mc and 50 electric field was cycled between EL = 0 . 2 MV / m and Eh = 0 . 8 
tetragonal at T1 = 74 . 4° C . and Eq = 0 . 75 MV / m . During MV / m . A compressive stress of Oy = 25 . 13 MPa was applied 
transition 2 - 3 , the electric displacement decreased with during transitions 2 - 3 and 3 - 4 . The cycle traveled in the 
applied compressive stress and increased with heating . In clockwise direction and therefore produced electrical 
this case , the material efficiency was 6 . 1 % . Both of these energy . FIG . 20 also shows the isothermal bipolar D - E loops 
cycles yielded a similar energy density ; however one con - 55 measured at 80º C . at 0 . 1 Hz under zero stress and oy = 25 . 13 
sumed an additional 168 kJ / m of thermal energy per cycle . MPa as well as at 0 . 75 Hz under zero stress . Note that the 

The efficiency reported corresponds to the material ' s rate of electric field change dE / dt for the D - E loops at 0 . 1 Hz 
ability to convert thermomechanical energy into electricity and 0 . 75 Hz was 0 . 3 MV / m / s and 2 . 4 MV / m / s , respectively . 
The efficiency of a device implementing the new thermo - Transitions 1 - 2 and 3 - 4 of the cycle performed at 1 Hz 
mechanical cycle on PMN - 28PT is expected to be signifi - 60 corresponded to a time rate of change in electric field of 2 . 4 
cantly lower . In addition , Win was estimated based on MV / m / s . However , FIG . 20 indicates that at the frequencies 
properties of PMN - 28PT measured at 85° C . In practice , the considered , the D - E loops were independent of dE / dt . The 
mechanical work was performed at two different tempera thermal bias cycle shown was vertically translated to match 
tures and the stress - strain behavior may have deviated from the electric displacement of the D - E loop for T , and 
that at 85° C . Moreover , Qin was estimated based on the 65 Ov = 25 . 13 MPa . The cycle closely followed the bipolar D - E 
specific heat co ( T ) measured under zero mechanical stress . loops corresponding to the conditions of the cycle . Thus , 
In practice , the heat input occurred under large uniaxial using the properties P ( 1 , 0 ) and ? , ( 1 , 0 ) previously retrieved 
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from the bipolar D - E loops at 0 . 1 Hz , it was possible to large enough to induce the orthorhombic phase at the 
predict the power density based on equation ( 6 ) . temperature and electric field corresponding to state 2 of the 

Given the phase diagram of PMN - 28PT at a frequency of cycle . 
10 Hz , at bias temperature of 80° C . , PMN - 28PT is esti - FIG . 22 shows the power density generated by the new 
mated to have been in the tetragonal ( T ) phase at both state 5 thermal bias cycle as a function of compressive stress og for 
1 and 2 of the cycle . This is supported by the fact that ( i ) the frequency of 0 . 5 Hz , 1 Hz , 2 Hz , and 3 Hz . The low and high 
coercive electric field in the D - E loops at low frequency of electric fields E , and Ey were set at 0 . 2 MV / m and 0 . 8 
0 . 1 Hz was around 0 . 1 MV / m and ( ii ) the change in electric MV / m , and the bias temperature Th was 80° C . Each data 
displacement between these states was small as illustrated in point represents an average over five cycles and the error 

FIG . 20 . Additionally , the application of compressive stress 10 bars correspond to one standard deviation or 63 % confi 
dence interval . It is evident that the power density increased during the transition 2 - 3 may have caused the sample to with increasing compressive stress for frequency below 1 undergo a phase transition into the monoclinic Ma phase , as Hz . However , at higher frequency , the power density suggested by the T - M , phase transition occurring in [ 001 ] reached a maximum at compressive stress of 23 . 02 MPa and PMN - 32PT at 0 . 8 MV / m and 80° C . under o = 13 MPa . 1 · undero - 13 MPa . 15 decreased beyond . This can be attributed to the fact that , at Furthermore , the decrease in electric field during the tran high cycle frequency , the electric displacement did not reach 

sition 3 - 4 caused another phase transition into the depolar its equilibrium value during the transitions 2 - 3 and 4 - 1 . 
ized orthorhombic O phase . This was suggested by the Furthermore , the large error bars for frequency of 3 Hz were 
M - O phase transition in [ 001 ] PMN - 32PT occurring at 0 . 2 due to inconsistent changes in electric displacement from 
MV / m and 80° C . under o = 20 MPa . Finally , during the 20 one cycle to the next . FIG . 22 establishes that a cycle 
transition 4 - 1 , when stress was removed at constant electric frequency of 1 Hz yields the largest power density for large 
field 0 . 2 MV / m , the sample transitioned back to the tetrago - compressive stress at 80° C . 
nal phase . Thus , during the cycle at 80° C . , the sample FIG . 23A presents the relative electric displacement D - DA 
successfully alternated between a depolarized state and a as a function of electric field E experimentally measured 
highly polarized state corresponding to a large change in 25 during the new thermal bias cycle performed at T6 = 80° C . 
electric displacement and a large energy density . and T ) = 100° C . at low frequency f 0 . 004 Hz with E = 0 . 2 

FIG . 21 shows the power density generated by the new MV / m , Ex = 0 . 8 MV / m , and 0 - 25 MPa . FIG . 23B shows 
thermal bias cycle as a function of applied compressive the corresponding experimentally measured stress a versus 
stress Oy for bias temperature T , ranging between 22° C . and relative strain X - X1 . The energy density Nj was measured as 
100° C . Here , the frequency was fixed at 1 Hz while the the 30 39 . 7 + 1 . 0 J / L / cycle and 31 . 2 + 1 . 0 J / L / cycle and the mechani 
electric field was cycled between 0 . 2 MV / m and 0 . 8 MV / m . cal work Win was 53 . 1 - 1 . 3 J / L / cycle and 47 . 7 - 3 . 1 J / L / cycle 

for cycles performed at 80 and 100° C . , respectively . The Each data point represents an average of five cycles and the corresponding material efficiency n , given by equation ( 2 ) , error bars correspond to one standard deviation or 63 % was equal to 74 . 6 % + 0 . 1 % and 65 . 3 % + 3 . 3 % , respectively . 
confidence interval . FIG . 21 indicates that the power density 35 . Note that the heat input O . was taken as zero , due to the bias 
increased nearly linearly with increasing Oy for any given temperature kept constant during the cycle . These large bias temperature Tg . For T , above 80° C . , the power density efficiencies demonstrate that the material undergoing the decreased and was nearly identical for 90° C . and 100° C . In new cycle was efficient at converting mechanical energy into 
fact , the largest power density of 44 W / L was achieved for electrical energy . The largest energy density , power density , 
bias temperature of 80° C . with a compressive stress of 40 and material efficiency were achieved at 80° C . , due to the 
25 . 13 MPa . This optimum performance can be explained by tetragonal - monoclinic - orthorhombic phase transition 
the tetragonal to monoclinic to orthorhombic phase transi sequence resulting in large changes in electric displacement , 
tion sequence previously discussed . On the other hand , for as previously discussed . In addition , less mechanical energy 
bias temperatures of 90° C . and 100° C . , the material was required to cause these phase transitions at 80° C . than 
remained in the highly polarized tetragonal phase away from 45 at 90° C . or 100° C . At 100° C . , the PMN - 28PT sample had 
any phase boundaries for all electric fields considered under not transitioned to the orthorhombic phase for the stresses 
zero stress . At these temperatures , the application of large considered . This is illustrated in FIGS . 23A - B by the fact 
compressive stress during the transition 2 - 3 also caused a that increasing compressive stress from 0 to 25 MPa during 
phase transition into the monoclinic phase . However , the transition 2 - 3 produced a larger change in ( i ) strain and ( ii ) 
decrease in electric field during the transition 3 - 4 did not 50 electric displacement at 80° C . than at 100° C . 
lead to a phase transition into the orthorhombic phase . This The maximum material efficiency of 87 . 3 % + 5 . 6 % was 
interpretation is supported by extrapolation of the [ 001 ] obtained at low frequency f - 0 . 004 Hz with To = 85° C . , 
PMN - 32PT phase diagram to PMN - 28PT at 90° C . and 100°E _ = 0 . 2 MV / m , ER = 0 . 95 MV / m , and H = 34 MPa . Under 
C . This resulted in nearly identical power density generated these conditions , No = 47 . 8 - 1 . 4 J / L / cycle and Win32 
versus compressive stress at these temperatures . 55 54 . 9 + 1 . 9 J / L / cycle . These operating conditions were the 

For cycles performed at 22° C . , the material transitioned same as those that yielded the maximum material efficiency 
from the rhombohedral to the monoclinic phase during the of 64 . 1 % for the new thermomechanical cycle . Thus , the 
transition 1 - 2 , as suggested by the PMN - 28PT phase dia new thermal bias cycle achieved larger material efficiency 
gram at zero stress . For large compressive stress Oh the by replacing the thermal cycling in the new thermomechani 
sample transitioned into the orthorhombic phase during the 60 cal cycle with a temperature bias . 
transition 3 - 4 , as suggested by the PMN - 32PT phase dia - Experimental Results : Thermal Bias Mechanical Energy 
gram . Overall , the power density with T , = 22° C . was limited Harvesting Cycle Compared to Model 
by the fact that the sample never reached the highly polar FIG . 21 compares experimental data and model predic 
ized tetragonal phase . These results indicate that to maxi - tions obtained from equation ( 6 ) for the power density P , at 
mize power generation of PMN - 28PT , the new cycle should 65 bias temperatures To of 22° C . , 80° C . , and 100° C . Predic 
be performed at temperatures where the tetragonal phase is tions were based on the dielectric properties previously 
present . In addition , the compressive stress Oy should be estimated from isothermal bipolar D - E loops measured at 

th 



19 

Oh 

US 10 , 170 , 678 B2 
20 

these temperatures . Analysis of the electric displacement exceeded that of the thermomechanical variation of the new 
variations D ( t ) - D4 versus time t with To = 80° C . for cycle power cycle . The energy and power densities generated by 
frequency ranging from 0 . 5 Hz to 2 Hz confirmed that the the thermal bias version of the new power cycle were orders 
properties extracted from the D - E loops at 0 . 1 Hz can be of magnitude larger than alternative mechanical energy 
used in the model given by equation ( 6 ) . FIG . 21 indicates 5 conversion methods . A physics - based model predicting the 
that the model predictions agreed well with experimental power density was derived and validated against experimen 
data . In fact , the average relative error between experimental tal data . It can be used to predict the energy and power 
data and model predictions was 47 . 6 % , 13 . 9 % , and 2 . 4 % for densities for any material based on their dielectric properties 
T , equal to 22° C . , 80° C . , and 100° C . , respectively . The and the operating electric fields , temperature , and frequency . 
largest error for T , = 22° C . corresponded to small values of 10 The new thermomechanical cycle and variant thermal bias 

cycle may be used in many applications to convert mechani 
FIG . 22 shows the model predictions of the power density cal and / or thermal energy into electrical energy . By way of 

at To = 80° C . for frequency of 0 . 5 Hz and 1 Hz . Here also , example , waste heat and / or mechanical energy in a vehicle 
the model yields reasonable predictions . In fact , the average may be converted to electrical energy , and the electrical 
relative error between experimental data and model predic - 15 energy fed back into a battery . Alternatively or additionally 
tions at 0 . 5 Hz and 1 Hz was 29 . 1 % and 13 . 9 % , respectively . in this example , vehicle acceleration may be used to provide 
Note that the model did not yield accurate predictions for energy for application of stress to the piezoelectric compo 
frequencies larger than 1 Hz because the cycle did not follow nent . Many other opportunities for using the new power 
the path of the D - E loops at 0 . 1 Hz . In other words , D did cycles described in this disclosure will be apparent . 
not reach its equilibrium value during the transitions 2 - 3 and 20 As used herein , the terms “ substantially ” and “ about ” are 
4 - 1 as previously discussed . Overall , these results validate used to describe and account for small variations . When 
the model for P , given by equation ( 6 ) . Thus , the model can used in conjunction with an event or circumstance , the terms 
be used to predict energy and power densities from the can refer to instances in which the event or circumstance 
material dielectric properties . occurs precisely as well as instances in which the event or 

Thus has been described a novel thermomechanical cycle , 25 circumstance occurs to a close approximation . For example , 
with variation of a new thermal bias cycle . Also described the terms can refer to less than or equal to + 10 % , such as less 
was experimental implementation and experimental results than or equal to + 5 % , less than or equal to + 4 % , less than or 
of the new cycles performed on [ 001 ] - poled PMN - 28PT equal to 13 % , less than or equal to 12 % , less than or equal 
single crystals . Each cycle includes four states , and four to + 1 % , less than or equal to 10 . 5 % , less than or equal to 
transitions between the states . In the new thermomechanical 30 + 0 . 1 % , or less than or equal to + 0 . 05 % . 
cycle , the transitions relate to applied electric field , stress , While the disclosure has been described with reference to 
and temperature . In the new thermal bias cycle , the transi - the specific embodiments thereof , it should be understood by 
tions relate to applied electric field and stress . those skilled in the art that various changes may be made and 

For the new thermomechanical cycle on ferroelectric equivalents may be substituted without departing from the 
[ 001 ] - poled PMN - 28PT single crystals , maximum energy 35 true spirit and scope of the disclosure as defined by the 
and power densities of 41 J / L / cycle and 41 W / L were appended claims . In addition , many modifications may be 
achieved with cycles performed at 1 Hz with thermal source made to adapt a particular situation , material , composition of 
temperatures of 22° C . and 130° C . and electric field cycled matter , method , operation or operations , to the objective , 
between 0 . 2 MV / m and 0 . 95 MV / m under compressive spirit and scope of the disclosure . All such modifications are 
stress 33 . 56 MPa . These conditions also yielded the maxi - 40 intended to be within the scope of the claims appended 
mum material efficiency of converting thermomechanical hereto . In particular , while certain methods may have been 
energy into electric energy of 64 . 1 % . The energy density of described with reference to particular operations performed 
the new thermomechanical cycle was found to be nearly in a particular order , it will be understood that these opera 
independent of cycle frequency , while the power density and tions may be combined , sub - divided , or re - ordered to form 
efficiency increased with increasing cycle frequency . Both 45 an equivalent method without departing from the teachings 
the energy and power densities increased with increasing of the disclosure . Accordingly , unless specifically indicated 
compressive stress . The new thermomechanical cycle was herein , the order and grouping of the operations is not a 
able to convert thermal and mechanical energies into elec - limitation of the disclosure . 
trical energy at all temperatures considered . The new ther What is claimed is : 
momechanical cycle was also capable of maintaining con - 50 1 . A method for generating electrical energy , comprising : 
stant power output for changing hot source temperature by ( a ) increasing an electric field applied to a piezoelectric 
adjusting the applied stress . component from E , to Eh , maintaining a temperature 

For the new thermal bias cycle , maximum energy and of the piezoelectric component at Tc , and maintaining 
power densities of 44 J / L / cycle and 44 W / L were achieved a mechanical stress applied to the piezoelectric com 
at 1 Hz for bias temperature T , of 80° C . and electric field 55 ponent at Oli 
cycled between 0 . 2 MV / m and 0 . 8 MV / m with compressive ( b ) increasing the mechanical stress applied to the piezo 
stress Oy = 25 . 13 MPa on ferroelectric [ 001 ] - poled PMN electric component from o ¡ to Oh , increasing the tem 
28PT single crystals . In addition , the power density perature of the piezoelectric component from Tc to T . 
increased with increasing compressive stress for cycle fre and maintaining the electric field applied to the piezo 
quency less than or equal to 1 Hz . For higher cycle fre - 60 electric component at Eg ; 
quency , the power density reached a maximum for com ( c ) decreasing the electric field applied to the piezoelectric 
pressive stress equal to Ow = 23 . 03 MPa . The maximum component from Eh to Ez , maintaining the temperature 
power density of the new cycle was obtained for temperature of the piezoelectric component at Ty , and maintaining 
bias of 80° C . , due to tetragonal to monoclinic to ortho the mechanical stress applied to the piezoelectric com 
rhombic phase transition sequence during the cycle resulting 65 ponent at O ; 
in large changes in electric displacement . The material ( d ) decreasing the mechanical stress applied to the piezo 
efficiency of the thermal bias version of the new power cycle electric component from Oh to Ol , decreasing the 
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temperature of the piezoelectric component from Ty to a second direction along which the mechanical stress of Oh 
To , and maintaining the electric field applied to the is applied is less than ninety degrees . 
piezoelectric component at Ez ; and 16 . The method of claim 1 , wherein a first direction along 

repeatedly cycling through operations ( a ) - ( d ) . which the electrical field is applied is different from a second 
2 . The method of claim 1 , wherein the temperatures Tc 5 4 5 direction along which the mechanical stress of og is applied . 

17 . The method of claim 1 , wherein the electric field of Ey and Th of the piezoelectric component are controlled by a 
hot thermal source and a cold thermal source , and the and the mechanical stress of oy are determined to keep the 

temperature of the piezoelectric component below the Curie 
mechanical stress is applied by a stress source . temperature T Curie 

3 . The method of claim 2 , wherein an electrical energy is 18 . The method of claim 1 , wherein the electric field of E , 
converted from one or both of a thermal energy from the hot and the mechanical stress of oy are determined to adapt to 
thermal source and the cold thermal source and a mechanical a type of energy received , where the type of energy received 
energy from the stress source when the operations ( a ) - ( d ) are is one or both of thermal energy and mechanical energy . 
repeatedly cycled . 19 . The method of claim 1 , wherein the operations ( a ) and 

4 . The method of claim 1 , wherein an electrical current is 18 
generated from the piezoelectric component when the opera 15 20 . The method of claim 1 , wherein o , is less than Oy 
tions ( a ) - ( d ) are repeatedly cycled . 21 . The method of claim 1 , wherein o , equals zero and Oy 

5 . The method of claim 1 , wherein an electrical current is 
generated from the piezoelectric component by a change of 22 . A method for generating electrical energy , comprising : 
surface charge of the piezoelectric component being repeat - 30 ( a ) increasing an electric field applied to a piezoelectric 
edly cycled through the operations ( a ) - ( d ) . component from E , to Ey , and maintaining a mechani 

6 . The method of claim 1 , wherein Tc is a selected bias cal stress applied to the piezoelectric component at Oz ; 
temperature at which applying stress to the piezoelectric ( b ) increasing the mechanical stress applied to the piezo 
component causes at least one solid state phase transforma electric component from o , to Oh , and maintaining the 
tion in a material of the piezoelectric component . electric field applied to the piezoelectric component at 

7 . The method of claim 6 , wherein the bias temperature is EH 
further selected as a temperature at which a transition of the ( c ) decreasing the electric field applied to the piezoelectric 
mechanical stress from o , to oy causes the at least one solid component from Eg to E , , and maintaining the 
state phase transformation to be a phase transformation with mechanical stress applied to the piezoelectric compo 
an optimized polarization change . nent at 

8 . The method of claim 1 , wherein the piezoelectric ( d ) decreasing the mechanical stress applied to the piezo 
component includes a pyroelectric material . electric component from Oh to O? , and maintaining the 

9 . The method of claim 8 , wherein the pyroelectric electric field applied to the piezoelectric component at 
material is a PbMg / Nb2 / 303 - xPbTiO3 ( PMN - XPT ) crystal . E , ; and 

10 . The method of claim 1 , wherein the piezoelectric 35 repeatedly cycling through operations ( a ) - ( d ) . 
component includes one of , or a composite of , a biological , 23 . The method of claim 22 , wherein the operations 
a ceramic , a crystal , and a polymeric pyroelectric material . ( a ) - ( d ) form an isothermal cycle and a temperature of the 

11 . The method of claim 1 , wherein the operations ( a ) - ( d ) piezoelectric component is maintained at a bias temperature 
are repeatedly cycled at a frequency equal to or greater than T , throughout the operations ( a ) - ( d ) . 
0 . 1 Hz , equal to or greater than 1 Hz , or equal to or greater 10 24 . The method of claim 22 , wherein the electrical field 
than 10 Hz . 40 and the mechanical stress are applied to a poling direction of 

12 . The method of claim 1 , wherein the electrical field is the piezoelectric component . 
applied along a poling direction of the piezoelectric com 25 . The method of claim 22 , wherein an electrical current 
ponent . is generated from the piezoelectric component by a change 

13 . The method of claim 1 , wherein the mechanical stress , of surface charge of the piezoelectric component that is 
of oy is a compressive stress applied along a poling direction repeatedly cycled through the operations ( a ) - ( d ) . 

of the piezoelectric component . 26 . The method of claim 22 , wherein o , equals zero and 
14 . The method of claim 1 . wherein the electrical field is Oh is greater than zero . 

applied along a first direction normal to a second direction 27 . The method of claim 22 , wherein the mechanical 
along which the mechanical stress of Oh is applied . stress of O is a compressive stress applied along a poling 

15 . The method of claim 1 , wherein an angle between a . 50 direction of the piezoelectric component . 
first direction along which the electrical field is applied and * * * * * 
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