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ABSTRACT

Results from an effort to fabrication shape memory alloy hybrid composite (SMAHC) test specimens and characterize the
material system are presented in this study. The SMAHC specimens are conventional composite structures with an
embedded SMA constituent. The fabrication and characterization work was undertaken to better understand the mechanics of

the material system, address fabrication issues cited in the literature, and provide specimens for experimentM validation of a

recently developed thermomechanical model for SMAHC structures. Processes and hardware developed for fabrication of
the SMAHC specimens are described. Fabrication of a SMAHC laminate with quasi-isotropic lamination and ribbon-type

Nitinol actuators embedded in the 0 ° layers is presented. Beam specimens are machined from the laminate and are the fiJcus

of recent work, but the processes and hardware are readily extensible to more practical structures. Results of
thermomechanical property testing on the composite matrix and Nitinol ribbon are presented. Test results from the Nitinol

include stress-strain behavior, modulus versus temperature, and constrained recovery stress versus temperature and thermal
cycle. Complex thermomechanical behaviors of the Nitinol and composite matrix are demonstrated, which have significant

implications for modeling of SMAHC structures.

Keywords: Shape memory alloys, Nitinol, embedded actuators, hybrid composites, nonlinear thermoelasticity, composite
fabrication, thermomechanical characterization

1. INTRODUCTION

Shape memory alloys are a class of materials that exhibit a martensitic transformation when cooled from the higher-
temperature austenitic state. The interaction of temperature and applied stress in driving the martensitic and reverse

transformations can be used to exploit phenomena such as the shape memory effect (SME) and pseudo-elasticity. The SME

can be described in simple terms in the following manner. A SMA can be easily deformed in the low temperature martensitic
condition and can be returned to its original configuration by heating through the reverse trans/brmation temperature range.

Conversely, a large tensile stress can be induced if the SMA is prevented from recovering the deformation. Extensive work
has been done to characterize the microstructure and properties of these materials t'2. Compilations of papers have also been

published 36, which give a good overview of the characteristics of SMAs and their applications. Birman 7 gave a

comprehensive review of work done in the areas of alloy characterization, constitutive modeling, and applications.

Shape memory alloys have been investigated for a variety of applications since their discovery. A new class of applications
was developed when Rogers and Robertshaw s introduced the idea of embedding SMA actuators in a composite laminate for

structural control. A structure of this type has been termed a shape memory alloy hybrid composite (SMAHC), Paine and
Rogers published a review of SMAHCs and their applications 9. Two methods have been proposed for integrating SMA

actuators into a composite; bonding the actuators within the composite matrix as a constituent and embedding the actuators

within sleeves through the laminate. The work presented in this study focuses on the former method, where prestrained
actuators are bonded within the composite matrix and the boundaries of the structure serve also as mechanical restraints fbr
the actuators. Thus, an inherently elevated thermal environment in service will activate the actuators, which act against the

mechanical boundaries to adaptively stiffen the structure without control electronics or auxiliary power.

A thermomechanical model was recently developed to study the static and dynamic response of SMAHC structures _°12. The

model captures the thermal nonlinearity of the SMA and composite matrix, but is macromechanical in nature such that it

depends only upon measurement of fundamental engineering properties. The goals of the work presented in this paper are to
present a robust fabrication process for reliable SMAHC specimens and characterize the thermomechanical properties of the
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constituentmaterials.Hardwareandprocessesforovercomingpracticalfabricationissuesarediscussed.Resultsfromthe
thermomecbanicaltestingdemonstratethecomplexthermoelasticnatureofthematerialsystemandstresstheimportanceof
accuratecharacterizationtoenableSMAHCperformanceprediction.Resultsfromstaticanddynamictestsperformedonthe
SMAHCspecimensandvalidationofthethermomechanicalmodelaregiveninrelatedpublicationsmll'_3

2. BACKGROUND

In the typical application being considered, such as adaptive stiffening of aerospace structures, the SMA elements would be
activated through an inherently elevated temperature of the service environment. This effect can be simulated in experiments

by various means, of which the most practical is resistive heating. Resistive heating has the advantages of simple operation,

relatively uniform heating, and excellent controllability. A glass-epoxy matrix material system was selected to avoid any

potential electrical conduction problems. This material system also affords the advantage of visual flaw detection due to its
translucency. A Nitinol alloy was selected because of favorable electrical resistance, availability, and shape memory

capabilities.

Glass-epoxy unidirectional prepreg tape was obtained from Fiberite, Inc. The material is Hye 8 End/934, an E-glass/934

epoxy resin material system. The resin material is formulated for autoclave processing and the following cure procedure is
recommended; heat at l.l-2.8°C/minute (2-5°F/minute) to 121.1°C (250°F) and hold for 15 minutes, apply 689.5 kPa (100

psig) pressure and continue to hold at 121.1 °C (250°F) tbr an additional 45 minutes, heat at 1.1-2.8°C/minute (2-5°F/minute)
to 176.7°C (350°F) and hold for 120 minutes, and cool at 2.8°C/minute (5°F/minute) (maximum) to ambient.

A Nitinol alloy in a ribbon form was selected, in lieu of a wire form, as the actuator material in this study to simplify the
fabrication procedure, allow lbr more flexibility in fabrication, and desensitize the actuators to interface voids and stress

concentrations. This approach was adopted because recent SMAHC fabrication efforts involving wire-type actuators have
suffered from various disadvantages. These disadvantages include complicated fabrication procedures because of the

relatively large number of actuators usually needed, sensitivity to actuator/matrix interface flaws because voids can be of
significant relative size, and relatively high rate of actuator breakage during cure because of sensitivity to stress
concentrations at the mechanical restraints. Finally, it is difficult to achieve a desirable overall volume fraction of SMA in

wire form when trying to optimize the integration of the actuators by placing them in only selected layers. Conversely,

ribbon-type SMA elements can be placed in strips cut out of particular matrix laminae to result in a rather simple lay-up

operation, while keeping the volume fraction high in the desired locations.

A Nitinol alloy was specified with an appropriate composition to give a martensite finish temperature above the expected

ambient temperature while maintaining an austenite finish temperature well below the glass-transition temperature of the

Fiberite 934 epoxy matrix (193.3°C, 380°F). Shape Memory Applications, Inc. provided the Nitinol ribbon material with

nominal trans_brmation temperatures, in a fully annealed state, of A_=67°C, At=85°C, Ms=46°C, and Mr=32°C. These

temperatures were reportedly determined by differential scanning calorimetry (DSC). For basic material characterization and
to determine the condition of the alloy in the as-received state, both DSC and direct current plasma (DCP) emission

spectroscopy were pertbrmed at NASA LaRC.

Small samples (<10mg) were cut from the ribbon material in the as-received condition for the DSC testing. Scans were

performed at a rate of 5°C/minute with the following procedure; heat from ambient temperature to 150°C (first heat), coo[
fi'om 150°C to -20°C, and repeat this entire profile once the sample was returned to ambient from -20°C (second heat).

Representative results from the DSC tests are shown in Figure 1. The shape of the first-heat endotherms were ill behaved and

not repeatable, while the analogous second-heat endotherms were repeatable. This effect is attributable to first-heat recovery
of the mechanical deformation induced during packaging the ribbon on a spool and/or shearing the small samples needed for

DSC measurements from longer lengths.

Note that the DSC signature shows two distinct exothermic peaks during the cooling portion of the cycles; one peaking at

approximately 39°C and attributable to the R-phase transformation, the other peaking at approximately 9°C due to the usual
twinned martensitic transformation. The R-phase is a by-product of a partially annealed condition and does not adversely

affect performance 6. Thus, the transformation temperatures for the Nitinol in the as-received condition and in a free

configuration are approximately A_=45°C (113°F), Ar=60°C (140°F), Ms=17°C (62.6°F), and Mf--0°C (32°F). The start and
finish temperatures indicated here mark the onset/termination of substantial phase transformation activity. However,
measurable activity can be seen in the tails of the exothermic and endothermic peaks of the DSC signatures. Also note that
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themartensitictransformationof thealloyin thisstateresidescompletelybelowambienttemperature.Theseobservations
willberevisitedinthenextsection.

TheNitinolalloywasanalyzedfor nickel,titanium,andironcontentbyDCPanalysis,asreferencedinASTME1097-97.
Aftersamplepreparation,duplicate0.1g samplesweredissoh,ed in a mixtureof hydrofluoricandnitricacids.Once
dissolutionwascomplete,thesamplesweredilutedto a specifiedvolumeandanalyzedtbr theaboveelementsby DCP
analysisusingmatrix-matchedcalibrationstandards.Duplicatesampleswerepreparedandanalyzedforoxygenandnitrogen
byinertgasfusion,asreferencedinASTMEl019-00.Theaverageresultsof theanalysesreportedinweightpercentare
55.4Ni-44.3Ti-0.033C-0.19650-0.0011H-0.0075N-0.0075Fe;wt%.

Forsimplicity,abeam-typespecimenisthefocusofthisstudy,butalldiscussionandresultsaredirectlyextensibletomore
practicalconfigurations.A schematicof theselectedbeam-typespecimenisshowninFigure2. Variousconstraints,other
thantheuseof ribbon-typeactuators,influencedthedesignof thislaminate.Theseconstraintsincludefabricationtooling
geometryanddynamicrangeofanticipatedexperimentalconfigurations.Thespecimendesignisbynomeansoptimized,but
thepredictedperlormanceis in arangethatissuitablefor theexpectedloadingconditionsandto demonstratesignificant
improvementfromtheSMAreinforcement.

Notethatthisspecimendesigncalls_braquasi-isotropiclamination(45/0/-45/90)2swithaSMAactuatorcrosssectionof
0.0127xl.27e-4m (0.5x0.005inches)tobeembeddedwithineach0° glass-epoxylayer,i.e.,replaceaportionof each0°
layer.Materialavailabilityandprocessinglimitationsdictateda nominalcrosssectionof 0.0023xl.5e-4m (0.09x0.006
inches).Thisthicknesswasconsideredacceptablyclosetotheestimatedglass-epoxyunidirectionaltapethickness(1.27e-4
m,0.005inches)andit wasplannedthatfivewidthsoftheribbonwouldbeplacedside-by-sidetodevelopawidthnearthat
inthespecimendesign.

3. SPECIMEN FABRICATION

The SMAHC specimen fabrication procedure used in this study consists of the following steps; prestrain (elongate) the SMA

actuators, lay-up the composite laminate, cure the laminate while restraining the actuators, and machine beam specimens
from the consolidated SMAHC laminate. The Nitinol material was packaged on a spool, which subjected the ribbon to

significant out-of-plane bending strain. Significant axial and some in-plane bending and torsional strain were also imparted
to the ribbon during the spooling operation. This packaging strain must be removed prior to imparting the actuator prestrain.

The packaging strain can be conveniently recovered by inducing the reverse (austenitic) transformation by heating from

ambient temperature to -100°C (-200°F), as shown in Figure 1. An apparatus was developed to perform this operation by
resistive heating, shown in Figure 3. The apparatus consists of an electrically insulating board with a dovetail track within
which brass electrical blocks can slide freely. Ribbon lengths are installed in the brass grips and subjected to resistive

heating by DC electrical current at a level known to induce the desired temperature over the length of the ribbon, while

preventing the electrical connections from inducing additional undesirable deformation or significantly loading the specimen.

It is desirable to induce the martensitic transformation just prior to prestraining in order to avoid aging effects, such as the

rubber-like form of pseudoelasticity 6. Inducing the transformation can be accomplished during the packaging strain recovery

process as the ribbon cools from -100°C (-200°F) to ambient temperature. It was shown in the previous section that, for this

particular Nitinol composition in an unrestrained condition, the martensitic transformation is not complete at ambient
temperature. However, the martensite can be stress-induced during the prestraining operation. Stress-inducing the martensite
results in essentially the same state as would be achieved by cooling the ribbon to sub-ambient temperatures to complete the
martensitic transtbrmation prior to prestraining. The main difference is that there may be some austenite remaining in the

ribbon after prestraining by the former method, but should be of no consequence because any subsequent thermal cycling

(e.g., composite cure) will render the state from the two methods equivalent. The former method, without cooling to sub-

ambient temperatures, was selected tbr simplicity.

The prestraining operation needs to be very precise and repeatable because the actuator performance is a very strong function

of prestrain level. This was accomplished by elongating the actuators on a servohydraulic test machine operated in stroke-
control mode. Alignment of the ribbon during elongation is critical to avoid bending strain and to obtain repeatable results.
Handling of the ribbon is cumbersome during installation in the test machine, and it is desirable to prestrain multiple strands

at once to expedite the process. In order to rectify these issues, an apparatus was developed to align and maintain proper
geometry on three ribbon lengths at once during installation in the test machine. A close-up view of the alignment/gripping

apparatus is shown in Figure 4. The entire assembly (alignment/gripping apparatus, spacer, and three ribbons) is shown
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installedinthetestmachinein thelefthalfofFigure5. TheNitino[ribbonsareshownreadyforelongation,subsequentto
spacerremoval,intherighthalfofFigure5.

TheparticularspacerlengthshownwasusedtomaintainaSMAribbongage-lengthof 0.635m(25inches)formanufacture
of thebeamspecimensshowninFigure2. Thegagelengthof theribbonswaselongatedtoalengthof0.6604m(26inches),
whichcorrespondstoaprestrainof 4%.Thisgagelengthwasusedinordertoensureuniformprestrainoverthe0.6604m
(26inch)spanbetweenmechanicalrestraintsonthecompositelay-uptoolingplate,whichwill bediscussedsubsequently.
Cross-sectiondimensionmeasurementsweremadeat0.0254m(1inch)intervalsonarepresentativeprestrainedribbon.The
averagecrosssectionof theribbonwasdeterminedtobe2.26xt.63e-4m(0.089x0.0064inches)foranaverageareaof3.67e-
7mz (0.00057 in2). This average area was used in all of the stress calculations shown later in this document.

A mechanical drawing of the lay-up and cure tooling plate is shown in Figure 6. This apparatus was designed to provide a

flat surface (+0.005 inches) and mechanical grips to restrain the SMA during an autoclave cure procedure. Recall that the

beam specimen design calls for a lamination of (45/0/-45/90)2_ with the Nitinol in the 0° layers. This lamination was

accomplished by cutting widths of the 0 ° layers to size during assembly and filling the void with five ribbon widths laid side-

by-side. A picture of the lay-up procedure at the stage of finishing the first 0 ° layer is shown in Figure 7. Note that Kapton
release film, fiberglass breather cloth, and teflon-coated fiberglass bleeder cloth are layered between the tooling plate surface

and the first glass-epoxy layer, in that order.

The laminate after complete assembly is shown in Figure 8, where it can be seen that cure cycle control thermocouples have
been installed near the laminate and the Nitinol ribbon ends have been secured within the knurled mechanical restraints. The

restraints consisted of three parts; the tooling plate surface, a thin spacer with knurling on both sides, and the top clamping

bar. This arrangement was employed to minimize bending of the actuators between the laminate boundary and the restraint
and to maximize grip for each layer of SMA by minimizing the number of layers gripped together. The mechanical restraint

screws received a torque of 11.30 N.m (100 in.lbf). The release paper was subsequently removed t¥om the top layer of glass-

epoxy and the laminate was topped with bleeder cloth, Kapton film, a caul plate, bleeder cloth, and breather cloth, in that
order. The entire assembly was vacuum bagged and drawn to an internal pressure of 0.0475 atm.

The assembly was subjected to the autoclave cure cycle recommended by the vendor (Fiberite, Inc.) and the resulting

consolidated part is shown in Figure 9. Two SMAHC beam specimens were machined from this laminate using the
respective centerlines of the embedded Nitinol ribbon. The beam specimens are shown in Figure 10, where it can be seen
that one beam has been prepared for installation in test fixtures. The beams have dimensions of 0.5588x0.0254x0.0019 m

(22xlx0.078 in). The SMA leads of the test-prepared beam were trimmed to an overall length of 0.6604 m (26 in). The
overall volume fraction of the SMA within the glass-epoxy dimensions is approximately 13.8%.

4. MATERIAL SYSTEM CHARACTERIZATION

The material system and processes used to fabricate SMAHC beam specimens were described in the previous sections. In
order to predict the thermomechanical behavior of such a structure using the previously mentioned model 1°-_2,a number of

material properties from the constituents must be determined. Results from characterization tests performed on the glass-

epoxy matrix material and Nitinol alloy are described in the following subsections.

4.1 Glass-Epoxy Thermomechanical Properties

Two laminates were fabricated from the glass-epoxy material system to provide specimens for thermomechanical testing; a

unidirectional lay-up (0)20 and an angle-ply lay-up +(45)4. Tab material was post-cured to the laminates and the resulting
structures were machined into uniaxial tensile specimens with dimensions of 0.2286x0.0254 m (9xl inches) (gage length of

0.1524 m, 6 inches). The tensile specimens were instrumented with a "T-strain gage" at the mid-span and tested on a servo-

hydraulic test machine. The unidirectional specimens were tested according to ASTM D3039-95a for estimates of the

Young's moduli and Poisson's ratios; E_, E2, v_2 and Vzl. The angle-ply specimens were tested according to ASTM D3518-
94 _ for estimates of the shear modulus G_2. Although the ASTM standards call for modulus estimates to the determined over

strain ranges of-1000-3000 _ and -2000-6000 p,_, respectively, the transverse (90 °) uniaxial and +45 ° angle-ply stress-
strain relations showed discernible nonlinearity over those ranges. The maximum normal strain and shear strain for the test

configurations considered for this material system are not expected to exceed 500 and 250 I._, respectively. Theretore, E2
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andG_zestimatesweredeterminedfrom-50-1000laEand-50-500_t_strainranges,respectively,toachieveestimatesmore
representativeoftheintendedconfigurations.

Specimensfor measurementof thecoefficientof thermalexpansion(CTE)werealsomachinedfromtheunidirectional
laminate(0)20describedaboveandtestedbytwodifferentmethods;ASTME228-95andaninterferometricdilatometer
method.Bothquadraticandcubicinterpolationoftherawthermalexpansiondataareusedinpracticetogeneratelinearand
quadraticestimatesof theCTEwithtemperature,respectively.CubicinterpolationwasemployedwiththeASTME228-95
methodwhilequadraticinterpolationwasusedwiththeinterferometermethod.Thetwomethodswereinagreementforthe
overalltrendin theCTEdata,butthecubicinterpolationof thedatacollectedwiththeASTMstandardcapturedsignificant
higherordereffects,whichmaybeimportantforthermomechanicalmodeling.

A summaryof theglass-epoxythermomechanicalpropertiesis showninTable1. ThetabulatedCTEdataarefromthe
ASTME228-95method.

4.2 Nitinol Thermomechanical Properties

Data pertaining to the material property and performance characteristics of the Nitinol alloy were acquired through
thermomechanical testing performed at Lockheed Martin Astronautics (LMA) and at NASA LaRC. Although rigorous

training could have been performed on the alloy to generate a thermomechanically stable actuator material, the elevated cure

temperature of the glass-epoxy matrix material (176.7°C, 350°F) was considered to be high enough to risk degrading the

expensive training. Thus, thermomechanical testing was performed to quantify the material characteristics as a function of

thermal cycle. Two types of tests were performed; measurement of recovery force versus temperature at constant prestrain
level and measurement of load versus deflection at constant temperature. Discussion will focus on testing performed at LMA

first, followed by the testing performed at NASA LaRC.

Tests at LMA were performed on nominal 0.254 m (10 inch) gage lengths of the ribbon material. Recovery force tests were
performed to measure the maximum recovery force generated by the actuator material as a function of thermal cycle and
initial strain. Each sample was installed in a test rig, elongated a predetermined amount (2%, 3%, or 4c_), and immediately

tested. The recovery force was normalized to the average cross-sectional area of the prestrained ribbon to result in recovery
stress. The results of these tests are shown in Figure 11, indicated in the legend by LMA. It can be seen that in all cases the

maximum recovery stress diminishes rapidly out to about 10 thermal cycles and approaches an asymptotic value at about 50

cycles. Additional tests were performed with the 2% and 4% prestrain samples after the thermal cycling tests to measure the
variation of the stabilized recovery force with temperature. These tests constituted thermal cycle number 51 on those samples

and results are presented in Figure 12. Note that the recovery stress starts to increase at a temperature very near ambient

(24°C, 75°F). This phenomenon appears to be in disagreement with the DSC results, but closer inspection reveals that it is

not. The initial increase in the recovery force is associated with the transformation activity in the low-temperature "tail",
below the so-called As, of the exothermic peak in Figure 1. The abrupt change in the slope of the recovery stress vs.

temperature curve, near 40°C (104°F), is associated with At.

Tests were conducted to measure load versus deflection for all specimens involved in the recovery force tests, as well as a

specimen in the as-received condition, at ambient and elevated temperature (120°C, 250°F). Representative plots of the two
test conditions for the case of a sample prestrained 3% are shown in Figure 13, indicated in the legend by LMA. Young's
modulus estimates at ambient temperature were calculated from only the initial (0-25.5 MPa, 0-3.7 ksi) portion of the

ambient temperature stress-strain curve, while the overall slope of the elevated temperature data was used for elevated

Young's modulus estimates. Recall that the maximum normal strain is not expected to exceed 500 I-rE in the configurations
considered in this study. Therefore, evaluation of the ambient temperature modulus over the small range is considered

appropriate. The resulting modulus data and data summarizing the recovery force tests are shown in Table 2.

A couple of options exist, with the available recovery stress data from LMA, for modeling the behavior of the SMA material
in the hybrid composite for comparison to experiment. The SMAHC specimens could be thermally cycled enough (e.g., 50

times) to render the structure's properties stable and simply model the SMA recovery stress behavior according to Figure 12.
Alternatively, the variation of recovery stress with temperature at each thermal cycle can be estimated from the available
data. Construction of such a data set can be accomplished by normalizing the recovery stress versus temperature data at

thermal cycle 5 1 (Figure 12) to the corresponding maximum recovery stress versus thermal cycle data set (Figure 11 ). Usage
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of sucha datasetallowsmodelingof thematerialsystemwithoutanyrequirementon thermalcyclingof theSMAHC
specimens,buthasconsequencesaswillbeexplainedsubsequently.

TheNitinolrecoverystressandmodulusdatacollectedatLMAwereused,alongwiththeglass-epoxycharacterizationdata,
to modelthestaticanddynamicthermomechanicalbehaviorof theSMAHCbeamspecimensdescribedearlier.The
procedurejustdescribedwasemployedto constructthevariationof recoverystresswithtemperatureateachthermalcycle.
PredictedresponsesusingtheLMAdataandcorrespondingmeasuredresponseswerenotin goodagreement.A discussion
ofthereasonsforthedisagreementfollows.

Recallthatin theSMAHCspecimenfabricationprocedures,describedin theprevioussection,theNitinolribbonwas
prestrained4%. AlthoughdatawascollectedatLMAfor thisprestrainlevel,thereisa fundamentalinconsistency.The
ribbonusedin thefabricationprocedureswasnecessarilyreleasedfromtensionafterprestrainingandbeforeembeddingin
thecomposite,whereastherecoveryforcetestsat LMA wereperformedimmediatelyafterprestrainingandwithout
regripping.Also,theprestrainedribbonthatwasembeddedin thecompositespecimenswasstoredin labconditionsfor
approximatelyonemonthpriortoembedding.TheSMAHCbeamspecimenswerealsostoredapproximatelythreeto six
monthsaftercureandbetbrestaticanddynamictests.Thus,therewassomesuspicionthatnaturalagingoftheprestrained
microstructuremayhavesomeeffectontheactuatorperformance.Therefore,additionalrecoveryforceandmodulustests
wereperformedatNASALaRC.

TestsatNASALaRCwereperformedon0.127m(5 inch)gagelengthsof theribbonwith4%prestrainremainingfrom
specimenfabrication.Threesamplesweretested;oneto4thermalcyclesandtwoto50thermalcycles.Theribbonhadbeen
storedin labconditionsforapproximatelyelevenmonthsbetweentheprestrainprocessandthesecharacterizationtests.An
adaptationof theprestrainingapparatuswasusedtoconfigureNitinolribbonsamplesfor measurementof recoveryforce.
Theribbonwassubjectedtoaslightpreload4.45N (1 lbf) to keepthesampletautpriorto fixingthetestmachinegrips
(strokecontrol)andexposingthesampleto thermalcycling.Theribbonwaselectricallyheatedtoexpeditethethermal
cyclingprocess.Therecoveryforceandribbontemperatureatthreelocationsweremeasuredat2-secondintervalsduring
eachthermalcycle.Thespecimentemperaturewascycledfromambienttoapproximately148.9°C(300°F)overaduration
ofapproximately15minutes.Therawdatawasthenprocessedtoestimatetherecoverystresswithacommontemperature
resolutionandaveragedoverappropriatesamples.Theresultingrecoverystressversustemperaturedatacorrespondingtothe
secondthroughfourthandthefiftieththermalcycleareshowninFigure14. Thedatafor thefirstthermalcyclearenot
included,asthatinformationis applicableonlytotheSMAHCcurecycle.Themaximumrecoverystressversusthermal
cycle(averagedoverthetwosamplescycled50times)isshownincomparisontothecorrespondingLMAdatainFigure11.

It canbeseenbycomparingtheLMAandNASALaRCdatasets(Figures11and14)thattheperformanceof theNitinol
ribbonthatwasprestrained4%andreleasedismoresimilarto thatof the3%prestraindatacollectedatLMA. Curves
analogoustothoseinFigure14weregeneratedfromtheLMAdatabyaveraging2%and4%prestraindatasetsinFigure12
andscalingtheresultingloadvs.temperaturedatabythemaximumloadfor3%prestrainatcyclenumbers2,3,4and50in
Figure11. TheresultingcurvesareshowninFigure15.Notethatthe3%prestraincaseconstructedfromtheLMAdata
achievesroughlythesamemaximumrecoveryforce,butoveramuchmorenarrowtemperaturerange.Thistrendisareal
physicalphenomenonandmaybeattributabletonaturalagingeffectsordifferencesin thestateof thealloy.Alsonotethe
shapechangewiththermalcycleof therecoverystressvs.temperaturecurve,evidentin Figure12. Thiseffectis not
reflectedinthedatasetconstructedfromtheLMAdataandemphasizestheimportanceofquantifyingcorrectlytherecovery
stressfunctionalitywithtemperaturevs.thermalcycle.

TensiletestswereconductedinaccordancetoASTME8-00onthesamematerialwith4%prestrainusing0.127m(5inch)
gagelengths,withthesamegrippingapparatusasdescribedpreviously,todetermineestimatesof theYoung'smodulus.The
entireassembly,includinghigh-temperaturehydraulicgrips,wascontainedwithinaboxfurnace.Testswereconductedon3
ribbonsamplesateachof 7 temperatures;21.11°C(70°F),37.78°C(100°F),65.56°C(150°F),79.4°C(175°F),93.33°C
(200°F),121.1°C(250°F),and148.9°C(300°F).Estimatesfromthethreesampleswereaveragedandtheresultingmodulus
versustemperaturebehaviorisshowninFigure16. It canbeseeninFigure13thatthestress-strainbehaviorwassomewhat
differentfromthatobtainedatLMA,particularlyatambienttemperature.Thesestress-straindifferencesarereflectedinthe
modulusestimatesandappeartobeattributabletodifferencesin thestate(phasecontent,thermomechanicalhistory,etc.)of
thealloy.

Evidenceoftheeffectofalloy-statedifferencescanbeseenintheplotofstressversusstraininFigure17foraNASALaRC
ribbonsamplewith4%prestrain(referencesample)alongwithcorrespondingdatafromfourothersampleswithvarying
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typesof processing.All samplesweretestedatambienttemperatureandtheprocessedsamplesincludethetbllowing;1)a
specimenconstrainedin the4%prestrainedstateandheatedto 148.9°C(300°F),2)a samplewith4%prestrainthatwas
cooledto-18°C(0°F),3)asamplecooledto-18°C(0°F)priortoimpartingthe4%prestain,and4)asamplethatwastested
intheas-receivedstate(alsoforreference).Thevarioustreatmentswereintendedtoinvestigatetheeffectofdifferencesin
thephasecontent(i.e.,austenite,twinnedmartensite,SIM,andR-phase)onthestress-strainbehavior.Thesedataindicate
thatallspecimenswith4%prestrainexhibitsimilarstress-strainbehavior,exceptthesamplesubjectedtotheheatcycleunder
constraint.Thelattersampleisof asimilarstatetothatof theLMAtesting,butthestress-straindataarestill notin very
goodagreementwiththeLMAdata.Thereasonforthisdisagreementisnotknownatthistime.

Notethatthetemperaturerangeoverwhichthemodulusexhibitsthemostvariationin Figure16(-40°C-80°C)is more
narrowthantheAs-AfrangeinterpretedfromFigure14(-40°C-100°C).Thisobservationis consistentwiththedata
collectedby Crosset al._. Thelow-temperaturetransitionpointis associatedwith thetemperatureat whichthereis
significantausteniteandhigh-enoughtemperatureto not allowimmediatetransformationto martensiteuponstress
application(~40°C).Thehigh-temperaturetransitionpointcorrespondsto thetemperatureatwhichtheaustenitevolume
fractionbeginstodominate(~80°C).

It isnotedthatsomeadditionaldataisneededtofullycharacterizetheNitinolribbon.Publisheddatawasincorporatedfor
Poisson'sratio(0.3)andthetransversedirectionCTEforthemartensitic6.6e-6/°C(3.67e-6/°F)andaustenitic1le-6/°C
(6.11e-6/°F) phases as measurement of these properties as a function of temperature would require significant additional
effort and development. In fight of the previous discussions concerning the differences between the data collected at NASA

LaRC and LMA, the data collected at NASA LaRC are more representative of the thermomechanical properties of the Nitinol

ribbon actually embedded in the composite. These properties are tabulated in Table 3. Tabulated recovery stress versus
temperature data is provided only for thermal cycles 2-4 because those are the important cycle numbers for modeling of the
SMAHC specimen behavior reported in a separate paper t3. Note that the modulus data has been linearly interpolated within

the seven measurement temperatures to achieve the more refined temperature resolution. The 2-direction CTE has been

interpolated between two transition points noted in regard to Figure 16, 43.33°C (II0°F) and 82.22°C (180°F), to

approximate the variation within the reverse transformation temperature range. The "in-service" austenite start and finish

temperatures, as interpreted from the recovery stress versus temperature data, are 26.7°C (80°F) and 148.9°C (300°F),

respectively. However, the temperatures at which the recovery stress vs. temperature curve rapidly changes slope better
model the temperature range of property variation, as discussed previously.

The Nitinol characterization data collected at NASA LaRC (Table 3) was used along with the glass-epoxy properties (Table

1) to regenerate predictions of the SMAHC beam specimen performance. The new predictions were in excellent agreement
with experimental measurement L°'lj'13. Work is continuing with the Nitinol material to identify potential crystalline aging

effects and better understand the relationships between thermomechanical processing, microstructure, and thermomechanical

properties.

5. SUMMARY

The main objectives of this work were to develop practical hardware and processes for fabricating reliable shape memory

alloy hybrid composite (SMAHC) specimens and to characterize the material system of those specimens to enable numerical
predictions of their thermomechanical behavior. A Nitinol alloy in a ribbon form and a glass-epoxy composite matrix were

selected tbr this study. The resulting specimens are intended to demonstrate performance and provide experimental data for
analysis validation of adaptive stiffening behavior, which results when the prestrained actuators respond to a thermal

excitation in the presence of mechanical constraints at the structural boundaries.

Differential scanning calorimetry (DSC) and direct current plasma (DCP) emission spectroscopy tests were performed on the
Nitinol to determine the phase transformation and chemical composition of the alloy in the as-received state. The alloy

composition was determined to be 55.4Ni-44.3Ti-0.033C-0.19650-0.0011H-0.0075N-0.0075Fe; wt%. The characteristic

transformation temperatures were estimated at As=45°C (l13°F), At=60°C (140°F), M_=I7*C (62.6°F), and Mf---0°C (32°F).
The fact that the martensitic transformation exists completely below ambient temperature is not of significant consequence

for the intended application for the specimens.

A SMAHC laminate was manufactured from the glass-epoxy material system with a quasi-isotropic lamination (45/0/-

45/90)2s and Nitinol actuators, with a prestrain of 4%, embedded in discrete 0.011 m (0.45 inch) strips in four (0 °) of the 16
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layers.Beamspecimensweremachinedfromthelaminatesharingthecenterlinesof theembeddedNitinolstrips.Practical
solutionswereachievedforovercomingmaterialsprocessingandvariousspecimenfabricationissues.Suchissuesinclude
removalof actuatorpackagingstrain,avoidanceof rubber-likepseudoelasticityduringprestraining,enablingaccurateand
repeatableactuatorprestrain,reducingactuatorsensitivityto stressconcentrationsatmechanicalconstraints,andenabling
strategicactuatorplacementwhilemaintainingadesirableoverallvolumefraction.

Testswereperformedon theglass-epoxyandNitinolconstituentsto determinetheirthermomechanicalproperties.The
glass-epoxymatrixpropertiesshowedsignificantthermalnonlinearity.Thefollowingpropertieswereestimatedfromthe
experimentaldata;Et,Ez,v_z, Gl2, oq, and _2. The constrained recovery stress behavior of the Nitinol ribbon was measured
as a function of temperature, thermal cycle, and prestrain level (2'_, 3%, and 4%). Modulus values were estimated from the
stress-strain behavior of the specimens used in the recovery stress tests. These initial tests were conducted without releasing

the specimen after imparting the prestrain or between the recovery force and tensile tests. Recovery force and tensile tests

were also performed on samples of the Nitinol ribbon remaining from the SMAHC specimen fabrication process (4%
prestrain). Significant differences were found in the recovery force and stress-strain behavior relative to the initial tests.
Effects of natural aging and phase/thermoelastic state differences of the alloy may be contributing to these thermomechanical

property differences. Thermal nonlinearity of the Nitinol and composite matrix material, thermal cycle dependence of the
Nitinol, and aging/state effects on the Nitinol are all of utmost importance for modeling the behavior of SMAHC specimens.
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Table1:Summaryofthethermomechanicalpropertiesoftheglass-epoxyinprincipalmaterialcoordinates.

Temperature,°C I El,GPa E2,GPa vj2
21.1 49.30 20.00 0.29
26.7 49.30 19.86 0.29
37.8 49.16

82.2

48.9 49.02
60.0 48.82
65.6 48.75
71.1 48.75

48.68

148.9

Gl2,GPa
9.65

18.20

9.58
9.2419.44 0.29

18.96 0.29 8.89
18.48 0.29 8.55

0.29 8.41
0.2917.79

17.03 0.29
8.27
7.93

cq,lad°C
5.22

_2,_/°C
10.80

5.83 13.81

6.95 21.02

7.22 24.14

7.00 24.66

6.80

6.62

6.34

24.28

23.90

22.79

22.0093.3 48.61 16.20 0.29 7.58 6.25

104.4 48.61 15.31 0.29 6.76 6.39 21.92

115.6 48.54 14.41 0.29 6.00 6.77 22.66

121.1 48.54 14.00 0.29 5.58 6.97 23.33

126.7 48.61 13.45 0.29 5.17 7.18 24.01

137.8 48.68 12.41 0.29 4.27 7.42 25.47

48.82 11.38 0.29 3.45 7.63 26.28

Table 2: Summar of recovery force and tensile tests performed on the Nitinol ribbon at LMA.

Sample # Prestrain, %

1 1.99

2 3.08

3 3.07
4 4.00

5 3.95

6 N/A

# of Cycles

5O

5O

10

5O

10

Maximum Stress, MPa

Cycle 1 Cycle 50

429.4 296.0

533.0 363.3

517.1 396.3

586.3 412.7

579.2 442.1

N/A N/A

Young's Modulus, GPa
120°C Ambient

55.50 22.75

62.47 25. l0

56.06 24.41

55.64 24.34

55.92 24.20

59.78 14.41

Table 3: Summary of the thermomechanical properties of the Nitinol ribbon as determined by tests at NASA LaRC.

Temperature, °C

21.1

26.7

32.2
37.8

43.3

48.9

54.4

60.0

65.6

71.1

Cycle 2
0

2.13

7.23

16.18

31.92

70.65

135.4

192.0

240.5

297.1

Recovery Stress, MPa

] C_¢cle 3
0

1.28
5.53

13.20

28.95

70.23

137.9

199.6

256.6

301.8

C_/cle 4
0

2.13

7.23

14.05

28.52

78.74

151.9

217.9

269.4

309.8

E, GPa

27.17

24.82

22.41

20.06

25.72

31.37

36.96

42.61

48.27

54.88

c_2,pd°C

6.61

6.61

6.61

6.61
6.61

7.24

7.87

8.50

9.11

9.74

10.3776.7 341.8 341.8 341.3 61.43

82.2 374.5 373.7 372.0 64.19 11.00

87.8 402.2 399.2 399.2 63.16 11.00

93.3 425.6 419.2 418.8 62.06 11.00
98.9 449.9 438.8 437.5 63.92 11.00

104.4 469.0 451.6 448.2 65.78 11.00

110.0 481.0 464.8 458.8 67.64 11.00

115.6 491.6 475.8 467.3 69.50 11.00

121.1 500.1 485.6 472.9 71.36 11.00

126.7 508.6 490.3 478.8 70.81 11.00

496.7 481.8 70.33 11.00
485.2

132.2 515.0

137.8 520.5 500.5 69.78 11.00
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