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,--------- LEGAL NOTICE ----------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the Depart­
ment of Energy, nor any of their employees, nor any of their con­
tractors, subcontractors, or their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness or usefulness of any information, appa­
ratus, product or process disclosed, or represents that its use would 
not infringe privateiy owned rights. 
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OBJECTIVE 

The objective of this project is to determine 
the feasibility of applying the shape-memory effect 
in certain intenlletallic compounds (particularly 
"5S-Nitinol") (1) to the conversion of low tempera­
ture",heat energy to mechanical work by means of solid 
state heat engines. A primary milestone is the de­
velopment of a prototype Nitinol engine on a scale 
suitable for powering a moderate-sized residential 
air conditioner with solar-heated hot water. 

CONctPT 

It was readily established at the outset of this 
project that Nitinol wire could be used as the working 
element in a thermodynamic stress-strain cycle opera­
ting between hot and cold temperature baths to gener­
ate net work output. The essence of this project is 
to determine whether this phenomenon is merely a lab­
oratory curiosity or whether it can be used in fact 
as the ,basis for production of practical working en­
gines. 

The basis for using Nitinol as a working medium 
of a heat engine originates in a "martensitic" phase 
transformation that gives rise to a mechanical 'shape 
memory effect. In order to use Nitino1 to its best 
advantage, it is important to have a basic understand-

---ing of its properties and the mechanisms involved rel­
ative to the following performance criteria: 

(1) Thermodynamic conversion efficiency; 
(2) Work output per unit mass; 
(3) Fatigue life. 

Accordingly, the main thrust of the LBL effort 
has been directed toward determining, throu~h theoreti­
cal and experimental investigations, whether Nitinol 
heat engines have the potential for achieving a cost 
.cf pC>~'E'r [lroJuctioll that is competitive wi.t.h exi.sting 
lecll1lol.ogi.es that: ut.1.l,ize small. temperature differe'!lces 
(':-~iI·L <;~i P.:Hlkine cycle turblneB) at (t:·J.:.:d:jvely l ... ~t..;' 

ter!Jl'l!!·aturE:~s • 

Operational. testtng of tIm original LBL prototype 
Nitino1 heat engine(2 established that Nitinol work­
ing elements can withstand, at relatively low levels of 
stress and strain, continuous cycling on the order of 
tens of millions of cycles without observable deterior­
ation in the shape-memory effect. Subsequent tests 
using more efficient engine designs indicated that the 
cost of the Nitinol elements would not be the dominant 
factor limiting development of practical heat engines, 
and revealed some of the sensitive parameters of an 
engine cycle using a polycrystalline solid as the work­
ing medium. Recent work has concentrated on theoretical 

1 

and experimental quantitative determinations of thermo­
dynamic conversion efficiency, within the constraints 
of practical values of work output per cycle and fati­
gue lifetime. A key piece of experimental apparatus-­
an electronically controlled cycle simulator -- has 
been developed to carry out systematic measurements of 
work output and conversion efficiency. 

TECHNICAL ACCOMPLISHMENTS 

'. An electro,nically controlled cycle simulator has 
been designed and constructed to facilitate the 
testing of Nitinol wire elements subjected to spe­
cific stress-strain-temperature cycles. This cycle 
simulator, which is shown in Fig. 1, can be prepro­
grammed to execute several types of thermodynamic 
cycles, such as isothermal, "stress limited", etc. 
Test parameters, which can be varied singly or in 
combination, include stress levels, stress rates, 
percent of elongation of the wire, temperature lev­
els, heating and cooling rates, cycling speeds, etc. 
Efficiency values and Hark output as a function of 
these parameters will serve for the identification 
of the most useful thermodynamic cycle. 

o The isothermal engine cycle, the one most commonly 
used in various Nitinol heat engines, has been 
studied in some detail on the cycle simulator. Re­
peatable performance-data~-have~-been-obtailled- over--­
the range o'f test parameters investigated. Effi­
ciency data were obtained for two ways of heating 
the Nitinol wire: a) by submerging the wire into 
hot liquid, and b) by passing a pulse of electric 
current through the wire. Analysis of these data 
is proceeding. 

o A "stress lim! ted" cycle 15 also bei.ng lnveati-, 
gated, The advnntage of this type of ('ycl,." is ttl3t 

the wit'c element can be slIhjf!cted to J,''''er ,""'ilk 
stresFes and hi.~h~·.r t.~l(l\).g:"lt ~('ns th::!t1 ;1' th~ i:~n'~' 

t.hermal cych,. and th('r,~fol'c a 1nngu' life "f thc 
wire llldY renull. 

• Nechanical propcrti(!s of til" material, part icularly 
recovery stresses dev('lop~d on heating, yield 
strengths, and their clependc'nce on effects of cy­
cling and previous heat-treatment, have been meas­
ured. 

• A relationship has been cleveloped which allows pre­
diction of the recovery stresses as a [unction of 
temperature and strain given a certain set of ex­
perimentally measurable properties. A comparison 
between predicted and measured properties has been 
initiated. 
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II The thermal convers:l.on efUciency has been studied 
with reference to an ideal cycle and a relationship 
has been developed that gives the efficiency as 
a function of a certain set of experimentally 
measurable materials p.roperties. 

., Transf.ormation temperatures and their functional 
dependence on external strees, cycling, and pre­
vious heat-treatment have been measured. 

II A determination of the eUect of strain-temper­
ature cycling on the microstructural features, on 
the fine scale of transmission electron micro­
scopy, has been initiated. 

II A method has been devised to determine the equil­
ibrium transition temperature from the experi­
mentally measured effective transformation temp­
eratures. 

;e The latent heat of the transformation, which con­
stitutes part of the heat input, has been deter­
mined from the observed rate of change of the 
transformation temperatures, using a modified 
Clausius-Clapeyron equation. 

FUTURE ACTIVITIES 

Contract Activities. The current contract has 
essentially ended at this time. The analysis of 
the efficiency and work output measurements taken 
to date with the cycle simulator will be completed 
and an attempt will be made to reconcile any dis­
crepancies between the experimentally measured and 
theoretically predicted cycle performance. 

Post-Contract Activities. Assuming continued sup­
port by other DOE Divisions, the experimental and 
theoretical program ,~ill proceed to determine prac­
tical limits of work output, conversion efficiency 
and wire lifetime using diverse types of thermody­
namic cycles. In addition, experimental me'asure­
ments will be made using new samples of Nitinol 
wires being fabricated under controlled conditions 
by the_Naval Surface Heapons Center. A set of 
realistically achievable performance goals will be 
established using the results of .these cycle meas­
urements and our independently determined basic 
Nitinol materials properties. This will allow a 
realistic determination of the commercial potential 
for Nitinol engines, and those applications that 
are mo~;t appropriate for this technology. 

(1) ",)S-Nittnol": a hom0geneous ui.ckeJ-tltaaium al1('y: 
the. IHllrteric;1l prefj.x indJ.catc'l the nO;1l.inaJ p(~n ,'n­
t,,~I) ;:1,/ '''''l~ight) 0l lll(:k.~~J. Tht.~ ;:1.1.\))' tii~,'.\'t:· i.,:; 
n.lI"'" from the elEments nic~el, t.iL;tniulll awl t.he 
inHl.ll s of the Naval Or-d~'Cln<:e L~i:oratc>ry (SU Vt'l' 

Spring", }lD, nO\~ the U:t;". N'Iv:l1 SUl'f;LlCe Heapons 
Center) where the shape-memory properties were 
first observed. 

(2) R. Banks; "Nitinol Heat Engines" Shape Memory Ef­
fects In Alloys, J. Perkins, ed. Plenum Press (1975) 

R. Banks, N. Hahlig; "Nitinol Engine Development", 
Proceedings of the Intern3tional Solar Energy So­
ciety Meeting, Hinnipeg, Canada (l976). 

R. Banks, R. Kopa, and M. Hahlig; "Nitinol Engine 
Development", Proceedings of the International 
Solar Energy Society Meeti.ng, Orlando, Florida (1977) 
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H.A. Mohamed; "On The Equilibrium Transition Temp­
erature of Thermoelastic Martensite Transforma­
tions", J. Materials Science vol. 13 - 1364 (1978) 

M.A. Mohamed; "Determi,nation of the Recovery 
Stresses Developed By Shape Memory Alloys", J. 
Materials Science, vol. 13, in press (1978) 

H.A. Mohamed; "Thermal Conversion Efficiency of 
an Ideal Thermoelastic Marmem Cycle", submitted 
for publication, J. Naterials Science (1978) 

R. Sinclair, H.A. Mohamed; "Lattice Imaging Study 
of a Hartensite-Austinite Interface", Acta Metal­
lurgica, vol. 26 (1978) 

M.O. Aboelfotoh, H.A. Mohamed, J. Washburn; "On 
the Pre-transformation Lattice Instability of 
Near-Equiatomic Ni Ti",J. Applied Physics, in 
press. 

H.A. Nohamed, J. Hashburn; "Deformation Behavi.or 
and Shape Nemory Effect of Near-Equiatomic NiTi 
Alloy", J. Materials Science, vol. 12 -469 (l977) 

R. Kopa, "Thermodynamic Cycles and Efficiency of 
a Thermoelastic Energy Conversion Process", Pro­
ceedings of the International Solar Energy Society 
Neeting, Denver, Col.orado (1978). 
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Fig. 1 Cycle simulator experimental system. 

A test saJ'lp1e of IHtinol I-li.n, N is stt:etch."d het.~.'een 
arm ~l' <\xiaJly sU.d.in), on a r;;-tating sl,,,rt, ;l1ld ann 
:"\2' s·~)11djy .:1tt<.lched L<" tIle: :-)~lrr,(;! shaft. :~t{,lln g<IE(. 
S TN';H;1Jr("~ t',() I'Ol'Ct' 1.'X':'l~l·pd Il~' the Njl.i'inl \.'11"1'· ~;. 

The axial l:!otiOl1 of :Jrn :'\.1. 'i~ ~·~f[ected b) ;1 lend St~r('w 
1. whlch is driven by St:I··~'()m:)t·I·'l" -~!l. Tht~ p(J~;j.ti;;n p{" 

the arm.0.J in respect· to ,1nn jI.:~ i,; trGnslTl.itl<,d hy mcans 
of a potentiometer readout j{ to the 0sci Uoseope OS as 
a horizontal deflect lon of t-lle electron beam. Th~---ver­
tical deflection of the beam is effected hy an ampli­
fied signal from the strain gage S. The stress-strain 
diagram displayed on the oscillos~ope screen is re­
corded by means of a video camera and stored on a video 
tape. 

The transfer of the Nitinol wire N back and forth from 
tIl(> hot reservo:ir II and cold reservoir C is effected 
by a 3000 rotation-of the shaft which is driven by the 
servomotor~. The clockwise and counterclockwise ro­
tati.on of the shaft as well as of the lead screw !-. are 
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electronically controlled by two linear servoampli­
fiers in the electronic control system EC. The sequence 
of events, of positions, and of the speed of motion 
is programmable to permit simulation of a desired 
thermodynamic cycle. 

*This work has been supported partially by the Solar 
Heating and Cooling Research and Development Branch, 
Office of Conservation and Solar Applications, U.S. 
Department of Energy, and partially by the Division 
of Power Systems, Office of Energy 'Technology, U.S. 
Department of Energy." 
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This report was done with support from the Department of Energy. 
Any conclusions or opinions expressed in this report represent solely 
those of the author(s) and not necessarily those of The Hegents of the 
University of California, the Lawrence Berkeley Laborat()fY-or tlle-· 

.. Department of Energy. 
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