REPORT DOCUMENTATION PAGE

AFRL-SR-AR-TR-09-0227

Public reporting burden for this collection of information is estimated to everage 1 hour per response. including the time for reviawing Instructions, searcning sasiny uawe s v, geo -

deta needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or eny other espect of this collection of information, inciuding suggesnons for reducing
this burden to Depertmant of Defense, Washington Haadquartars Services, Diractorata for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arington, VA 22202-
4302. Respondents should be aware that notwithstanding any othar provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently

velid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE
03-02-2009 Final

3. DATES COVERED (From - To)
April 1,2005 - Aug 31,2008

4. TITLE AND SUBTITLE
[Cea o T o O B et e i A R i o)

5a. CONTRACT NUMBER
FA 9550-05-1-0196

5b. GRANT NUMBER

5¢c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)
Minoru Taya, Onur C. Namli and Tucker Howie

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Department of Mechanical
Engineering, CIMS, University
of Washington, Box 352600
Seattle, WA 98195-2600

8. PERFORMING ORGANIZATION REPORT
NUMBER

CIMS-01-2009

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
Air Force Office of Scientific Rescarch

875 N. Randolph Street, Suite 325 Room

Arlington, VA 22203

ATTN: Dr Les Lec, Program Managcr

10. SPONSOR/MONITOR’'S ACRONYM(S)
AFOSR

11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
unlimited

20090723670

14. ABSTRACT

This AFOSR core program on Active compositcs is aimed to study analytically and cxperimentally ncw types of active
composites, ferromagnetic shape memory alloy(FSMA) compositc, shape memory alloy(SMA) fibcr/shapc memory
polymer(SMP) composite, and piczoelcctrics-SMA composite. The mechanism behind these new active composites is
synergistic effccts among these activc materials, under various stimuli conditions. Airborn applications of thesc active
composites are clearly stated in the report, ranging from synthetic jet actuator, supcrconfigurable structures and cnergy

harvesting devicc under fluctuating high temperatures.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION
OF ABSTRACT

a. REPORT b. ABSTRACT c. THIS PAGE

18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON

19b. TELEPHONE NUMBER (inciude area
code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

17 JUL 2009 Page 1 of 2
DTIC Data

Purchase Request Number: FQ8671-0500850

BPN: F1ATA05024B850

Proposal Number: 04-NA-207

Research Title: DESIGN OF ACTIVE COMPOS
Type Submission: é‘«()‘/ﬁ
Inst. Control Number: FA9550-05-1-01950EF
Institution: UNIVERSITY OF WASHINGTON
Primary Investigator: Professor Minoru Taya

Invention Ind: none

Project/Task: 2302B/ X

Program Manager: Byung-Lip Lee

Objective:

To develop the science base necessary to design and manufacture new "active"composite systems which allow high
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additional funding) to develop "self-strengthening” composites based on active materials.

Approach:

Relying on experience established under the current AFOSR-sponsored program on "ferromagetic shape memory alloy
composites,” the second phase of the research will focus on the design and manufacturing of new active composites
based on various combinations of piezo-ceramics (PMN-PT, PZT), shape memory alloy (TiNi, CuAIMn), ferromagetic
shape memory alloy (NiAICo, FePd, NiMnGa) and/or thermoelectric materials. A new processing route of Spark Plama
Sintering, awarded as a DURIP project, will be used to create particulate composites composed of shape memory alloy
and ferromagnetic materials. The microstructure of each active composites will be optimized by analtical modeling to
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inducing compressive stress in the matrix region through shape or length change of shape memory nanofibers.

Progress:

Year: 2006 Month: 03
Annual Report:
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works on FSMAs focusing on phase transformation under change in temperature of Fe-Pd system [1] and Ni-Mn-Ga
systems [2] have been well documented in the past. In principal, there are three existing actuation modes associated with
FSMAs using magnetic field as the driving force for actuation [3-7}, namely: (i) magnetic field-induced phase
transformation, (ii) martensite variant rearrangement and (iii) hybrid mechanism.
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Annual Report: 01 Seep 2005 - 01 Sep 2006

This annual report covers the progress in the active composites, two designs, (i) Ferromagnetic shape memory
alloy(FSMA) composites and (i) SMA-piezo composites. The former design is cost-effective route of designing and
processing of ferromagnetic shape memory alloys by using two constitutive materials, ferromagnetic material and SMA of
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super elastic grade. This FSMA composite is for use as a new airborne actuator. This report focuses both on modeling
and processing. This report also states the design of a new active composite, SMA-piezo compasite, which will be used
as a new actuator material and also thermal energy harvester.
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new actuator material and also thermal energy harvester, while the latter is new design of active compasite with large
shape change for possible use in future morphing structures.
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We have progressed in deign and processing of particulate ferromagnetic SMA composites made of Fe and NiTi of super
elastic grade, and the composite exhibited both ferromagnetic and super elastic behavior , these experimental data are
predicted by a new analytical model based on Eshelby type. We also worked on piezoelectric films for detecting the
loading history of structures, the results of which will be used for future structural health monitoring of airplane structures.
Some preliminary results are obtained on shape memory polymers.

Year: 2009 Month: 06 Final

This AFOSR core program on Active compaosites is aimed to study analytically and experimentally new types of active
composites, ferromagnetic shape memory alloy(FSMA) composite, shape memory alloy(SMA) fiber/shape memory
polymer(SMP) composite, and piezoelectrics-SMA composite. The mechanism behind these new active composites is
synergistic effects among these active materials, under various stimuli conditions. Airborn applications of these active
composites are clearly stated in the report, ranging from synthetic jet actuator, superconfigurable structures and energy
harvesting device under fluctuating high temperatures.
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Chapter 1.  Introduction

Active compositcs arc made of active material of one kind embedded in a matrix material which
may be structural host material, or another kind of active material. In this final report, wc shall
report four different active composites: (i) ferromagnetic shape memory alloy which is composed
of shape memory alloy (SMA) and ferromagnetic matrix, (i1} SMA and piezoelectric
ceramics(SMA-piczo composite) for fast-responsive actuator, (iii) SMA-piezo composite for
thermal encrgy harvester, and (iv) morphing material composed of nano-SMA fiber and shapc
memory polymcr matrix. All four cases of active composites are potcntially useful materials for
airborne specific applications, the first two for fast-responsive actuators and the third for thcrmal
energy harvestcr and the fourth for morphing structures.

All four active composites are bascd on micro-mechanics based modeling, (i) Eshelby typc
modeling and (i1) laminate modcling which the authors dcvcloped during this project. Except for
the second active composite (SMA-piezo composite), all other three active composites involve
processing and characterization studies, the results of which are compared with the analytical
rcsults predicted by the models ensuring the validity of the proposcd design and modeling.

As a natural extension of active composites, wc found that usc of nano-sizcd fillers is cffective in
enhancemcnt of the overall composite propertics; however this is mct with technical challengcs,
such as processing. This is particularly true for SMA nanofibcers in processing of SMA
nanofibcrs/shape memory polymer matrix composite which should be further studicd in near
future.

[t is noted that thc new concept of using SMA and piezoelectric phascs was originally for fast-
responsive actuator materials, however, later stage of this project, we found that usc of SMA-
piczo compositc is also effective for use in a ncw thermal energy harvester wherc temperature is
fluctuating.




Chapter 2.  Design of ferromagnetic shape memory alloy composite made of Fe

and TiNi particles

Ferromagnetic Shape Memory Alloy (FSMA) particulate composites have been processed by
spark plasma sintering with varying weight fractions of NiTi (51 at% Ni) and Fe powders. An
assortment of experimental proeessing conditions sueh as temperature, pressure, duration of
sintering, heating rate has been chosen to characterize the relative density and superelasticity
behavior of said FSMA composite. The effeetive magnetie properties of these proeessed
composites have also been experimentally estimated using Vibration Sample Magnetometry
(VSM). An attempt at predieting the effective magnetie properties of the FSMA eomposite based
on Eshelby’s inhomogeneous inelusion method in eonjunetion with Mori-Tanaka’s mean field
theory for larger coneentrations of the ferromagnetie phase has also been presented in this study.
The analytiecal model results thus obtained are eompared with experimental data resulting in a
reasonably good agreement.

2.1. Introduction

Ferromagnetie shape memory alloys (FSMAs) have attraeted strong attention among material
scienee eommunity in particular as well as actuator designers at large mainly due to their fast-
response and large strain eapabilities. Popular FSMAs that have been extensively studied inelude
NiMnGa (Ullakko 1997, James 1998, Murray 1998, Kakeshita 2000 and Liang 2001) and FePd
(Kato 2002, Liang 2002, and Wada 2003) systems. There are three mechanisms of actuation
associated with FSMAs, under magnetie field namely, (i) magnetie field-indueed phase
transformation, (i1) martensite variant rearrangement and (iii) hybrid mechanism (Liang 2006).
The first two meehanisms are operative under eonstant magnetie field, while the third meechanism
is based on gradient magnetie field.

An earlier study by Kato et al 2002 which was based on thermodynamies, made a preliminary
estimate of the magnetic energy neeessary to induee a phase transformation in FSMAs. The
general eonelusion was that large magnetie (H) field was required for the phase change to take for
both NiMnGa and FePd systems. Therefore, the first mechanism was deemed unsuitable for use
in designing eompaet actuators which may need a small and portable electromagnet system as a
driving unit.

The seeond mechanism involves indueing the strain in a FSMA with 100% martensite phase and
subjecting it to a constant H-field whieh acts on the magnetie moments in magnetic domains that
exist in the martensite phase so as to rotate them along the easy axis, i.e., e-axis in the ease of
NiMnGa and FePd systems. Even though the strain induced by the seeond meehanism is very
large, the eorresponding stress remains as modest as several MPa under modest applied magnetic
flux density (I T). Thus, the use of the second mechanism may be advantageous to design an
actuator with large strain eapability.

The third meehanism (Kato 2002, Liang 2006) termed as ‘hybrid meehanism’ is based on a set of
chain reactions. An applied magnetie flux (or field) gradient induees magnetie foree which causes
stress induced martensite phase transformation resulting in the phase change from stiff austenite
to soft martensite phase thereby leading to large displacement. The advantages of this are large
stress (100 MPa in the ease of FePd), modest to intermediate strain and fast actuation time.
Physieally, sueh a phase ehange ean be achieved by approaching a eompaet and portable magnet
close to the FSMA speeimen whieh provides a large magnetie field gradient. Therefore, the third




‘hybrid’ mechanism is considered most suited for use in designing compact actuators with large
force capability.

However, the cost of processing FSMAs such as FePd is very expensive. On the other hand,
superelastic shape memory alloys have high mecchanieal performanccs, large transformation strain
and stress capabilities. However, the speed of superelastic SMAs by changing femperature is
slow. If a ferromagnetic shape memory alloy composite eomposed of a ferromagnetic material
(soft magnet) and a superelastic SMA can be developed and such a compositc be actuated based
on the hybrid mechanism, novel cost-effectivc and high-specd actuators can be designed. This has
been the undcrlying motivation of the present work. In the design of such a compositc, the
requirements have been identified as: no plastic dcformation of the ferromagnetic material and
large transformation strain in supcrclastic SMA. In order to achicvc the optimum mierostructure
of FSMA composites for actuator design, numerical models such as FEM, or an analytical
approach need to be developed. Such as analytical modcl for FSMA composites with the aim of
optimizing the microstructure of FSMA composite with emphasis on laminated compositc and
helical shaped composite has been devcloped carlier (Kusaka 2004).

This study reports the analytical modeling of magnctic propertics of FSMA particulate
composites, and also elucidates the cxperimental work of proccssing sueh eompositcs. The
validity of the proposed model has been established by comparison with measured magnetic
properties of the composite.

This part of the study has been organized as follows: - the processing of particulate Fe-TiNi
composite using Spark Plasma Sintering (SPS) with various concentrations of Fe will be
discussed in section 2.2 followed by the analytical model for predicting the effective magnetic
properties of the particulate composites in section 2.3, a brief discussion of thc rcsults and
validity of the proposed model has been presented in section 2.4 followcd by somc conclusions in
section 2.5.

2.2. Processing of Particulate Fe-TiNi Composite

The FSMA composite used in the present work is a “particulate composite” eomposcd of
particulate powders of SMA (TiNi) and ferromagnetic matcrial (soft magnetie Fe). The ordinary
metallurgieal route for proeessing particulate composites using powders i.e., standard sintering
produces unwanted reaction products destroying the original properties of constitucnt SMA and
ferromagnet. In ordcr to circumvent unwanted reaction byproducts, Spark Plasma Sintering (SPS)
machine was used to process the particulate composites. The SPS machine has been recently
installed at Center for Intelligent Materials and Systems, University of Washington, Scattle (Dr.
Sinter SPS-515S, Sumitomo Coal Mining Co., Japan). Figure 2.1 is a schematic illustrating the
working of the SPS equipment and the sintering process (SPS Syntex Ine Manual). It has been
reported that sintering conducted using the SPS machine under high tcmperatures and pressurc of
around 25-50 MPa for as short a time as 5 minutes in near vacuum conditions (~5-6 Pa) followed
by rapid cooling using Argon gas produces remarkably good results (Gururaja 2006). In fact, as
shown earlier, due to the short sintering time, the samples produced at CIMS were of extrcmely
high quality exhibiting low percentage of the intcrmetallics (Gururaja 2005).

In this study, two diffcrent kinds of TiNi powders have been used namely, (1) large Micro-sized
TiNi (Ni 50.9at.% and Ti 49.1at.%) with average diameter of 212 um supplied by Sumitomo
Metals, Japan and (2) smaller Nano-sized TiNi (51at%Ni and 49at%Ti) with average diameter of
100 nm supplied by Argonide, USA. An ingot of TiNi alloy madc by Sumitomo Metals, Osaka,
Japan, was shipped to Fukuda Metals, Kyoto, Japan, where Plasma Rotating Electrode Proecss




(PREP) was used to proeess TiNi powders with average diameter of 212 um. The particulate
FSMA eomposite speeimens obtained using these powders were analyzed for superelastic
properties. The results would be presented at a later point.
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Figure 2.1: Sehematie of a) SPS deviee; and b) SPS process.

Iron metal powders of average partiele size of 100 nm were purchased from Argonide Ine. These
were proeessed by Eleetro-Explosion Wire (EEW) technique. The echemieal eomposition of the
iron wire (soft iron) used by Argonide to make the metal powders is: Mn: 0.78-0.82 %, Cr: <0.1
%, Ni: 0.08-0.098 %, Si: 0.66-0.82 %, Cu: 0.081-0.082 %, V: <0.05 %, Mo: <0.01 %, W: <0.1
% and Carbon whose content was not determined.

Due to the very small partiele size (100 nm), these iron powders are very reactive and speeial eare
was taken while handling them. They were stored in vacuum sealed glass vials in a dormant state
mixed with hexane. The required weight fractions of iron powder and TiNi powder were taken in
a glass vial and acetylene solution was added to it. The glass vial was then put in a Thinky"
Mixer for 10 minutes to obtain a homogeneous mixture of powders on evaporation of aeetylene.




The presenee of acetylene not only aided the mixing process but also prevented the iron powder
from getting oxidized. The homogeneous mixturc was then placed in the mould and sintering
opcration was condueted at the set temperature, heating ratc and pressure. After sintering, each
sample was aged at 320°C for 30 min. This aging condition was chosen based on our previous
results doeumented in Zhao et al 2005.

Table 2.1: Summary of SPS proeessed TiNi-Fe composites including 100% TiNi speeimen

Sample ID Denslty | pheoretical | Porosit
measured y
SPS conditions, Composition (glce) density (g/cc) (%)
5 600°C x 5 min x 50 MPa, 100K/min 4.16 6.40 35
3 pure 51at%TiNi (100 nm) sample ’ ’
=]
o . o
= 8009C x 5 min x 50 MPa, 100K/min
’ 4.90 6.40 23.4
-E purc 51at%TiNi (100 nm) sample
] . .
0 8500C x 5 min x 50 MPa, 100K/min
A i 5.55 6.40 13.3
% pure 51at%TiNi (100 nm) sample
=]
ﬁ . .
s 900°C x 5 min x 50 MPa, 100K/min
i 6.27 6.40 2.0
z pure 51at%TiNi (100 nm) sample
6009C x 5 min x 50 MPa, 100K/min,
b 51at%TiNi (212 pm)+33.33%wt Fe (100 nm) 6.66 6.88 3.2
=]
3 700°C x 5 min x 50 MPa,] 00K/min,
Py 51at%TiNi (212 pm)+33.33%wt Fe (100 nm) 6.65 6.88 3.2
Z
= 800°C x 5 min x 50 MPa,100K/min
'?N, 51at%TiNi (212 pm)+33.33%wt Fe (100 nm) 6.65 6.88 32
E: 7000C x 5 min x 50MPa, 100K/min
S 51at%TiNi (212 pm)+33.33%wt Fe (74 um) 6.56 6.88 4.6
= 900°C x 5 min x 50 MPa, 100K/min
purc 51at%TiNi (212 pm) sample 6.26 6.40 21

The results of the SPS processing of TiNi-Fe eomposites arc summarized in Table 2.1. It was not
possible to obtain dense samples exhibiting superelastieity using Nano-sized TiNi and Fe
powders. The SPS proecssing pure TiNi samples using the Nano-sized TiNi powders under
900°C, 50 MPa, resulted in high density TiNi specimen with its porosity reduced to 2%.
Howevcr, Differential Scanning Calorimeter (Perkin Elmer DSC-6) data of this TiNi specimen
did not exhibit any shape memory properties. In fact, XRD results of this TiNi specimen showed
TiNi; peaks which persisted after solution quenehing, see Fig.2.2 (Allafi 2003). These poor data
of TiNi-Fe compositc using Nano-sized TiNi powders led us to switch to larger Miero-sized TiNi
powers and Nano-sized Fe powders.
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Figure 2.2. XRD data of 900°C x 5 min x 50 MPa, 100K/min pure 51at%TiNi (100 nm) sample.

The results of SPS processed composites using this combination has been shown in the lower half
of Table 2.1 where relative densitics of 97% and higher were obtained at reasonably low sintering
temperaturcs of around 700°C. The iron particles fill in the gaps between TiNi powders and form
the matrix phase of the composite after the sintering operation is completed. The microstructures
of thesc sintered samples (700°C SPS) are characterized using scanning electron microscopy
(SEM, T330A Hitachi). Figure 2.3 show SEM images of a fincly polished specimen after
sintering. Structural compositions of the samples are characterized using X-ray diffraction
(XRD). The density is measured using a technique based on Archimedes prineiple.

Determination of the transformation temperatures was the next step in the material
characterization process. This was conducted by DSC tests with a hcating/cooling rate of 10°C.
DSC experiments of the dense SPS sintered specimen of 30%wt TiNi (212um diameter) + 70%wt
Fe (100nm) processed at 700°C, S min sintering time, and 50 MPa pressure revealed the
transformation tcmpecratures as Ay (Austenite finish) = 40°C, A, (Austenite start) = 28°C, M;
(Martensite finish) = 15°C, and M, (Martensite start) = 30°C. These TiNi-Fe composite speeimens
were then cut into eylinders of 5 mm diameter using Eleetrical Discharge Machining (EDM). The
specimens were then tested using Instron Model 8562 compression testing equipment. Figure
2.4(b) depicts a typical stress-strain response of TiNi-Fe composite tested at 41°C (which is
slightly higher than A¢= 40°C) exhibiting a superelastic loop.
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Figure 2.3: (a) and (b) SEM images of 33.33%wtFe (100 nm) + 66.67%wt 51at%TiNi (212 pm)
composite; (¢) and (d) Composition Maps of the same speeimen.
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Figure 2.4. TiNi 30 wt % Fe composite specimen with SPS 700°C, 5 min, 50 MPa pressure, then
aged at 320°C for 1h experimental results. (a) DSC data yielding A~=40°C, A;=28°C, M=30°C
and M=15°C; (b) compression stress-strain curve of this composite specimen at 41°C (=Af),
cxhibiting to some extent superelastie loop.

2.3. Theoretical Model

2.3.1. Composite Magnetic Permeability

In this section, Eshelby’s cquivalent inclusion method (Eshelby 1957) in eonjunction with Mori-
Tanaka’s mean-field thcory (Mori 1973) has been uscd to predict the effective magnetic
properties (effective magnetic permeability and saturation magnetization) of Fe-TiNi particulate




ecomposite. The first step involved defining a representative volume element of the particulate
eomposite used in this study. To this end, the Fe-phase was echosen as the f-phase or
inhomogeniety and the TiNi SMA phase was chosen as the m-phase in the RVE as depieted in
Fig.2.5. The implications of such a definition will be discussed at a later point. Thus, the
properties of the Fe-phase are represented by subseript ‘f” in the evolution of the Eshelby’s model
while the propertics of SMA are denoted by the subseript ‘m” as depieted in Fig.2.5. In the
absenee of inhomogeneties, the matrix SMA phase has the following property

D= e 2.D
where B is the magnetie flux, //, is the magnetic field intensity and g, is the magnetie

permeability of the matrix material respeetively. Equation (2.1) is reminiseent of an equivalent
stress-strain formulation originally proposed and now widely aceepted Eshelby’s model. For
paramagnetie materials (such as TiNi SMA material), the magnetie suseeptibility y typieally lies
in the range of 10° — 10, consequently, the magnetization veetor is very weak. Therefore, the
magnetie field intensity in the matrix phase takes the following form (Chikazumi 1964):-
H,=H,+M & H,~H, 2.2)

where f{, is the applied magnetic field intensity on the domain under eonsideration as depieted in
Fig.2.5 (a). Essentially, Eq(2) conveys that due to the weak magnetization of paramagnetie
materials constituting the particulate phase of the composite domain, the magnetie field intensity
of the matrix phase would be equal to the applied magnetic field intensity. Equation (2.2) is valid
for most paramagnetie materials sueh as TiNi for whieh the magnetization veetor M =0 .
Equation (2.1) ean thus be written as: -

B=yu, H, (2.3)

T (D- (2, 4, SMA)

]
H' X
X
(a) Actual composite (b) Eshelby’'s model

Figure 2.5. Analytical modeling of (a) particulate TiNi-Fe ecomposite where the matrix of shape
memory alloys (TiNi SMA) is embedded with ferromagnetie fillers (Fe) 1s eonverted to the
Eshelby’s equivalent inelusion method in (b).

The error assoeiated with negleeting the magnetization for paramagnetie has been found to be of
the order of 0.01% which is considered aeceptable in the present work (Chikazumi 1964). Upon
addition of an inhomogeniety (f-phase), the flux and ficld veetors are related as follows in Q (See
Fig.2.5):-

B+By=p, (H,+H,)=p, (H,+H,-H") (2.4)




where B, and H, are disturbance flux and field vectors respectively. Physieally, H, represents the
demagnetization field eharacteristic of ferromagneties. By definition for ferromagneties,

B=u,-H,+M-N-M)=u, (H-N-M) (2.5)
where N — demagnetization factor, a tensor quantity depending only on the shape of the
inhomogeniety, analogous to Eshelby’s tensor ‘S’ of mechanical case. Choosing H, = ~N - M in

Equation (2.5) we get,

H;,=N-H =8"-H’ (2.6)
or,

B+B,=pu,-(H,+S" H )=p, (H,+S" -H -H")
where ‘S™ = N’ has been looked upon as the ‘Eshelby tensor’ for magnetic ease. From Eq(2.6),

H’ can be solved. When the volume fraction of ferromagnetic inhomogeneties (f) becomes
finite, the interactions between ferromagnetic particles necd to be accountcd for. This has bcen
accomplished by utilizing Mori-Tanaka’s mean-field theory in the present case'. H has been
coined as the average magnetie ficld and Eq(2.6) is modified as follows taking into account the
volume fraction effects:-

B+Bd:/u/'(H0+I__I+Hd):'um'(H0+ﬁ+Hd—H')

. : 2.7
Or,Bd=,um-(H+Hd—H)
Since the volume integration of H , must vanish over the entire domain, we get,
H=-fi(H,-H") (2.8)
Substituting in (2.7) and simplifying gives us,
N I
H = [(,uf = i) {(l—ﬁS"' +ﬂ}+ /‘m]> (b — ity )l (2.9)

. . '
The corresponding concentration factor tensor A can be cvaluated as™er* Referenee source not found. ,

H, =H,+H+H,=H,+Hy(I- )+ fH =H,+{1- ps" + fi}-H'

oo, H,=4-H, (2.1
=
= m 1-HS™ +
with 4 = I+{(1—ﬂS +ﬂ}-[(,u/—,um)-{;[ ) }+,um} (=t y)
Sty = i F Jhg— ) A (2.12)

where g, represents the effective magnetic permeability of the composite. Thercfore, by

knowing the properties of the individual constituents of the composite and the geometry of the
inclusion, the composite magnetic permeability can be evaluated. The computation of
demagnetization factor has been done by many researchers and the values are therefore

known (Beleggia 2003, Osborn 1945).

2.3.2. Saturation Magnetization (M)
The magnetie field intensity in the composite is evaluated as follows”:-

H, =(-f)H,)+f(H,)

" Atomic interaction effects have been neglected here.

2( > Denotes volume average over the entire domain.



where (H " ),<H v,>arc volume averaged quantities. Using the procedure outlined in Eleetronic
Composites book, Taya 2005, the composite magnetic field intensity takes the following form: -
H . =H +M;=H, + M,

or,M{ = fM,

Here, M; is the saturation magnetization of the ferro-particulate or the f-phase of the composite

(2.13)

and M rcpresents thc composite saturation magnetization. Based on this formulation, the

magnetization at saturation M, of TiNi-Fe composites processed at different weight fractions were
predieted and eompared with the expcrimental valucs. The following section outlines the results.

2.4. Results and Conclusions

After characterizing the sintered samples with various volume fractions as shown in Table 2.1,
the samplcs satisfying the key requircments (DSC showing peaks of shape memory properties)
were chosen, namely Particulate TiNi/Fe proeessed by SPS at 700°C in vacuum for 5 minutes and
50MPa with 30, 50 and 70% Fe by wcight. The magnetization (M) — magnetic field (H) curves of
the composite specimens were then measured using vibrating specimen magnctometer (VSM)
located at Tohoku University in order to compare with the theoretical predictions. The model
predietions of saturation magnetization were compared with measured magnetization at saturation
resulting in a good match. A comparison of magnetization at saturation (M;) of TiNi-Fe
composites between predictions and experimental data has been summarized in Table 2.2.

Table 2.2. Comparison of predicted magnetization at saturation of TiNi-Fe particulatc with
measured data.

Welght % of e Volume fraction of Fe’ | M ¢ (Experimental) | M (Predicted)
0 (emu/g) (emu/g)
30 0.26133 40 52.266
50 0.4522 93 90.44
70 0.6582 135 131.64
100 1.0 200 200

The results of Table 2.2 have also been plotted in Fig.2.6. Table 2.2 and Fig.2.6 show a good
agreement between the experiment and the proposed analytical model despite the fact that at
lower weight pereents of Fe filler, the predicted M| is slightly overcstimated. At lower f, smaller
sized Fe particles tend to be distributed along the boundaries of larger sized NiTi particles
(Gururaja 2005). At larger f, on the other hand, Fe filler particles become more uniformly
distributed to form a continuous matrix, similar to the model configuration, Fig.2.5 (a). Therefore,
for lower £, the predicted values of M. deviate slightly from the experimental data while for
larger f, wc see a very good agreement as evidenced in Table 2.2 and Fig.2.6.

1
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Figure 2.6. Comparison of saturation magnetization (M;) of TiNi-Fe particulate composites as a
function of Fe predicted by the Eshelby’s model (shown as filled eircular symbols) and
experimental data (filled square symbols).

The present model is based on Eshelby’s effective medium theory (EMT) with Mori-Tanaka’s
mean field theory, thus its validity is good for the entire range of filler weight (volume) fraction,
0 < /< 1. 1t should further be pointed out here that the average size of NiTi is 212 pm which is
considerably larger than that of the constituent Fe powder of 100 nm size. Compositional maps of
the particulate eomposites indicated that the Fe-phase form the matrix phase of the composite
unlike the model presented in Fig.2.5. The implications of this discrepancy needs to be
investigated further and shall be looked into in future studies. However, despite this assumption,
as mentioned previously, the predictions seem to match with the observed experimental values.

The combination of Micro-sized TiNi powders and Nano-sized Fe powders resulted in the
formation of high density specimens which exhibited superior stress-strain characteristics. Nano-
sized Fe powders tend to fill in the gaps between Micro-sized TiNi powders much better than
Micro-sized Fe powders thereby enhaneing the bonding resulting in stronger load transference at
TiNi-Fe interfaces. Such an interface behavior facilitates the phase transformation demonstrated
by the TiNi phase of the eomposite. This synergy between the two phases of the composite is
cxpeeted to benefit actuator designers using this particular material system. Several combinations
of the Micro-sized TiNi and Nano-sized Fe were chosen and the respeetive stress-stain curves for
cach combination were looked upon. Due to obvious space constraints, not all the stress-strain
curves have been included in this paper. Instead one representative stress-strain curve
demonstrating the phase transformation phenomenon has been included in the present work. The
sclection of an optimal volume fraction of TiNi and temperature/pressure/duration of SPS process
was found to be very critical in the formation of a sample that would exhibit the SMA properties
under compression testing. Consequently, serics of experiments were conducted to identify these
optimal volume fraction and SPS process conditions using a design of experiments approach and
a few optimal conditions have been identified. The microstructure of the composite was also
studied using SEM and TEM studies.

An extension of Eshelby’s method for the determination of effective magnetic properties of an
FSMA system has been proposed in the present paper and the predicted results were eompared
with experimental results leading to a validation of the proposed model.




Chapter 3.  Modeling of Piezoelectric - Shape Memory Alloy (SMA) Composite as
a Fast Responsive Actuator Material

A hybrid eomposite of a piezocleetric ecramie and shape memory alloy (SMA) is proposed as a
new actuator material with fast actuation speed and large strain. Analytieal modeling of the
composite is constructed based on Eshelby theory where linear piezocleetrie eonstitutive
equations and bi-linear super-elastie equations of SMA are used. The predictions of the strain
induced by applied stress and eleetrie field are also modeled with two simple designs of piezo-
SMA eomposites, 1-D series and 1-D parallel laminated eomposites. The predietions based on the
proposed model indieate that 1-D parallel laminate provides the highest strain indueed under bias
stress and applicd electric field among other composite gcometries examined.

Piezoeleetrie materials and shape memory alloys (SMAs) are very eommon materials for
actuators and sensors. In the eonventional actuator materials, the speed of actuation and sensing is
fast, but the order of indueed strain is modest while the latter exhibits larger strain, but at mueh
slower speed of aetuation. Shape memory alloy (SMA) of super elastie grade has a large strain
(up to 5% or so) onee it is stressed to the stress level of stress-indueed martensite transformation,
while piezoeleetries exhibits small-strain (typieally less than 1%) with fast aetuation speed under
applied clectrie filed. 1f the above two materials are combined to form a composite, which is
termed as piezo-SMA eomposite, one would expeet some unique property to arise. Several
researchers Dunn and Taya (1993a; 1993b), Kuo and Huang (1997); Odegard (2004); Qin (2004)
predieted that the electromeehanieal properties of piezoeleetrie eomposites consist of piezo
matrix and non-piezo filler. The eoneept of piezo-SMA eomposite was eonsidered by Jiang and
Batra (2002) who formulated the eomposite model by eonsidering the piezo and SMA phases as
filler, which are embedded in isotropic polymer matrix and the Eshelby’s method in their
analysis. This study, on the other hand, analyzes piczo SMA eomposite where piezo phase is
treated as the matrix and SMA as filler, which can undergo phase-change such as stress-indueed
martensite transformation as this requires use of Eshelby’s method.

In the following, first the Eshelby’s method for piezo-SMA eomposite in general terms will be
diseussed, then, One-dimensional parallel model will be introdueed to examine the piezo-SMA as
an actuator.

3.1. Modeling Electromechanical Coupling with Eshelby’s Theory

The mechanieal and eleetrieal behavior of a piezoeleetrie material ean be modeled by two
linearized constitutive equations. These equations eontain two mechanical and two eleetrical
variables. The direet effect can be modeled by following matrix equations [1IEEE standard on
Piezoeleetrieity, ANSI standard 176-1987]:

Oy = Ci/'mngmn £t enii(_En) 3.1

D =e, &, ~K,(-E,) (3.2)

i imn® mn

The constitutive equations for a linear piezoeleetrie material eab be represented in matrix notation
as, see Dunn and Taya (1993a; 1993b), Taya (2005)

L=RZ (3.3)

where X represent flux tensor of 9x1, the first six eolumn veetor components are the stress
eomponents, and the last three are eleetrie displaeement. Z is the field tensor of 9x1, the first six
eolumn veetor eomponents are elastie strain, and the last three veetor eomponents are eleetrie




ficld. R is the clcctro-elastic property tensor of 9x9. Flux, field and electro-elastic property
tensors can be represented as

.
y=|% | z2| ®| r=|C € (3.4)
D;,, -E ¢ -K

respectively, where 6, D, C, e, k, £, and E denote stress, eleetrie displacement, elastic
moduli, piezoelectric constants, dieleetric eonstants, strain, and cleetrie field matrices,
respectively. Piezo phase is assumed as a transversely isotropic piczoelectrie solid.

Consider an Eshelby model for a piezoeleetrie material. The composite of interest consists of an
infinite piezoelectric matrix ( D — Q) containing a finite volume fraction, [, of spheroidal SMA
fillers (€2 ), as shown in Fig.3.1(a). The SMA fillers arc considered as non-piezocleetrie, but
exhibit a bi-linear stress-strain curve, that refleets the stress-induced phase transformation. The
fillers have electro-elastic modulus R , while the matrix has electro-elastic modulus R, .

Q(SMA,R ;) QR,,.Z")

m?*

r° Xy

(a) (b)

Figure 3.1. Analytieal model for piezoeleetrie composite containing non-piezoelectric SMA
fillers, (a) original problem, which is converted to (b) Eshelby’s equivalent inelusion problem.

The composite is subjected to the far-field uniform applied stress and eleetrie displacement .
Fillers in the piezocleetric matrix can be simulated by equivalent inclusions, resulting in

Fig.3.1(b) where the clectro-clastie stiffness tensor R, is homogeneous in the entire domain
(D).



When a piezo-SMA composite is subjected to a far-field uniform flux veetor (applied stress and
electric displacement) X, the flux vector (stress and electric displacement) in the filler, X, can

be written as
2,=R,(z“+Z+Z)=Rm(z“+i+2—z‘) (3.4)

Where, Z is the disturbance of the uniform field vector due to the presence of the fillers and Z is

the average disturbanee of the field vector (strain and electrie field) in the matrix. 7" is the
fictitious eigen field vector (eigen strain and eigen clectric field) by means of equivalent inclusion

method. Z° is the uniform field vector (strain and eleetrie field) provided by uniform flux veetor,
X that would exist in the absence of the filler and they are related as

¥’ =R,Z° (3.5)
The flux veetor (stress and electric displacement) in the matrix, X ., can be written as
) M Rm(Z" +Z) (3.6)

The disturbed field vector (strain and electric field) in the filler, Z , is related with fictitious
cigenfield vector Z~ through a piezocleetric Eshelby tensor S as

72=S7" (3.7)

The flux boundary eondition (£ ) and the volume integral of the disturbance flux veetor (being

zero over the entire composite domain) leads to the following relation that relates Z, to Z and Z.”
as

Z+flz-2")=0 (3.8)

where f denotes the volume fraction of the SMA fillers. Z' is computed from Egs.(3.4,3.5,3.7
and 3.8) as

z' =B(R, -R,)Z° (3.9)

B={(Rf‘Rm)[(l-f)5+f1]+Rm}"' (3.10)
where 1 is 9x9 identity matrix and the superseript of ““-1"" denotes inverse of matrix.

The overall field vector (strain and eleetric field) of the composite Z _ is computed by using the
weighted volume average (rule of mixture) of that over each phase and given by

C

z, =(0-f)2,+fZ,=[1+/B[R, -R, )]z’ G.11)

where Z _ and Zf represent total field veetors (strain and electric fields) in the matrix and filler,

respectively. The total flux veetors (stress and eleetrie displacement) of each component are
expressed as




z, =[R,-(0-/)R,-(S-1)-B-(R,-R,, )} R, - £ (3.122)

z, =[R, +/-R,(S-1)B-R,-R, )R £ (3.12b)
The overall flux veetor (stress and eleetrie displacement) of the eomposite is then given by

B, =l-f)B, +f T, =2 (3.13)
The cffective electro-clastic modulus of the composite R is defined as

L. =R.Z. (3.14)

From Eqgs.(3.5, 3.11, 3.13, and 3.14) the cffective clectro-clastic modulus of the eomposite is
obtained as

R =R, [I+ /B[R, -R, ) (3.15)
3.1.1. Mixed Boundary Condition Problem

When a eomposite is subjeet to applied stress 6° and an eleetrie field E°, where 6 is a part of

flux veetor and E’ is a part of field veetor, see Egs.(3.1, 3.2), this lead the problem to have a
mixed boundary condition. Mixed boundary condition should be converted to the non-mixed
boundary condition in order to apply the Eshelby’s equivalent inelusion method discussed in the
previous seection. This ean be done by using the effective properties of the eomposite derived in
the previous section, Eq.(3.15).

Equation (3.1) for strain ean be rewritten in terms of the ecomposite properties the strain in the
composite can be computed as

£, =C.'6"+C.'e E’ (3.16)
where the subscript “c” denotes the composite material properties.

The eleetric displacement generated in the composite by applied mixed boundary eondition (6°
and E’) can be obtained by substituting Eq.(3.16) in to Eq.(3.2)

D =e.C.'s°+e.C. 'e]E’ + K E (3.17)

By using the applied stress (6 ) and Eq.(3.17), the mixed boundary condition can be converted to
the non-mixed boundary eondition represented as

c o’
= °|= (3.18)
[DJ ':CCC(_IO'U +e,C.'e]E° +x E°

3.1.2. Stress only Boundary Condition

We shall eonsider the eomposite subjected to the applicd stress in absence of eleetrie field,
6’ =U-0”, where U is defined by

u=[0o01000][ (3.19)



The magnitude of the initial stress applied to the composite is just to initiate stress-induced
martensite transformation of the SMA fillers o, (see Fig.3.2). The boundary condition for this

casc is obtained from Eq.(3.18) can be written in terms of stress magnitude o° as;
= Ux" o (3.20)

is 9 x 1 column veetor and given by

o

U
U, = 3.21)
2 L(,C""‘U} (

When the composite is subjected to a far-field uniform flux veetor (stress and electric

where U
>3

displacement), X7, field vector (the stress and clectric displacement) in the filler, X £ »can be

computed by Eq.(3.12a). 1t is simply rewritten as
where
Us, =[R, (- /)R, (5-1)-B-(R, -R, )| R - U, (3.23)

The magnitude of initially applied stress that initiates austenite to martensite transformation of the
fibers is called bias stress and denoted as &, . The bias stress can be determined by using Von-

Mises effective stress, Cop » defined in the SMA filler domain which is equal to the martensite

start stress, 0, [Taya and Arsenault, 1989]

O =0, =L 33— Ly (3.24)
a .T
E,
('rm,r
E.
o |
E,
&

Figure 3.2 Bi-linear stress-strain curve of SMA.

where subseripts “33” and “11” represent the components of the vector X ,, along the SMA fiber

axis (x; — axis) and its transverse direction, respectively.

From Eq.(3.22) and (3.24), the bias stress can be obtained as




g, = e (3.25)
Uz_/‘.sz - Uz_/’.n

where o, represents the martensite start stress of the SMA filler, see Fig.3.2.

Under this boundary eondition, the bias strain in the composite after applying the bias stress ean
be ecomputed by Eq. (3.14).

3.1.3. E-Field Boundary Condition

During the transformation of SMA fiber, from austenite to martensite, the relation between stress
and strain of the SMA filler is assumed to be linear between o,,; and o, (see Fig.3.2). The
applied stress is kept to be constant and its magnitude is eomputed from Eq.(3.25), while eleetrie
ficld E is varied. The eleetric field is then inereased sueh that SMA fillers start to transform from
austenite to martensite. When both the stress and eleetrie field are imposed on the eomposite, the
problem ean be divided into two sub problems. The first stage is the composite subjeeted to the
applied stress deseribed in the previous seetion (stress only boundary eondition). The seeond
stage is the composite subjected to the applied eleetric field whieh ean be superimposed on the
results of the first solution. The analyze of the second stage will be diseussed in this seetion with

an arbitrary eleetrie field, E=Y - E°, where Y is defined by
Y=[001] (3.26)

The mixed boundary condition is converted into non-mixed boundary eondition by Eq.(3.18)

0
¢ = . E°=Y E° (3.27)
eCle, Y+K Y £

The flux veetor (stress and eleetrie displaecement) in the filler domain is eomputed by Eq.(3.12a),
which is rewritten as

E, = Y): Py E (3.28)
where

g0 =Rn=(=/)-R,-(5-1-B-R,-R, )} R}V, (3.29)

By using the definition of effeetive stress and Eq.(3.28), the magnitude of applied eleetrie field
(E,‘,’,f ) for the fillers to reach the martensite finish (&, ), is determined as
4 i (3.30)
m’ - A 17 - Y -0 ‘
TE®33 T fEC

After substituting computed £, into Eq.(3.27) the total strain of the composite with SMA fillers

fully transformed to martensite is eomputed under, applied eleetrie ficld, E only by using
Eq.(3.14). Finally, the total strain induced in the composite by both bias stress and eleetrie field is
the sum of the strains induced by the results obtained in stress only boundary eondition and
Eleetrie field only boundary eondition.

3.2. One-dimensional model based on parallel connection (1-D parallel model)




Next, we shall discuss one-dimensional model, 1.¢. 1-D parallel model as shown in Fig.3.3 where

the composite is subjected to applied stress 6°. The free body diagram of the composite is shown
in Fig.3.4, where cach layer is subjceted to internal force.

Figure 3.3. Composite with 1-D parallel connection is subjccted to applied stress, where A, and

hp represcnt the thicknesses of SMA-phase and piczo-phase, respeetively.
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Figure 3.4. Free-body diagram showing forces acting on piezo- and SMA layers of 1-D parallel
model.

3.2.1. Analysis of a composite under applied stress ¢’ only

The total force acting on the composite is the sum of forees acting on cach phase, from which the
applied stress &’ can be expressed as

" R+Fp
o’ =
hx+h,,

(3.31)

The strains in cach phase are obtained from force, Young’s modulus, and thickness, which are
given by

£ = Z = EF;I (3.32a)
o 72

o=l (3.32b)
Ep Ep P

Iso-strain condition of this 1-D parallel model (&, = £ ) gives the relationship between stresses
in SMA and PZT phases:




o, =—Lo, (3.33)

From Eqs.(3.31 and 3.33), the applied stress o can be simply related with the effeetive stress of
SMA filler o, as
,__JE+U-YE,

c'=g —— 7% 3.34
‘ £ (3.34)

The applied stress (7, ) to start martensite transformation of SMA fibers is obtained from
Eq.(3.34) as

JE +(1-f)E,
ms E

5

(3.35)

O-bia\‘ =0

where o, is the martensite start stress of SMA. The strain indueed in the eomposite is called

bias strain &,,, and is given by

Epigs = (;” (3.36)

where £, is the strain corresponding to the applied stress that makes the SMA phase reaching

o, see Fig.3.2.

ms >
3.2.2. Analysis of a composite under both applied stress 6° and electric field E°

Next, let’s consider the composite additionally subjected to eleetric field E° based on Fig.3.3.
With an addition of electrie field E° so as to induce the compressive strain in the piezo layer, the
stress field in the composite is changed as shown in Fig.3.5. The piezo-phase and SMA are in
tension and eompression, respeetively.

o o
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Figure 3.5. Free-body diagram of the eomposite with applied stress and eleetrie field.

The stress inerements in both phases are computed from force equilibrium along the x; —axis over
the entire composite satisfy

h,Ac . = h Ao, (3.37)




The total strains in both phases are generated by the applied stress and electrie field and are the
same:

ghlu.t + zjgsE = gbm.t + Agpf.' (338)
The strains in the SMA and PZT due to the applied electrie field are expressed as
Ao,

A0 .
Adg,p = 3 A, =— - +d,,E,, (3.39)

EA M P

where E,,, is Young’s modulus of SMA during stress-induced phase transformation, see

Fig.3.2. Sinee the bias strains in both phases arc the same, the rearrangement of Eq.(3.38) and
Eq.(3.39) results in

Ao Ao
g d,E, (3.40)

E,4M P

Since the internal stresses in both phases are balanced out, the changes of the stresses in the

phases are related with

] —
Yalo g =TfA0'pE (3.41)

By inserting Eq.(3.41) into Eq.(3.40), the stress change in the PZT is obtained as
JEWE deJEJ

Va o (3.42)
. /E/M +(1—f)Ep
The strain induced in the composite by both bias stress and eleetrie field is obtained as
1-f)E d, E
Ec = Ep U S)E iy, (3.43)

+
fEAM + (I_f)Ep
3.3. Experimental Study: SPS Process to form Piezo-SMA Composite Material

Once the modeling is complete for the experimental study, Spark Plasma Sintering (SPS) proeess
is used in order to form mechanical bonding between piczo and SMA which will form laminated
composite material discussed in modeling part for the actuator.

We attempted to tailor piezo-SMA laminated composite first using powders of piezo and SMA
(NiTi), Fig.3.7(a). However, piezo powders (PMN) were oxidized during high temperature SPS
proeess, losing piezo properties. In order to recover the piezo properties, we had to apply
reduetion proceess, i.c. heat treatment in a reducing environment to recover the piezoeleetrie
properties which had been destroyed upon heating over the Curie temperature. This post heat
treatment in reducing environment resulted in the composite with poor piczo properties.
Therefore we tried next by using piezo-plate and NiTi plates stacked together, then subjecting the
laminate to SPS process, Fig.3.7(b). The advantage of this method is to keep the original
properties of both piezo (PZT) and NiTi plates, while the disadvantage is difficulty of making a
stronger bonding between piezo plate and NiTi plate. This method resulted in often in eracking of
PZT plate presumably was caused during pressurizing of SPS proeess, and brittle nature of PZT
plate. Therefore, we switehed to third method, Fig.3.7(c) where two SMA rings are introduced in
the middle layer that constraint PZT piezo dise. In addition, we inserted NiTi powders at the
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interface between NiTi plates and Piczo disc. Upon SPS proccss, the piczo-SMA laminate
composite, Fig.3.7(c) appcars to be good in shape, no blackening, and no cracking,.

Figure 3.6. Cross section if PZT-NiTi laminated composite processed in case 8 of Table 3.1.

All cases of methods, (a), (b) and (c) in proccssing of piczo-SMA laminates, are summarized in
Table 3.1, where the best piezo-SMA composite is named as case 8. The eross seetion of ease 8 is
shown in Fig.3.6.

NiTi - Pi Solid
Powder 2 NiT1 Discs

(a) SMA1s m powder condition (b) SMA 1s sold (c) SMA1s solid and ring are mtroduced

Figure 3.7. Sehematic view for preparing the speeimen for SPS process
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Table 3.1. Summary of SPS processing on piezo-SMA laminates.

= o v ~
$ | 80| 28| = g E 12 |5 .,
2| T | 2z |E|l 2% | 8% | we| & =
S| § | EEg| v g% -E |£E8|% %
2 | gES|E| 2% 5 | = 5 &
g EET R *=E £§15 |3
PMN color is OK. Scveral axial
1 1.60 | 100,800 | 5 PNy Boder N/A | a cracks. Low porosity, due to finc
(20, 1.05) ——
2 | 12 | 100800 | 5 | OP ZZT()S) (10,1) | N/A | b | PZT is broken. Pressure is high.
PMN PMN is broken; one surface is

3 3.6 100, 800 5 (20,1) N/A b bounded well, while the other 1s

(20, 1563) not. PMN gct black in color.
PZT is broken. Rings are not
PZT boundecd; also PZT is not boundcd
S| Cemon) SUREEEEE (10, 2.05) P ) 2l ¢ to NiTi. Surfacc polishing should
be better.
Total thickncss of the rings is cqual
PZT to thc PZT thickncss. PZT is
: s Lot;.800 3 (10, 2.05) 0. 1) e g broken. Bounding is OK, between
PZT and NiTi.
Low range pressure is used for the
6 | 0.80 | 100,800 | 5 PMN N first time. Only one crack obscrved

(20, 1.05) in the axial dircction. High porosity
due to thick powdcr.

PMN is brokcn on purposc beforc
SPS in order to figure out
difference in color trough the
PMN cracks. Aftcr the cxperiment, itis

7 1.11 100,700 | S5 (20. 1.05) (20,1) N/A b observed that, some axial and
T radial cracks; color is black so thc
diffcrence can not be observed.
One sidc is bounded well whilc the
othcr is not.

Low range loading, PZT with 2.05
mm thickness is used. Fine powdcr
is applicd in thc gaps betwecn the
PZT and Discs due to the thickness
pZT diffcrence in PZT and Rings. Also
8 1.11 100,700 | S (30, 1) 2x1 c fine powder is applied bectween

(10,2.05) NiTi
1T1 contact layers.

Color 1s OK. No cracks.
Bounding sccms OK, but should be
examined by removing the solid
NiTi parts.
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3.4. Results and Discussion

In this scction of the study, thc modeled composites are assumed to be composed of SMA
(CuMnAl) fillers and piczo (PZT) matrix, whosc properties are given in Tablc 3.2 [Takagi ct al,
2002]. Thc data marked by * arc not availablc from the literature and assumed with comparing
the matcrials listed in other litcrature mentioning the same materials. One-dimensional parallcl
and three dimensional with Eshelby theory arc employed with the matcrial properties given. The
fillers for Eshelby model are assumed to be continuous SMA fiber whcre the aspect ratio of
prolatc ellipsoidal inclusion is set to infinity. Mixcd boundary condition is converted into non-
mixed boundary condition by using clectromcchanical coupling bechavior of piezoclectric
matcrial. Strain in thc composite with respect to applicd electric field is predictcd with two
modcls.

Tablc 3.2. Property data of piezo and SMA phascs.

C [GPa] e [C/m?] K
C, Cp C; Cy; Cu €3 €33 €5 K /// K, K 33/ K,
PZT 146 954 943 128 253 -394 | FT) 12.3 916 1654

E,=295,E,, =178,
SMA E,=575,v=03 "
6, =117MPa, o, =217 MPa

*: not available
i K, =8.85x 107" [C2 / Nm2]= permittivity of frce spacc

Total strain in the composite with respect to applied electric field is predicted with using 1D
parallel model and 3D model with Eshelby theory. Figure 3.8 shows the predicted results for the
total strain. Thc result of 1-D parallel model is closc to those of thc Eshclby’s modcl with infinite
aspect ratio of SMA fibers, which shows a linear relationship between Strain and Electric-Ficld.
Parallel model predicts 10% larger strain then the 3D model which is duc to neglecting Poisson’s
effcct associated with the matcrials. Both strain response starts with a bias strain duc to applicd
bias strcss which was defined as; the stress to be applied to the compositc in order to have SMA

to reach martensite starting condition. This stress value is defined as &, in bilinear stress strain
curve of SMA.

23




0.75

X
&
£
& I
025 |
) = = :3-D model with Eshelby Theory
|
) 1-D Paralel Model
|
)
0!
0.00E+00 2.50E+06 5.00E+06 7.50E+06 1.00E+07]

E-Fleld [V/im]

Figure 3.8. Total strain of the piezo-SMA compositc with applicd clcctric ficld

The strain rcsponse with different volume fractions of SMA phasc is also cxamined by using 3D
modcl with Eshelby Theory. Figure 3.9 shows the volume fraction of three valucs; 0.1, 0.2 and
0.3 rcspectively. As the volume fraction of SMA phase increascs the clectric field necded to reach
samc amount of strain is also increasing. This can be interpreted in two ways; one can tell that
sincc the volume fraction of piezo phase is decreasing the stress generated by piczoclectric
matcrial is also dccreasing with the same amount of electric field applied. On the othcr hand,
sincc SMA volume fraction is increasing there is more necd of stress to trigger stress induccd
martcnsitic transformation.
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Figurc 3.9. Total strain of the piczo-SMA composite with applied clectric ficld for diffcrent
volume fractions of SMA phase, by using 3D model with Eshelby’s theory




A new eoneept of piezo-SMA eomposite i1s proposed as a high performanee actuator material
under bias stress and applied eleetrie field. The best piezo-SMA eomposite design for achieving
highest strain is use of 1-D parallel composite design of Fig.3.3. To this end, a new analytical
model based on Eshelby theory is developed, whieh ean account for anisotropic matrix and linear
SMA superelastie behavior. The experimental study is also performed in order to manufaeture
sueh a eomposite where the bonding is required between two phases; piezoeleetric material and
Shape memory alloy. Spark Plasma Sintering (SPS) machine is used to ereate such a banding
between two materials. In SPS process the pressure and temperature is controlled to achieve the
best sintering condition. In addition to several SPS condition, three different design eonditions is
also tried out as discussed in Experiments seetion, Fig.3.7. The overall results for SPS are
tabulated. In all cases the bonding is examined by nondestruetive tests.

Chapter 4.  Piezo-SMA Composite for Thermal Energy Harvesting

Piczoelectric materials and shape memory alloys (SMAs) are very eommon materials for
actuators and sensors; however their composites as eleetrical generators is least explored,
although use of piezoeleetrie as the meehanieal energy harvester is inereasingly popular.

Thermal energy harvester using piezo-SMA eomposite has been designed, where the composite is
subjeeted to fluetuating temperature. The main meehanism of such a piezo-SMA eomposite is
synergistic cffect of piezoelectrics and SMA which are connected in series, subjected to
fluctuating temperature whieh induces large straining first in the SMA phase then immediately
stressing to the piezoelectric phase, thus, inducing charge by direet piezoeleetrie effeet. In order
to make this problem more analytically tractable, we are developing two models, simple
laminated model and 3D Eshelby model.

The piczo-SMA eomposite is made of two plates of piezoelectric ceramic and SMA, which are
connected and eompressed by the compression spring. The Compositc is modeled to have fix
displacement boundary eondition to ensure the piezoeleetriec material is in compression
throughout the usage. Temperature fluctuation between martensite finish temperature (Mg) and
austenite finish temperature (A¢) induces phase transformation in the SMA. Compressive stress is
indueed during Austenitic transformation; due to heating in SMA phase and fixed displacement
boundary eondition and ecompressive stress reduees while SMA transforms to martensiti¢ phase
during eooling. The change in the ecompressive stress is eonverted in to electrical energy by
inverse piczoeleetricity. The model prediets the available power according to material propertics
and thermal fluetuation. The impedanee of the system is examined with different thermal
fluetuating frequencies. Higher frequencies which result in lower impedanee give higher available
power to eleetrical loading. The experimental and predicted results are in agreement for higher
frequeneies, while for lower frequencies of thermal fluctuation the prediction is not aceurate due
to internal loss.

4.1. Analytical Model of the Piezo-SMA Energy harvester

Analytical modeling consists of two sections; in the first step stress gencrated in the composite
will be determined with two analytieal models; one-dimensional serial composite model, and
three-dimensional Eshelby’s method; for the second step the corresponding eleetric field
generated by direet piezoelectricity will be ealeulated. It is convenient to develop analytieal
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models that ean prediet the response of composite material made of piezoclectric material and
SMA under different input eonditions and for known material properties. In this section of the
study, for hybrid composite, the analytical modeling is diseussed. Stress generated during the
thermal eyeling environment is the key point in cnergy harvesting proeess, and should be
predieted by using eomposite modeling theories. 1-D and 3-D approach is diseussed in this
section to predict the stress generated. The predicted stress during phase transformation duc to
constrained reeovery is used to generate eleetrical charge in piezo-phase by inverse piezoelectrie
effect, and later in the following sections the eleetrieal model to estimate the available power
from piezoeleetric material is examined.

4.1.1. One-Dimensional Modeling

In this section piezo-SMA composite is eonsidered as one dimensional series composite model.
Both piezo electrie and SMA has finite thickness and laminated together to for the cnergy
harvesting eomposite. SMA used in this model is in Martensitic phase at room temperature,
Fig.4.1(a), this phase is called self accommodated martensite. Prestrain is introduced to SMA by
simply loading and unloading it in martensite form, Fig.4.1(b), sinee SMA is martensitic in room
temperature SME is observed in this step and deformation in martensite proceeds by the growth
of one variant at the expense of the other. Amount of the prestrain is determined by the loading
stress, and here in this study it is assumcd that the SMA is deformed by less then 3% strain, see
sehematic rcprescntation in Fig.4.2. The deformed martensitie SMA, Fig.4.1(c), is attached to
piezo and the laminated ecomposite is clamped in a way that it has zero displaeement boundary
eondition, see Fig.4.1(d). It is expeeted that upon heating above the Austenite finish temperature,
SMA exhibit shape memory cffect and each variant reverts to the Austenitic phase in the original
orientation by the reverse transformation, Fig.4.1(¢). Due to fixed displacement boundary
eondition, where meechanieal obstaele is assumed to be eompletely rigid and the contaet strain is
independent of temperature and stress; the phse transformation induced compressive stress in the
composite. Both fiber and matrix will be under compression. After heating above the A,
temperature, maximum reeovery stress is generated, here it is assumed that the stress generated is
below the yielding stress of the SMA. The composite then cooled below the M, temperature to
finish the cycle, and the stress in the composite deereases to initial value, Fig.4.1(f).

A one-dimensional model for eomputing the stress in the Piezo-SMA composite generated by
temperature induced martcnsitic and austenitic transformations is modeled by using iso-stress
(constant stress) condition.

G, =0, =0 4.1

where 0., 0, and 0, are the stress of composite, matrix and fiber respeetively. Both piezo and

SMA assumed to have samc cross-sectional area, and f denotcs the volume fraetion of SMA
phase in the design. During the constrained recovery, total deformation of the composite, &, is
kept to be zero

6.=6,+6,=0 (4.2)
where &, and &, are the deformation of matrix and fiber respeetively.

Total deformation is zero sinee the eompositc is assumed to be rigidly eonstrained. Equation (4.2)
ean also be written in tcrms of eonstituents strains as

e.=fxe +(1- 1, =0 4.3)
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since the eross-sectional area is uniform through x; direetion and the volume fraction of each
constituent is lincarly proportional to its thickness, deformation ean be writtcn as strain.

Total compressive strain for the piezo can be written as

Ao

TE !
Ep=Ep — €y =, AT ——= (4.4)
m
X3 e qeqeneaeae-- TR
. [_om |
(a) Inmtially martensite (b) Prestram mtroduced by (¢) Defonned martensite
phase loadmg and unloadmng at My, phase at M,
see Fig.3.2
l(ll_llJ—T;llllllllllllllllllllll LL ZZZ, Illllllllllllllllllrlr-E (2222722222227 2272272727277 I[ ,IIIA
Piczo ..-Piezo. Piczo
sz 77
S finii i “fHH Biniig i inii]
(d) Constramed together with (¢) Heating with M-A transformation (f) Cooling with A-M
Piczo to fonn a hybnd (constramed recovery) transforniation
composite

Figurc 4.1. Modcling of Piezo-SMA compositc.

where Slh 3 s 8,‘:,1 , and E, are the thermal strain, thermal expansion coefficient, elastic strain

and Young’s modulus of the piezo matrix. AT is thc temperature differenee between A, and My,
AT >0 for reverse (M — A) transformation, and AT <0 for martensitic (A —» M)
transformation. Total compressive strain for thc SMA can be written as

; Ao
. _ TE TR _el _ TR S
& =&, t&, —& =a/AT +¢, _E 4.5)
/A
TE TR e : . : .
where &7 &, &y a,, and E, are the thermal strain, prestrain, clastic strain, thcrmal

expansion coefficient and the austenite phasc Young’s modulus of SMA fiber phasc. Assuming

linear dependence of S_IR ol rand a, see Tanaka (1986)

T<M,

Stress

TR "
f—"s _’I Strain

Figurc 4.2. Schematie Stress-Strain curve of SMA to introduce pre-strain of amount, AL
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£7°(8) = (1= &) X gy (4.6)
E/(§)=¢xEf +(1-8)E] 4.7)
ap§)=¢xa) +(1-8&)ag (4.8)

whcre E;" . E;’ ay, a;’ and & arc martensite phase Young's modulus, austcnitc phase

Young’s modulus, CTE of martensitc phasc, CTE of austcnite phase and martensite volume
fraction of fibers respectively. & is a function of temperature and stress. & can be expressed for

martcnsitic (A — M) transformation, Mikata (2000).

§(T,0')A_,M =1 —exp(aM x(M,=T)+b,, x 0'[) (4.9a)
M
i OO by, =< (4.9b)
M, -M, Cu
and for reverse (M — A) transformation as
é‘(T,O')M_,A :exp(an(As—T)+be0'[) (4.10)
In(0.01 A
a"’=__9(0_0)_’bA=a_ “.11)
A, — A, &

where T, o I C,, . and C, are thc temperature, the cffective stress of the fibers, slope of

martensite transformation contour and slope of rcversc transformation contour respectively.
Compressive stress across the composite in the xs-direction (along the thickness, sec Fig.4.1) can
be found as;

S = (af@mﬁ;}“(é:% ;1 of il @)

—
E, (&) E

m

The stress induced by phase transformation is dctermined. The value of the stress is highly
proportional with the transformation strcss that has defined in initial steps as &', . Further

max
deformation in martensite phase will induced more stress in thc composite that can be convertcd
in to electrical cnergy by inversc piczoclectric cffect. Stiffness of both piczoelectric and SMA is
also another parameter that effects the amount of the stress. Stiffer the piczo the recovery stress
will be higher. Stress relaxation during cooling cyclc isn’t calculated since it assumed that all the
stress induced is hcating cycle is disappecars during cooling cycle due to martensitic
transformation in thc SMA phasc, where & — 1. One-dimensional model of energy harvcster is

finalized with the determination of thc stress generated during the hcating cycle; in the next
section piezo-SMA composite will be cxamined by applying Eshclby’s thcory. The electrical
model to convert mechanical encrgy in Electrical energy will be discussed in later scctions.
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4.1.2. Three-Dimensional Modeling with Eshelby Theory

A three dimensional analytical model for computing the stress and strain in the Piezo-SMA
compositc is examined by using Eshelby’s inclusion method with Mori-Tanaka mean field
theory. The schematie representation of the analytical model for thc calculation of eompositc
stress is shown in Fig.4.3 where phase transformation strain of fiber, thermal mismateh strains of
fiber and matrix are shown. The composite is consists of an infinite piezoelcetrie matrix (D-€2)
eontaining a finite volume fraetion, f , of spheroidal SMA fillers (Q). A deformation constraint

is applied in x; dircction for generating the reecovery stress during the thermal induecd phase
transformation, which is rcpresented by F°

D-Q (R™, 2" D-Q (R™)

Q (Rf, ZTR, ZTP) Q (Rm‘ ZTR, ZTF,)

X2

(b) )

Figure 4.3. Analytical model for predicting residual stresses in SMA fiber and piczo matrix, (a)
original problcm is eonverted to (b) Eshelby’s cquivalcent inclusion problem.

The phase transformation strain of thc SMA by the shape memory effeet ean be cxpressed as

Z®=&™-v, —v, 10 0 0 0 0 0]=g™V™ (4.13)

where £' and v + denote the phase transformation strain from austenite to martensite and

Poisson’s ratio of the SMA, respeetively. & is expressed for martensitic transformation and for

reverse transformation in Eqs.(4.9) and (4.10).The thermal mismateh strain is gencrated during
the eooling and heating processcs due to differenee in CTEs of the SMA and PZT, and it is
expressed as

ZT=a*l 110 0 0 0 0 0]=a®V™ (4.14)
where a® = (a; —a,)AT .and a,, a, and AT are thc CTEs of the fibcr and matrix, and

tcmpcrature change, respectively. Both Austenite and martensitc phase have different CTEs, « /

whieh ean be assumcd to bc lincar function of £ during the phase transformation, Tanaka (1986).

By using Eshelby’s inelusion method with Mori-Tanaka intcraction cffect, the strcss distribution
for SMA phase can be cxpressed as

=R/ (Z+Z-2"-Z™) (4.15)
L =R"-(Z+2-7) (4.16)
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where R is the eleetro-elastic stiffness matrix, Z is the ficld vector, Z is the average clastic

field in the matrix domain, Z" is the equivalent eigenfield of the equivalent inclusion, and
superscripts f and m refer to the fiber and matrix, respectively. Eleetro-elastie stiffness of fiber

R’ depends on & and is assumed to be a linear function of & Tanaka (1986). Therefore clectro-

clastic stiffness matrix for SMA phase can be written as
R’ = xR +(1-&)R/, (4.17)

where R, and R/, arc the electro-elastic stiffness of martcnsite and austenite phasc of SMA
respectively.

The integration of the disturbance stress o over the entire domain (D) vanishes, average field
disturbance in the matrix can bc written as

Z=-flz-7") (4.18)
The total strain ficld Z and Z are related through
Z=S-7" (4.19)

where S is the coupled clectro-elastic analog of Eshclby’s tensor as defined by equation given in
Mikata (2000) where S — o for elliptic crack like inclusions normal to x;-direction in

transverscly isotropic piczoelectric matrix. For a flat oblate spheroid (penny-shaped) inelusion
embedded in a transversely isotropic piezoelectric matrix, Eshelby tensor is given by 9 by 9
matrix, sce Taya (2005).

Rewrite equation (4.22) by plugging (4.24) and (4.25) in terms of Z~
 =(-fR"-(S-1)-Z (4.20)
In order to definc eigenstrain, Z” one can equate Eqs.(4.15) and (4.16) and plug (4.19) to get,
z =[1- R’ -R")-5+R" + R/ -R"]|' . R - (2T +ZT%) (4.21)
Equation (4.21) can be used in (4.20) to determine the flux vector

r =(1-f)R"-(S-1)[1- fYR' -R")-S+R"+ f(R' —R")] 'R/ -(Z" + Z™)
(4.22)

The average flux vector in the fiber, < >/ > canbe computed as
<E/ >=RE-(ZT™ +Z™) (4.23)

Since intcrnal flux ficld over the entire compositc domain vanishes, for matrix average flux
vector,

& P s % RE-(Z™ +Z2™) (4.24)

where

RE=(1- f/)R"-(S-1)-A-R/ (4.25)
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A=[i-R"-R").s+R" + f(R” -R" " (4.26)

It is notcd that bold face, RE, R’ and A arc 9 by 9 matriccs.

Ficld tensor in matrix domain can be¢ writtcn as
Z" =F" <¥L" > 4.27

where the matcrial propertics of matrix arc uscd in detcrmining the compliance property tensor,
Fm

Stress gencrated during the revcrse transformation of the SMA is predicted with using two
approaches; one-dimensional model, and 3D model with Eshclby’s theory. Material propertics
and characterization of SMA will be discussed in the following section. Electrical modcl will be

introduccd in the following scction to charactcrize the Piczo material used in thermal cnergy
harvester in the following sections.

4.2. Shape Memory Alloy (SMA) Characterization

In a shape memory alloy (SMA), the shapec memory effect (SME) and supcr-clasticity (SE) or
transformation pseudo-elasticity appear and are dependent on stress and temperaturc. In nitinol
(NiTi) SMA, SME and SE appear due to the martcnsitic transformation (MT) and the
rhombohcdral phasc transformation (RPT), Miyazaki (1984 and 1986), and Otsuka (1990). In
applications to an actuator, a robot and a solid state heat engine, a SMA is used as a working
clement which pcrforms cyclic motions. The working characteristics of the SMA element arc
specified by thc beginning and completion temperatures of the motion, the working stroke and the
working force. These characteristic valucs are determined by the transformation tcmperature, the
transformation strain and the transformation stress of the material.

In this section of the study material propertics of SMA are cxamined. The experimental
equipments uscd to charactcrizc the Shapc memory behavior includes Differential Scanning
calorimcter (DSC), and Instron Mcchanical Testing (MT) machine. DSC is used to dctcrminc the
tempcraturcs associated with phase transformation with in thc SMA. Compression testing is
performed with mechanical testing devicc to examine the SME of the material.

The material which is uscd in Piezo-SMA cnergy harvester modeling is a 51.2Ti-48.8Ni (at.%)
SMA. The geomctry can be described as a disc shape. The transformation temperatures
dctermined by using DSC were as follows: M=313°K, M=293°K, A,=328°K and A=343°K, as
can be scen from Fig.4.4, note the temperature values are in °C in DSC results. Hysteresis in
transformation is about 50K.

The pcak in cooling curve, Fig.4.4, is called martensitic, B2— B19’ transformation, the starting
and ending temperaturc values corrcsponds the martensitic starting temperature, M, and
martensitic finish temperature, M respcctively. This helps to find the critical temperatures for the
SMA that is used in experimental study.

1t is experienced from the study that Ni-content, aging, thermo-mechanical trcatment and
additional of alloying elements, are important for controlling thc mcmory behavior, in other
words onc can change the critical transformation temperatures by simple changing the Ti content
in the NiTi alloy.
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Figure 4.4. DSC result of 51.2Ti-Ni (at.%) SMA.

The stress-strain properties of the SME were examined for the SMA material, sce Fig.4.5. At

first, the loading and unloading processes with maximum strain g;sx were performed at a low

tcmperature Ty below martensite finish temperature, My . While maintaining zero load, by simple
using the load eontrol option of Testing device, the sample was heated to high temperature Ty
abovc Austenite finish temperature, A¢ and the process is followed by cooling to T .

Starting material for SMA phase used in energy harvester is deformed (twinned) martensite as
discussed before; therefore the pre-strain introduced by compressive stress is a key parametcr to
be measured before going to further steps in the experimental study. Defining the pre-strain is
performed simply by using the Stress-Strain curve generated by compressive testing followed by
heating above Artemperaturc.

Stress-Strain

-0.04 003 -003 -0.025 -002 -0.015 -001 -0.005 0

r r— e — — ._.+ G
-50
o -100
-3
= -150
7]
g -200
»
250
-300

Strain BT

Figure 4.5. Stress-Strain response of 51.2Ti-48.8Ni (at.%) SMA, at Room Temperature
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After several testing the case that can be seen in Fig.4.5 is seleeted to be used in defining the
starting properties of the SMA used in Experimental study and analytical modeling.
Approximately 2.5% eompressive strain is introdueed to NiT1 material, as it ean be seen from the
chart most of the strain can be recovered by Shape Memory effect simply by heating above the A,
temperature.

Experiments in order to characterize the material properties of SMA yield the design variables
such as eritical temperatures in phase transformations, pre-strain that is introdueed by simply
loading and unloading the SMA at a temperature below then Martensite finish temperature and
other mechanical properties such as Martensitic and Austenitic Young’s modulus. With all
parameters, 1D model and 3D model with Eshelby’s theory, the stress generation in the
composite, espeeially in piezoeleetric material phase, is predicted. The results are shown in
Fig.4.6 for 1D model and Fig.4.7 for 3D model respeetively. From both 1D and 3D result one ean
tell that during heating when A, is reached, reverse transformation starts and small amount of
transformation strain, o, is recovered and causes the compressive stress to induce. Then the

reverse transformation is suppressed. 1f the temperature wouldn’t be inereasing at this point the
recovery stress generation would have been stopped, however temperature inereases and this
inerease induces further transformation. Eventually when the temperature at which maximum
recovery stress has reached; reverse transformation is completed.

Piezo-SMA Thermal Energy Hanester Systermn

100

8

8

Stress [MPa]

8

1] - - ©
Zn 280 20 300 310 320 X0 3400 360

Termperature (K]

Figure 4.6. Effective piezo stress based on 1-D model as a funetion of temperature.

During eooling when Mg is reached, forward transformation starts, compressive stress reduces by
an amount of d¢,, and forward transformation suppressed. To induee further forward

transformation, temperature is decreased. Eventually when the compressive stress is totally
released eomplete forward transformation occurs.
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Figure 4.7. Effective piezo stress based on 3-D model with Eshelby’s Theory as a funetion of
temperature.

With the material properties and Thermal boundary conditions, ie heating above the A; followed
by cooling below M temperature, the stress generated during eonstrained recovery in
piezoeleetrie phase, x;-direction, caleulated as ~125 MPa with 1D model and ~110 MPa with 3D
Model with Eshelby’s Theory. It is noted that in both cven tough it has been modeled in the
analytical mode, thcrmal cxpansion is neglected in predicting the results.

Martensite volume fraction of the SMA phase is exponentially related to temperature and
effective stress in SMA phase within the composite, as formulated in Eqs.(4.15, 4.16). For the
numerical eomputation of the effective matrix stress the martensite volume fraction with respeet
to temperature is also plotted as in Fig. 4.8.
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Figure 4.8. Martensite volume fraction of the piezo-SMA hybrid composite during thermal
eyeling based on 3-D model with Eshelby’s Theory
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4.3. Electrical Model

It is convcenient to develop analytical models that can predict the response of these piczoclectric
elements under diffcrent input conditions and for various material propcrties. It is known that
piezoelectric material constants arc not constants at all as they depend in a nonlinear fashion on
conditions such as mcchanical and electrical boundary conditions, and the frequency and
amplitude of the excitation force profile. These effccts must be considercd when using this modcl
to predict piezoelectric rcsponse under conditions significantly different from thosc for which the
model parametcrs arc detcrmined.

The piczoclcctric material also has a considerablc impact on achievable performancc of the
transducer. Commonly used piezoelectric materials are bascd on lead zirconate titanate (PZT)
ceramics. Assuming that a PZT disk is dircctly used as a transduccr, the significant matcrial
paramecters can be outlincd to provide the material figure of merit. Therc arc many factors that
influence the selection of the PZT composition. The constitutive equations for a linear
piczoclectric matcrial undcr low stress levels can be written as;

& =Siuu + 8 Dx (4.28)

—E =840 _ﬂijDi (4.29)

where o is the strain, D is the electric displacement, E is the clectric field, s is the clastic
compliancc, and g is the piczoelectric voltage cocfficient given as

= d_ (4.30)
K, K

here, d is the piezoclectric constant and « is the diclectric constant. The constant £ in Eq.(4.29)

is the dielectric susceptibility, and cqual to the inverse diclcctric permittivity tensor component.
Under applied force £ =0 - A (where A is the area), the open circuit output voltage (V) of the
piczoclectric material can be computed from Eq.(4.29), and given as;

- i if
V=Eit=-g-ot=-8T" 4.31)
A
where ¢ is the thickness of the piezoelcctric material. The charge () gencrated on the
piczoelectric can bc dctermincd from Eq.(4.28) and given as;
V.
B " W (432)
A p t
or
K, k- A
QI =—"—=C (4.33)

t

where C is the capacitancc of the piczo matcrial. The above relationship shows that at low
frequencies a piczoelectric plate can be assumed to bchave like a parallel plate capacitor. Hence,
elcctric powcr available under the cyclic excitation with frcquency, f, is given as follows;

P=%CV2 f (4.34)
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or

_1d ot (4.35)
2Kk,Kx A

P

Under certain experimental conditions, for a given material of fixed arca and thickness, the

electrical power is dependent on the d 2/ K ratio of the material. A material with a high

d? / x ratio will generate high power when the piczoeleetrie ceramic is directly employed for
harvesting energy.

4.4, Experimental Study

Modeling of piezo-SMA composite as a thermal energy harvester material has been diseussed in
previous sections, here design speeifications are summarized based on modeling and material
properties. Prediction of the experimental eondition is done based on simple one dimensional
model. The material properties used in experimental study is shown in Table 4.1. These
properties are used in 1 D modeling to predict stress in piczo phase and the power available to
eleetrical loading which will be discussed in later seetions.

Table 4.1. Material Properties of PZT and SMA

PZT: E]]I 59, E.UI 51
Young's Modulus [GPa]
SMA: EAuslcnilc: 67, EMancnsnc: 263
Piezoeleetric Voltage Constant
o¢ [g((;.x Vm/I%I] B gos= 205 181= 0,18 =21
Piezo Thickness, h [mm)] 1
Piezo Area [m’] 2.5x10™
Capacitance, C [nF] 19.5
Frequeney, f [Hz] 0.01

One-Dimensional serial model is used to predict stress generated during thermal eyeling process
of the composite. By negleeting the thermal expansion term in Eq.(4.12) the stress equation
reduces to;
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i d () (4.36)

—_—d |
E/(é:) Em

As martensite volume fraction & — 0, the stiffness of the SMA phasc approaches the Austenite

stiffness as expeeted, £, & - E; .

With volume fraction f = 0.1 and pre-strain, as Shown in Fig.4.5, E}R (£) =0.025, the stress
change is calculated as approximately 120 MPa.

The material dimensions for SMA are given as; diameter 4.6 mm, and thickness is 2.7 mm; the
foree exerted on PZT can be ecaleulated as;

F=Ac-A=(120)zd?/4)=2kN (4.37)

Now that the foree is predicted by using one dimensional model the response of PZT for the same
loading condition with different frequencies are experimentally measured in order to find the
power available to clectrical load.

The voltage can be calculated by inverse piczoelectrieity, Eq.(4.31), and it is found to be ~200
Volt with the given material properties, Sce Table 4.1 and the predieted load from, Eq.(4.37). By
assuming as low frequencies the PZT behaves like a parallel plate capacitor, power available
from PZT can be calculated for thec known excitation frequency, f.

Here the concept of impedanece matehing is also convenient to discuss; in electrical engineering,
the maximum power transfer thcorem states that to obtain maximum external power from a
souree with a finite internal impedanee, the impedance of the load must be made as same as that

of the source. Thercfore the power equation for the electrical load, P, connected to PZT source
can be derived by using the simple circuit shown in Fig.4.9.

Figure 4.9. Schematic representation of PZT conneeted to clectrieal loading

The current, / , can be written as;

_V
Z+Z,;

(4.38)

37




and the voltage, ¥, , over the clectrical load Z, ;

Zl
Z, +Z

(4.39)

the maximum power transfcr theorem states that Z, = Z, then power at electrical load can be

calculated from P, =1-V;

P, = 4 dv Z,
| Z+2, Z, %7

Open cireuit power, P, for piezocleetric material is predicted with Eq.(4.34) or Eq.(4.35),

= Iil:li/—z (4.40a)
4|7 '

z=2,

r 2
P = LT ey (4.40b)
41z [4]2

Equations (4.40) relatcs the powecr at eleetrical load to Power available from PZT matcrial, and it
shows that only 4 of the power is available for clectrical loading. This information is very
important before going in to further steps in experimental study where the impcdance of the
piezoclectric material will be determined at diffcrent frequencies with different clectrical loading
conditions; in order to find impedance of the piezoelectric system and the maximum power
available to electrical load.

4.5, Piezoelectric Material (PZT) Characterization

In order to detcrmine the power availablc to clectrical load from the PZT material in the piezo-
SMA thermal energy harvester some scts of experiments are carricd out with different
frequencies. For each case fixed frequency, different load resistance are connected to PZT
material which is under cyclic mechanical loading in order to determine the best impedance for
the PZT material that is used in thermal energy harvesting design. The schematic representation
of the electrical circuit used in these set of experiments are shown in Fig.4.9. Here it is modeled
that PZT behaves as a voltage generator with has an internal impedance of Z and the clectrical
load Z, is connected to output of the PZT material. The voltage over electrical load is monitored

with DAQ.
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Figure 4.10. Voltage and Current response for 0.01 Hz, 2kN loading

Figurcs 4.10 and 4.11 summarize the cxpcriments performed by loading eondition, 2kN at
0.01Hz. In this expcriment piezoeleetric material is subjected to eyelie loading with mcchanieal
testing device, loading is eompressive all time whieh is varying from 0 to 2kN. Load resistance is
inereased and the experiment performed with the same condition till the voltage across the load
resistanec is saturatcd the voltage and eurrent is plotted versus load resistancc as can be seen in
Fig.4.10, and the power available to electrical load is shown in Fig. 4.11.

Average Power into Load [uW]]
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0.0E+00 5.0E+07 1.0E+08 1.5E+08 2.0E+08
Load Resistance [Ohms]

Figurc 4.11. Average power at the electrical load for different clectrieal loading 0.01 Hz, 2kN

As it can be scen from Fig.4.10, the maximum average powcr at the clectrical load can be found
at eleetrieal load of ~180 MQ where thc voltage is measured to be ~7.4 Volts, and thc current
over the resistancc, caleulated by Ohm’s Law, is 0.042 pA. The average power is measurcd as

P =¥ «dy =031 pW. (4.41)
where superscript “m” represents the values are measurcd.

Reeall Eq.(4.40) whieh relates the power at eleetrical load to Power available from PZT matcrial
with known exeitation frequency, which is 0.01 Hz;
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FL = L i lCV2-f=o95 W (4.42)
L2z Tl4)2 =l '

By comparing the results in (4.41) and (4.42) it is convenient to say that the analytical approaeh
by predieting the stress and the power available at electrieal loading is not predicting the power
available at electrical load aceurately. This is mainly beeause of the internal loss due to low
frequeney exeitation whieh is not eonsidered in the analytical model.

In the 0.01 Hz 2 kN experiments the impedanee of the PZT from maximum load transfer theorem
is found to be 180 MQ, whieh is relatively high in order to build an eleetrieal eireuit to store the
available power from the energy harvesting composite.

» 6.E01

L 4
p

5.E-01

4.E-01

3EO

Voltage [Volts]
Current [uA]

2.E-01

Tl i d T EOY
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Figure 4.12. Voltage and Current response for 0.05 Hz, 2kN loading

The frequency is a key variable in the power ealeulation as diseussed previous seetions, in order
to see the effeet of frequeney to the average power available at the eleetrieal load, PZT
experiment is carried out with different frequeney eonditions; the seeond set of the experiments
performed with 0.05 Hz, 2kN loading eondition. The results are summarized in Figs.4.12 and
4.13. With an inerease of 5 times in the frequency the maximum power available at eleetrieal load
is measured to be ~2.6 pW.

At low values of resistanee no voltage is produeed (short eircuit) and no power is generated. At
high resistanees (open eireuit) no eurrent flows and no power is generated. As the input frequeney
inereases, the maximum efficieney oceurs at smaller load resistanee values. This is the behavior
expeeted for an essentially eapacitive deviee; as the exeitation frequeney inereases, the source
impedanee Z =1/ jwC will deereases. Therefore by assuming the eapaeitanee is not ehanging
during the proeess the expected internal impendenee at 0.05 Hz is expeeted to be 5 times smaller
then the internal impedance determined for 0.01 Hz ease. By checking the maximum power
transfer theorem for 0.05 Hz, the internal resistanee is found to be 40 MQ, which is 4.5 times
smaller than the load value found in 0.01 Hz experiment with maximum power theorem.
Analytieal model shows a reasonable agreement with experimental results in this manner.

40




3.00

2.50

2,00

Average Power into Load [uW]]
2

0.0E+00 5.0E+07 1.0E+08 1.5E+08
Load Resistance [Ohms]

Figurc 4.13. Average power at the clectrical load for different clectrical loading 0.05 Hz, 2kN

As it can be scen from Fig.4.13, the maximum average power at the electrical load ean be found
at electrical load of ~40 MQ wherce the voltage is measurcd to be ~10.2 Volts, and the current
over the resistance, calculated by Ohm’s Law, is 0.26 pA. The average power is measurcd as

P = i =200 W (4.43)
where superseript “m” represents the values are measured.

Recall Equation (4.44) which relatcs the powcr at electrical load to Power available from PZT
matcrial with known cxcitation frequency, which is 0.05 Hz;

P = L . lCVZ-f;-475 W (4.44)
L7147z 7|42 =S '

Again the analytical prediction for power available at clectrical load over predicts the value for
0.05 Hz casc.

The third sct of the experiments performed with 0.1 Hz, 2kN loading condition. The results are
summarized in Figs.4.14 and 4.15. With an increase of 2 times in the frequency the maximum
power availablc at clcctrical load is measured to be ~6.4 pW.
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Figure 4.14. Voltage and Current response for 0.1 Hz, 2kN loading
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Figure 4.15. Average power at the eleetrieal load for different eleetrical loading 0.1 Hz, 2kN

As it can be seen from Fig.4.15, the maximum average power at the eleetrieal load can be found
at eleetrical load of ~22 MQ where the voltage is measured to be ~13 Volts, and the eurrent over
the resistance, caleulated by Ohm’s Law, is 0.52 pA. The average power is measured as

P =V I] =6.4pW. (4.45)
where superseript “m” represents the values are measured.

Recall Equation (4.44) which relates the power at eleetrical load to Power available from PZT
material with known exeitation frequeney, whieh is 0.1 Hz;

1|v? 171
P =|—|—=|=|=CV?-f=95uw 4.46
=[x =afzer o-os i

Again the analytical prediction for power available at electrical load over predicts the value for
0.1 Hz ease. It can be noted that the inerease in frequency leads the predietion in better
agrecment; this is mainly because internal loss is relatively getting smaller.

The fourth set of the experiments performed with 0.5 Hz, 2kN loading eondition. The results are
summarized in Figs.4.16 and 4.17. With an inerease of 5 times in the frequency with respeet to
third experiment the maximum power available at eleetrieal load is measured to be ~ 45 pW.
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Figure 4.16. Voltage and Current response for 0.5 Hz, 2kN loading




As it can be seen from Fig.4.17, thc maximum average powcr at thc clcctrical load can be found
at clectrical load of ~ 4 MQ where the voltage is measured to be ~13 Volts, and the current over
the resistance, calculated by Ohm’s Law, is 3.3 pA. The avcrage power is measurcd as

P =V;" -1 =45 uW. (4.47)
wherc supcrscript “m” represcnts the valucs arc measured.

Recall Eq.(4.40) which relates the power at electrical load to Power availablc from PZT matcrial
with known excitation frequcney, which is 0.5 Hz;
1 [1h
P =|—|—=|=|=CV? f=475uW (4.48)
4] 7 42

Analytical prediction for power available at clectrical load wcll predicts the value for 0.5 Hz case.

Average Power into Load [uW])
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Figure 4.17. Average powcr at the clectrical load for differcnt clectrical loading 0.5 Hz, 2kN

All four expcrimental eonditions which are at different excitation frequencies are summarized in
Fig.4.17. Logarithmic scale is uscd to show all data in the same plot. As it can be seen higher the
frequency thc power available at the cleetrical load is higher. The impedance at the higher
frequencies is also lower then the impedance values for lower frequencies. This study with
piezocleetric matcrial gives an idea about the internal impedanee of the piezocleetrie material, in
other words parameter identification of piezoeleetric material is done by doing cyclic loading
expcriments with different frequencies and different load rcsistancc. It can be noted again here
that maximum powcr available at clcctric load when the impcdance of the piczoelectric matcrial
matches with the connected load resistance.
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Figure 4.18. Average power at the electrical load for all frequeney conditions in logarithmic
scalc, with respect to load resistance
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Figurc 4.19. Average power at the electrical load for small frequeney conditions with respeet to
load resistanee

Figure 4.19 show the smaller frequeneies; 0.01 Hz, 0.05 Hz and 0.1 for eyclic loading condition.
This figure is not in logarithmic scale to give the rcader better undcerstanding of the rclation
betwecn maximum power available at clectrical load with respect to load resistancc.

4.6. Experimental Procedure and Results

Now that the modeling and parametcr identification for matcrials that is uscd in the cxperimental
study is discussed, we shall examinc the cxperimental procedure that is donc in order to simulatc
temperature eyeling. Figure 4.20 shows the setup of the piezo-SMA module, two piecc of PZT is
used in the setup in order to prevent short eireuit event in the eleetrieal sehema, positive poled are
attached together, and the negative poles are connected via single clcctrode. With this
simplification the use of a separate insulation material is no morc ncccssary. Ni-51.2% Ti is uscd
for SMA material, the transformation temperaturcs are given in Fig.4.4.
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Figure 4.20. Schematic representation of the Piezo-SMA composite module in thermal energy
harvesting experiment

In Fig.4.21 the sctup for temperature cyele is shown. Two different temperature environments are
prepared according to the SMA’s transformation temperature. Hot environment is controlled by
simply on-off type thermostat; the tcmperature is set to be higher then the Austenite finish
temperature. Cold bath is prepared with accordingly Martensite finish temperature. The specimen
prepares as shown in Fig.4.20 is subjeeted to hot and cold environments, surface temperature of
the SMA specimen is monitored with a thermoeouple attached on the surface. Output voltage of
the PZT is monitored by Data Acquisition System (DAQ). Electrical eonneetion is prepared with

respeet to Fig.4.9 where Z, is just a know resistance element. The resistance value of electrical

load is determined with respeet to experimental study that is performed with piezoecleetrie
material. The value of clectrieal load at which the maximum power is reach at the load is used for
the experimental study performed in Thermal eyeling simulations. Two PZTs are used in the
composite which are serially conneeted with positive electrodes are touching each other, and the
negative electrodes are in eontact with SMA and the fixture. This creates self eleetrical insulation
for the experimental set-up.
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Figure 4.21. Temperature Cyele simulation for piezo-SMA Thermal energy harvester

Figure 4.22 shows the output results of the thermal eyeling experiment of Piezo-SMA ecomposite
as an encrgy harvester. PZT module’s electrodes are eonneeted to DAQ system direetly, which is
not an aceurate way to measure the voltage generated by the PZT material in general as we
discussed earlicr, the load resistance that is determined from impedance matehing should have
been used in this experiment. However this method provides a way to monitor the charge
generated during heating and eooling periods of the thermal eyeling process. As expeeted a
positive voltage is generated during heating; SMA constrained reeovery suppresses eompressive
stress in the system. Compressive stress on the PZT causes a positive charge aceumulation.
Poling direction of the PZT is also x; -direction which is the same direction of applied foree due

to compressive stress, therefore d,; cffect takes place in heating process. Cooling on the other

hand eause SMA to have martensitie transformation and the compressive stress is released in the
system. The rate of change in the loading on PZT is opposite to poling direetion and negative
voltage gencrated.
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Figure 4.22. Output voltage and Temperature results for Thermal Cyeling proeess, 0.01 Hz
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Temperature is monitored by a thermocouple attached to the surfacc of the SMA. Monitoring the
surface temperature is one of the solutions in order to cheek the if the material is subjected a
thermal cycle between eritical transformation temperatures; it this ease Martensite finish My and
Austenite finish Actemperatures which are predetermincd by DSC test as shown in Fig.4.4,

Figure 4.23. Experimental setup, piezo-SMA eomposite is subjeeted to thermal eyeling

Experimental setup can be seen in Fig.4.23, thermal encrgy harvester, shown in circlc is dipped in
to hot and cold baths with the help of a robotie arm, as sehematically representcd in Fig.4.21. The
robotie arm is driven by an open loop control system, the duration and the position can be
determined aceordingly by just ehanging the speed of the arm to simulate the thermal cyeling
proeess.

Cold and Hot baths are placed next to each other in order to minimize the temperaturc variation
during robotie arms travel between the positions. The traveling time i1s minimized in order to have
a better simulation. 1t is convenient to say that all the inertial effeets limit the optimization of the
tcmperature fluctuation.

Second sets of experiment is earried out with Instron Mechanieal testing machine, same piezo-
SMA eomposite is clamped with the help of compression puneh of testing maehine, and the
controlled is switched to position control in order to have zero displacement boundary condition.
The hcating and cooling is applied to thc SMA. The temperature is measurcd with a thermoeouple
whieh is inserted 3mm inside the SMA material from the free side. Piczoclcctric material is
connected to a known clectrical load of 40 MQ; this resistanee is selectcd since the parameter
identification experiments for piezoeleetrie material suggested using 40 MQ of electrical load to
have maximum power available for the load itself, sce Fig.4.13.
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Figure 4.24. Output voltage and Temperature results for Thermal Cyeling process, 0.05 Hz

Voltage aeross the eleetrieal load and the temperature response in the SMA is plotted as ean be
seen in Fig.4.24. The RMS value of voltage is 12.1 Volt. The average power is measured as

Pr =V =36uW.

The result can be compared with two previously examined cases; analytical model to estimate the
power available and results from parameter identifieation experiments performed with the same
frequeney. Overall study is summarized in the Table 4.2. Where the predicted power is based on
EQq.4.40 and the measured values are recorded from piczoelectric material’s parameter
identifieation experiments and thermal fluetuation experiment performed with eold and hot
bath/stream.

(4.49)

Table 4.2. Prediction and Experimental results for power available at eleetrieal load

. Power Measured | Power Measured
Predieted Power . . .
Frequency [Hz] [uW] with Piezo only with Thermal
Experiments [uW]| fluctuation [uW]
0.01 0.95 0.31 i
0.05 4,75 2.6 3.6
0.1 9.5 6.5 N/A
0.5 47.5 44 N/A

* The power is not measured sinee no eleetrical load is used in thermal eyeling experiment
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Chapter 5.  Morphing Materials: Shape Memory Polymers and Shape Memory Alloy
Nanofibers

5.1 Objective of Current Research

The goal of this research is to dcvelop a two-way reversible shape-changing composite capable of
large dcformations. To accomplish this task, a compositc material with a shapc memory polymer
matrix, and shape memory alloy wire reinforccments is proposcd. Neithcr material on its own
possesses the properties necessary to achicve this goal, but it may be achicved by combining the
propcrties of these materials.

5.2 Shape memory polymers

Shapc memory polymers (SMPs) are a unique typc of polymcr that through a special
thermomechanical cycle can return to its original shapc after being fixed in deformed temporary
shape. One of the most promincnt SMPs is Polyurcthanc (PU). PU produccd for shape memory
propertics is gencrally synthesized by reacting a linear long chain diol (either a polyether or
polyestcr) with excess isocyanate to form a prcpolymer, followced by the addition of a short chain
diol that acts as a chain extender to link the prepolymers together. Due to the thermodynamic
imicisibility of scgments of PU, phase separation into a flexible soft segment (long chain diol)
and a rigid hard segment (isocyanate + chain cxtcnder) occurs. Both physical and covalent cross-
linking between the hard segments of PU chains can occur. This cross-linking between the hard
scgments gives PU the ability to exhibit the shapec memory effect. Depending on the length of the
soft segment chain of PU, thc shape memory transition temperature can correspond to eithcr T, or
T of the soft segment. In this study the long chain diol used was Poly(tctramethylene glycol)
(PTMG, MW 2000), 4,4’ Methylenebis(phenylisocyanate) (MDI) was the isocyanate, and thc
chain cxtender 1,4 butanediol (BD).

Figurc 5.1 shows the differcntial scanning calorimctry (DSC) mcasurcments made on two
samplcs of PU processed by the same method, but with different molar ratios of the isocyanatc
functional groups to hydroxyl functional groups (NCO:OH) of the reactants. The black linc was a
PU with a ratio of 1:1 and the orange line was a PU with a ratio of 5:3. As it can be secn from the
figure, the addition of excess NCO groups dramatically changes thc structure of the matcrials,
going as far as changing thc propertics of thc PU from a thermoplastic to a thermoset. A
litcrature scarch rcvealed that a molar ratio of NCO groups to OH groups greater than 1.1 can
result in changes of PU from a thermoplastic to a thermosct due to cross-linking and other
rcactions of the isocyanate groups with the other functional groups in the chain. [Hepburn, 1992]
However, during the initial prepolymer reactions the NCO:OH ratio is always grcater than 2 due
to use of excess isocyanate to used to cap the ends of thc long chain diol. Depending on the
composition the ratio can be >8 bcfore the chain cxtender is later added to bring the ratio back to
1:1.
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DSC of PUWith Different NCO:OH Ratios
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Figure 5.1: DSC measurements of PU with different NCO:OH ratios

Sinee the shape memory properties of PU are dependent upon the phase separation, three
different synthesis methods were used to determine the effect of exeess isoeyanate groups on the
structure of PU. Synthesis method A is the method commonly found in literature (Lee, et. al,
2001). 1t eonsists of reaeting all of the MDI and PTMG together under a nitrogen atmosphere in
N,N dimethylacetamide at 80°C in the first step to form the prepolymer. In the second step BD is
added into the solution to extend the polymer chains and form PU. In synthesis method B MDI,
PTMG, and BD were all reacted together at 80°C under nitrogen atmosphere in one step. The
purpose of this method was to see if a ratio of NCO:OH of 1:1 throughout the entire reaetion
would effect the amount of phase separation in PU. Synthesis method C was similar to A, exeept
that only half of the MDI was used in the first step and the other half was added with the BD in
the seeond step. In this method, the execss NCO groups available to react during the first step is
reduced, however, the remaining NCO is added in the seceond step when the NCO:OH ratio is
closer to 1. The molar ratios for the two eompositions studied and the amount used in each step of
the reaetion ean be seen in Table 5.1. In this paper the speeimens are designated by its
eomposition and synthesis method (e.g. PU 615A means 6 mol MDI, 1 mol PTMG, 5 mol BD,
and made by method A)

Table 5.1: Molar ratio of reaetants for PU synthesis methods

Synthesis Step 1: Molar ratio of reactants Step 2 Molar ratio of reaetants
Mecthod

MDI PTMG BD MDI PTMG BD
PU615A 6 1 0 0 0 5
PU 615B 6 1 5 - - -
PU 615C 3 1 0 3 0 5
PU 817A 8 1 0 0 0 il
PU 817B 8 1 7 - - -
PU 817C - 1 0 4 0

For testing, films of each specimen were prepared by easting the reaetion solution on a
glass substrate and allowing the solvent to evaporate off to form a PU film. After the solvent had
evaporated the film was soaked in water for approximately 24 hours to faeilitate casy separation
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of the film from the substrate. After removal, the film was subsequently dried in a vaeuum oven
at 100°C for 24 hours to remove excess moisture and solvent.

To determine the transitions temperatures and also to see how the different synthesis
methods affected the structure of the PU samples, DSC measurements were made. The
temperature range for the DSC measurements was -50-250°C at a heating rate of 5°C/min. All
samples measured had a mass between 9.8-10.2 mg and each sample was heated to 250°C and
slowly eooled prior to taking the DSC measurement to remove any inhomogeneities in the
samples due to proecessing. In Figure 5.2 below are the DSC results for the PU 615x series. From
this plot it can be seen that all 3 samples exhibit peaks near room temperature that corresponds to
the melting of the soft segment (the transition temperature for these SMPs). However, only 615B
and 615C show signifieant hard segment crystallization. The lack of hard segment erystallization
for 615A means that there may be more phase mixing present in the sample that would hinder the
crystallization. From the enthalpy of melting data of the soft segment, AH,,, it can be seen that
the soft segment of 615C is the most erystalline of the 3 samples. Combined with the presence of
the hard segment crystallization peaks, this indicates that 615C has the greatest amount of phase
separation.

DSC PU 615x
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PU615C
Tm=1882C PUBISA
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Heat tlow (endo down|
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50 0 50 100 150 200 %0
Temperaturs (C}

The DSC data for the 817 series can be seen in Figurc 5.3. As expeeted, as the hard
scgment content inereases the size of the soft segment melting peaks deereases and hard segment
crystallization peaks beeome stronger. The trends for the peaks are similar to the DSC charts for
the 615x series with the onc exception being that AH,, for 817B is slightly greater than 817A. T,
for the 817x series were found to be 6°-8°C lower than the samples from the 615x series
synthesized by the same method. Although 817A does show hard segment crystallization, the
peaks are smaller and broader than those of the other samples, which is indieative of phase
mixing.
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Figure 5.3: DSC chart for PU 817x series

The shape memory eyele was performed using an Instron testing frame. To heat the
sample, infrared lamps were mounted on both sides of the Instron frame. Cooling of the sample
below room temperature was acecomplished by blowing air chilled by passing it through coiled
pipes submerged in a dewar filled with liquid nitrogen. The first step of the shape memory cycle
was heating the sample to T, + 20°C at a rate if 5°C/min, whilc keeping the load at zero. The
sample was then extended to 50% strain (g,,.) at a rate of 10 mm/min. After reaching &, the
strain was held constant as the temperature was eooled to T, — 20°C, the eooling rate was not
constant and fairly rapid (~>20°C/min) due to the limitations of the setup. Onee the lower
temperature had equilibrated, the load on the sample was set to zero. The resulting strain after
stress was equal to zero was ealled &g, The sample was then hcated back up to T, + 20°C, while
kecping the zero load condition. The remaining strain was called the residual strain, €. Results
of the shape memory for the PU 615x series can be seen in Figure 5.4. Shape memory testing
results for the PU 817x series were not obtained due to problems obtaining good quality films and
also the need to start focusing on the shape memory alloy nanofibers.

Shape Memory Cycle PU 615x R
/ 20C, while holding
10 Go to 50% strain ¥ strain constant, Eore
atT = Tm+20C_ -~
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7
® 6 — [
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Figure 5.4: Stress vs. Strain for shapc memory eyele of PU 615x
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As it can be seen from the figure above, PU 615C exhibited the greatest strength during
the shape memory eyele. As expeeted, the samples with the greater hard segment crystallization
(615B and C) displayed greater mechanieal properties than 615A.The zigzagging baek and forth
as the load was set to zero was eaused by overshoot of the Instron’s LVDT as it tried to reach a
position where there was zero load on the polymer. The shape memory properties of the PU 615x
serics ean be seen in Table 5.2. The equations used to caleulate the amount of shape retention
and reeovery are given below:

N gﬁx
Shape Retention = — (5.1)
£
pre
g pre o gr
Shape Recovery = ———— (5.2)
£
pre
Table 5.2 Shape Memory Properties of PU 615x series
Sample Peak Stress Efix & Shape Retention (%) | Shape Reeovery
(MPa) (%)
615A 6.08 371 .068 74.2 86.4
6158 8.35 =379 .061 75.0 87.8
615C 9.46 .369 .057 73.8 88.6

The shape retention numbers for these samples are somewhat low: this may be to due to
the uneontrolled cooling rate, which eould have affeeted the ability of the chains to fully
erystallize. However, in general SMPs that transition around T,, will have less shape retention
than those around T, due to the faet that most polymers ehain do not fully erystallize. From this
data it ean also be seen that although there was differenee in the meehanieal properties of
speeimen, there was not a significant difference in the shape memory properties. This may also
be a result of the eooling rate. Kinetie studies of phase separation in PU have shown that after
rapid quenching, it ecan take up to several days for the sample to regain equilibrium. (Drobny,
2007)

Figure 5.5 below shows a PU specimen being put through a shape memory eyele. In
Figure 5.5a the original shape of the speeimen ean be seen. Figure 5.5b shows the fixed shape of
the speecimen after it has been heated to 50°C, twisted around a small mandrel and submerged in
an iee bath at ~1°C while still being eonstrained on the mandrel. Figures 5.5¢ and 5.5d show the
sample before and after it was plaeed in a 50°C water bath and 5.5e is the final reeovered shape.
The time for the shape reeovery to oecur was approximately 2-3 seconds.
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)
Figure 5.5: Shape memory cycle of PU (a) at RT (b) after shapc ﬁxmg (¢) before being placed in
50°C water bath (d) after placing in water bath (¢) recovered shape

5.3. Shape Memory Alloy Nanofibers

Elcctrospinning is a process that has been used to produce polymer, composite, and
ceramic nanofibers. However, usc of clectrospinning as a means of producing metal nanofibers is
not well studied; in faet there is almost no literature available on the subjeet. Although most
clectrospinning solutions used for non-polymer fibers use ions dissolved in the solution,
achieving the eorreet stoichiometrie ratio of the ions in solution chemistry often requires
extensive experimentation. For this reason, it was deeided to try using equiatomie NiTi
nanoparticles in the polymer solution followed by heat treatment to burn off the polymer and
sinter the particles together to crcate the metal nanofibers.

One limitation of the electrospinning process is that in most cascs only it is very difficult
to colleet individual nanofibers. In a basic eleetrospinning proeess with a flat conducting
collector, a web of interconnected nanofibers is formed that cannot be separated duc to
entanglements in the strueture. Aligned nanofibers ¢an be produced by using rotating collcetors
such as a drum; however, colleetion of individual nanofibers is still difficult. (Ramakrishna ct. al,
2005). In order to try and create separated fibers we tried placing insulation around the syringe
used for cleetrospinning. Placing an insulating box that extends a few e¢m beyond the tip of the
needle reduces the deposition area of the fibers, but also produces fibers that form vertically on
the colleetor (Fig 5.6b). The addition of a simple paper mesh (hole size 1em x 1em) over the
opening of the box (Fig. 5.6a), allows for separation of the fibers formed between the mesh and
the target into individual fibers (Fig 5.6¢). The mesh prevents the formation of the mat of fibers
on the target as well.




(b) (c)
Figure 5.6: (a) Sctup of electrospinning with papcr mesh (b) mat and fibers formed with
insulating box (¢) Separate fibers formed with paper mesh

With the paper mesh, the majority of the fibers form in less than 5-10 secs after the
voltage is applicd, but after that pcriod of timc the ratc of fiber formation deereases dramatically.
This is most likely eaused by repulsion due to residual charge on the fibers (only a small portion
of the fiber is in contaet with the grounded target) and the formation of fiber webs similar to thosc
found in other electrospinning experiments over the holes in thc mesh. After a fcw runs, the
mcsh needs to havc the fibers clcared out and/or be replaced with a ncw mask in order for fiber
produetion to continue. Fibers ean be colleeted by eutting the fibers ncar the mask and cxtracting
them from the target.

In this study, the solution used for electrospinning was preparcd by first dissolving
Poly(vinyl acctatc) (PVAe, MW 500,000) in Tetrahydrofuran (THF), followed by meehanieal
stirring of the nanoparticles into the polymer solution. This solution used for clcctrospinning will
be called solution A. Composition of all the solutions used for electrospinning e¢an be found in
Table 5.3 at the end of this section. The electrospinning experiments wcre performed with
voltages ranging for 15-17.5 kV and a distanee from the mesh to the colleetor of 5 em. The
distanec between the tip of the syringe and the collector was approximately 10 cm. The first
PVAc fibers with embedded NiTi particles had diameters ranging from 2-20 ym. In addition to
the large diameter, many fibers did not have uniform diameters along the length and some fibers
exhibitcd large beads. Thesc beads are not uneommon in elcctrospinning experiments and are
generally found when the viscosity is low and surfaee tension has a dominant influcnce on the
eleetrospun jct. However, in this case EDAXS analysis showed that the bulges were likely duc to
agglomeration of NiTi particles in the fiber. Thc large diameter of thc fibers may have been a
result of partiele agglomeration as well, or could have been a result of the viscosity of thc solution
and the strength of the eleetrie field applied during the eleetrospinning proeess. SEM images of
fibers produced from solution A can bc seen in Figure 5.7.
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(a) (b)
Figure 5.7: SEM images of fibers made from solution A (a) Fibers with varying diameter (b)
Beads in the fibers.

To prevent agglomeration of the NiTi particles found in the first fibers, a repellant was
added to the solution. This solution was prepared by making two separate solutions: a solution of
PV Ae dissolved in THF and a solution eontaining the NiTi nanopartieles and the repellant. In the
second solution, the repellants, Oleie acid and Oleylamine, were added into THF and then the
NiTi nanopartieles were mixed into solution for 30 min. These two solutions were then mixed
and stirred together to obtain the eleetrospinning solution (solution B). Solution B produeed
fibers of more consistent diameter (1-5 pm), but the fiber diameters were still not submicron as
seen in Figure 5.8 below.

Figure 5.8: SEM images of fibers made from solution B

Varying the electrospinning parameters of voltage and distance to the collector had a
small effeet on the diameter of the fibers, but it was found to be mueh smaller than altering the
properties of the solution. To determine the best eonditions for preparation of the electrospinning
solution, the distribution and size of the NiTi partieles in the polymer leftover after drying the
solution were observed under SEM. Two different samples of both, the ¢leetrospinning solution
and the solution containing only the repellant and NiTi particles were made. One sample of each
solution was subjected to mechanieal stirring, while the other sample was subjeeted to sonication.
The repellant solution showed a good distribution of particles for both eases. However, the
eleetrospinning solution displayed much better dispersion of the partieles by mechanieal stirring.
As it ean be seen in Figure 5.9a, the ultrasonic mixing of the electrospinning solution resulted in
the partieles grouping together. Mechanieal stirring showed a uniform distribution with only a




small amount of clustering (Fig. 5.9b). It was also found that Icss clustcring occurred when the
concentration of the polymer and particlcs in the solution was reduced.

(b)
Figure 5.9: SEM images of electrospinning solution mixed by (a) sonication (b) mechanical
stirring

Using the ncw solution (solution C), most of the new electrospun fibers had diameters on
the rangc of ~300-600 nm. Beading was still observed in a few fibers, but the frequency and sizc
of the beading had been greatly reduced (beads on the size of 1-1.5 um). Images of some of thcse
fibers can be seen in Figure5.10.

5.10: SEM images of PVAc fiber with embedded NiTi nanoparticles with submicron diameters

Table 5.3 beclow contains the compositional information of all the elcctrospinning
solutions detailcd abovc.
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Table 5.3: Composition of eleetrospinning solutions

Solution Wt % Wt % NiTi Mixed with Fiber Diameter Notes
PVAc in | Nanoparticles repellant (um)
solvent solution
A 10.7 1.8 No 2-20 Large beads |
B 10.7 1.8 Yes 1-5 constant diameter :
@ 6.8 1.0 Yes 0.3-0.6 eonstant diameter

After the electrospinning proeess, the fibers require further processing to obtain NiTi
nanofibers. The first step in the proeess is ealeination the polymer surrounding the fiber. Due to
the possibility of earbide formation from the earbon residue of the polymer during proeessing
(Fu, Moochhala, Shcarwood, 2004), complete removal of the polymer from the sample is
important. Using thermogravitional analysis, the thermal decomposition temperature of PVAe
was found to be approximately 550C. To avoid oxidation of the NiTi particles and remove the
volatiles from burning off the polymer the fibers are heated under constant vacuum. After
removing the polymer matrix, the temperature was increascd to sinter the NiTi partieles into a
nanofiber. Consolidation of the particles into a nanofiber has not yet becn achieved, but this work
is still in the preliminary stages. Due to the limited amount of literature available for the sintering
of NiTi nanoparticles, the sintering time and temperature are still under investigation. So far
temperatures of 800, 850, 900°C have been tried resulting in only partial eonsolidation of the
fiber SEM images of the particles after a heat treatment of 850°C for 1 hr ean be seen in Figure
11.

Figure 5.11: SEM images of partially consolidated nanofiber heated at 850°C for | hr

The effectiveness of this method for producing NiTi nanofibers with the shape memory
effeet is still under investigation. Due to the long time at high temperatures that will be mostly
likely required for sintering the NiTi particles the shape memory properties of the material eould
be affceted, thus produetion of NiTi fibers from solution will also be investigated. This work has
shown that this eleetrospinning method ean be used to create nanofibers with embedded particles
that may be useful for other applications. Onece SMA nanofibers are suceessfully made they will
be incorporated into a SMP in an attempt to achicve a two-way reversible shape changing
composite.

Chapter 6.  Conclusion
We have developed the design and processing route of three different kinds of active

composites, (1) ferromagnetic shape memory alloy eomposite, (2) SMA-piezo ecomposite and (3)
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SMA fiber /shape mcmory polymer(SMP) compositc. As to the third one, we are still progressing
toward the optimization of the SMA nanofiber processing and SMA fiber/SMP composite as this
was started most reecntly. The main conclusive remarks are given in the following.

1. Ferromagnetic SMA composite was suecessfully designed and processed as a fast-
responsive airbornc actuator material which is very eost effeetive. Usc of spark plasma sintering
was effectively demonstrated in processing ferromagnetic SMA composite. The properties of the
as-processed ferromagnetic SMA are compared with the predictions by the Eshclby modeling,
resulting in good agrcement.

2. Design of a new SMA-piezo composite was proposed as multi-functional material, for
fast-rcsponsive actuator material and thermal energy harvester where the synergistic effects of
coupling SMA and piezoclectric phascs are demonstrated.

3. Attempt of processing SMA nanofibers via clectrospinning was made although the
post annealing still remains to be optimized so as to make continuous solid SMA fibers.

4. Several shape memory polymers are designed, and processed, which exhibits onc-way
typc shape mecmory behavior. In this project, we focuscd mainly polyurethanc bascd SMP as
model SMP material. 1t is expeeted that combination of thc above SMA nanofibers and SMP
would result in both-way typc shape memory property which is eonsidered new type of morphing
material which ean exhibit larger shapc ehange which is reversible upon temperature change. 1t is
rccommendcd that usc of higher stiffncss SMP is to be used as SMP, such as epoxy and
polyimide for aerospace applications as these would exhibit higher stiffness and match as a
partner constituent material with SMA fibers.
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