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ABSTRACT

This study presents the testing methodology andpewent used for thermomechanical
characterization of a shape memory polymer (SMR)e experiments performed include uniaxial
tensile tests of 10, 25, 50, and 100% extensiomme ability for a SMP to recover an applied
deformation, known as the shape memory effect,iregja complex thermomechanical cycle and
experimental setup. A visual-photographic apparatas used to measure and record the distributed
strain field in the gage section. Using this straeasurement system, the deformation is captired a
multiple material points and compared for homoggnerhe results from representative tensile tests
are presented, in which the complete shape menféegtds captured for dogbone specimens.
Finally, the stress-strain and strain-time relaglips are compared for different values of applied
extension.
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1. INTRODUCTION

Shape memory polymers (SMPs) are polymers capabdeavering an applied strain through
thermal, optical, and/or electrical actuation. SM&sresent a relatively new class of shape memory
materials, which also includes shape memory al({®4As) and shape memory ceramics. Shape
memory materials have been widely researched, deed| and utilized in a wide range of
applications, including cutting-edge technologiestlie aerospace, medical, and oil exploration
industries [1-3].

Although both SMPs and SMAs have the ability tooker an apparently permanent
deformation, SMPs possess the unique ability toweicstrains of up to 400% [4]. In addition, SMPs
are lightweight, inexpensive, and possess excettertufacturability characteristics compared to
SMAs. On the other hand, SMPs typically have sté$f strength, and actuation stress values two to
three orders of magnitude lower than their metahterparts [5-10]. Consequently, SMPs present a
viable solution for applications, such as spacet@achedical, which demand large deformations at
reduced force levels. Other possible applicationshape memory polymers include biodegradable
sutures, repairable automobile skins, satellitet deployable space systems [6,9,11]. Additional
research efforts have focused on increasing theraibt low stiffness and low recovery stress of
SMPs via the development of composites, which ipa@te shape memory polymer as the matrix
material [11-15].

Initial experimental efforts by Tobushi, et al. pided data from small deformation
experiments [16], including experiments with apgplextensions of 2%, 4%, and 10%. The tests



investigated the stress-strain relationship of fiim, polyurethane SMPs. Additional efforts by
Tobushi, et al. included extending the thin filnes20% and 100% [8]. The thermomechanical
response was captured for specimens which weredbatdifferent temperatures. The preliminary
cyclic effects on the shape recovery were invesitja Further efforts were conducted by Liu, et al.
on the thermomechanical behavior of SMPs for smexilensions [5]. These experiments
characterized dogbone shaped specimens, and pdogiddence of the nonlinear strain recovery
behavior with respect to temperature. The magaiafdhe maximum applied extension was 9%, and
the stress increase due to constrained cooling wagstured. Additionally, Atli, et. al
thermomechanically characterized SMPs for appbedite extensions up to 75% [17]; however, the
complete strain recovery profile during heating wascaptured.

The objective of this work is to establish a mommplete understanding of the basic
thermomechanical aspects of shape memory polymasspart of this work, the complete strain
recovery profile will be captured for a wide rargfaleformations (10 to 100% extension) applied to
specimens conforming to ASTM standards. In Seiotine thermomechanical cycle necessary to
extract the shape memory effect is outlined ancheoted with the state of the molecular chains
during each thermomechanical segment. Sectioesepts the details of the experimental setup, the
material preparation, and the thermomechanicalimgadarameters. Finally, Section 4 compares
deformation results at multiple material pointsngothe gage length, and provides results for
thermomechanical experiments in which extensiond®f25, 50, and 100% are applied to the
specimens.

2. SHAPE MEMORY EFFECT

The ability for shape memory polymers to recoveseamingly permanent deformation is
known as the shape memory effect (SME). Although shape memory effect can be triggered
thermally, electrically, magnetically, or electrognatically [6,9], this work will focus on the
thermally activated SMPs. In general, the striectifra shape memory polymer can take a variety of
forms. For instance, SMPs can take the form ofmibally cross-linked glassy thermosets,
chemically cross-linked semi-crystalline rubbershygically cross-linked thermoplastics, or
physically cross-linked block copolymers [9].

2-1. Thermomechanical Cycle

All four types of shape memory polymers can recoaerapplied deformation, and the
molecular mechanisms which account for the shagm/ezy have been discussed in depth by Liu, et.
al. as well as Lendlein and Kelch [6]. The SMP#térest in this work are chemically cross-linked
thermosets, for which the cross-linked regions mad&irthe permanent shape of the polymer. In these
SMPs, the glass transition temperature serves egransition temperature necessary for shape
recovery.

At temperatures above the glass transition tempergly), the polymer is in the rubber phase,
and the stiffness is lower than when the tempeeatare below d Consequently, large scale
deformations are possible as the polymers aretalsi®ve and stretch with ease. On the other hand,
when T < T and the polymer is in the glass phase, the largkesnotions are prevented due to the
increased stiffness of the polymer. As a resulty emaller, local elastic motions are possibl¢hie
glass phase — resulting in smaller allowable eladtains. Furthermore, a material which undergoes
deformation in the rubber phase can be “frozeniiiayntaining the deformation while cooling to the
glass phase. Once in the glass phase, the polyafferted by the deformation process will be
indefinitely frozen until subsequent heating.

The complete thermomechanical cycle allowing fershape memory effect is outlined in the



following steps. In addition, Figure 1 presents thi#hermomechanical cycle in
stress-strain-temperature space and relateshetedhematic, molecular representation of the shape

memory effect.

1. Deform the SMP at T >gl{rubber phase) to the desired strain level. Byliog in the
rubber phase, large strains can be generated aculenl chains are stretched. The
entropy of the system is reduced due to the impdséamation.

2. Hold the applied strain constant, and cool to belgw The strain is stored as the stiff
glass phase prevents the molecular chains fromnmgpwand the new configuration is
termed the temporary shape.

3. Unload the specimen at T < {glass phase) to a predetermined stress levelzére
stress). The decrease in strain due to elast@adirlg in the glass phase is negligible.

4. Hold the stress level constant, and heat the nahterabove §. The molecular chains
are free to move, and return to their original ppement shape — a state of higher entropy

than the original shape.
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Figure 1 — Shape memory effect thermomechanical cgcand schematic molecular representation.

3. EXPERIMENTAL PROCEDURES

As noted in the previous section, the thermomedadrdycle for SMPs is detailed, and
consequently requires a detailed experimental @mbroThis section presents the experimental setup
and methods used to thermomechanically charactgrezEMPs.

3-1. Experimental Setup

All of the thermomechanical experiments on the shapmory polymers were performed in
the Materials Research Laboratory at NASA Langlegéarch Center. The tests were conducted on a
vertical electromechanical, screw-driven MTS AltarRT-1 test frame which utilized a MTS 1000



N load cell and a pair of MTS 2000 N pneumatic ggguipped with serrated grip faces. With the
pneumatic grips, a grip pressure can be consigtsalécted as to neither yield the specimen in the
grip region nor allow slipping of the material chgiloading. The grip pressure used for these tests
was 80 kPa.

In addition, the thermomechanical characterizatb®MPs requires a complex, multi-step
temperature profile with a controlled temperatuagéer Consequently, the experimental setup
included a Thermcraft temperature chamber and albetwith forced convection heating and liquid
nitrogen cooling. The temperature range of the ddl@mwas -73°C to 315°C. The temperature was
measured by a thermocouple placed near the gaga re@fthe specimen. Due to the large size of the
pneumatic grips and the fact that the thermocorgads the air surrounding the specimen, the stress
upon cooling the material while holding the defotima constant continues to increase after the
thermocouple indicates the system is at room teatpes. As a result, a dwell time is necessary upon
heating and cooling to allow the system to reaemtfal equilibrium. Figure 2a depicts the entire
experimental setup, and Figure 2b presents a vigleospecimen inside the pneumatic grips.

Figure 2 — (a) Complete experimental setup, (b) Vie inside temperature chamber,
and (c) Specimen ready for use with VIC 3D system.

Due to the low elastic modulus of shape memoryrpelg at high temperatures, non-contact
strain measurement techniques, such as opticaker eExtensometers, are generally more desirable
for thermomechanical characterization to ensure tioainterference of specimen motion occurs.
Furthermore, such techniques generally offer tipalsgity of measuring larger deformations. For the
experiments presented in this work, the strain maasured and recorded using the VIC 3D strain
measurement technique. Developed by CorrelateatiBos, Inc., the VIC 3D system provides the
ability to calculate the displacement of a matgui@ht in the three principal directions as weltias
full-field, two-dimensional strain measurementsheTVIC 3D system begins by taking a picture of
the reference configuration and a picture of thecspen at each specified time interval. At each
interval, the system calculates the displacemetiteomaterial point in the current configuratioornr
the reference configuration. Using these displards) the VIC 3D system calculates the complete
Lagrange strain tensor.

To prepare a specimen for use with this systenigtad¢ontrast ““speckled" pattern is painted
on the surface of the gauge area, as seen in R2gurBecause the SMP specimens were transparent,
a white base coat was first applied to the specnefhe random, black speckled pattern was
subsequently applied to achieve the necessaryasintr



3-2. Material Preparation

The material used for testing is the commerciaihgilable VerifleX™ from Cornerstone
Research Group, Inc.(CRG) in Dayton, Ohio. Veriflis a thermoset, polystyrene-based shape
memory polymer. With the current experimental ®estrictly on tension tests, the specimens were
prepared to a size adapted from the ASTM D638 Stah@iest Method for the Tensile Properties of
Plastics [18]. The resulting samples were in eodog shape with a 57.0 mm gauge length and a 12.7
mm x 3.2 mm cross-sectional area in the gauge medie total length of the specimens was 114.0
mm. A water jet cutting procedure, performed at®ALangley Research Center, was used to cut the
experimental specimens from the bulk material.héligh the water jet cutting procedure increases
the consistency of the specimen dimensions, theepore can create small stress waves at the end
point on each specimen. As a result, it is impurta have the start/finish point at the far entithe
specimen such that any material damage does reat diffe material response of the gage area.

3-3. Thermomechanical Parameters

The experimental characterization for the shape omgmpolymers followed the
thermomechanical cycle outlined in Section 2.1. e Bpecimen was placed in the temperature
chamber at room temperature. After placementegecimen, the temperature chamber was heated
from room temperature to approximately 30 degrdes/@ the glass transition temperatuge As
noted in the literature and verified by DSC expetins, the transition from the glass phase to the
rubber phase occurs over a range of temperat@ath®rithan an instantaneous transition46,B].
Consequently, the Tg is calculated from the DSQltesas approximately 60°C, with complete
transformation occurring at 85°C. The reversedi@mation (to the glass phase) is complete at 40°C
As a result, the specimen is heated to 90°C atr2itClo ensure the specimen is completely in the
rubber phase. After reaching thermal equilibritme specimen is loaded at a rate of 0.025
(mm/mm)/min to a predetermined extension (valuegireg from 10 to 100%). After reaching the
desired strain value, the deformation is held @mtsaind the specimen is cooled to room temperature
(25°C) at 2°C/min to ensure complete transformatmithe glass phase. The constrained cooling
induces a stress increase, which is consequeritdgded after cooling is complete. Finally, zerado
is maintained on the specimen, and the temperatagain raised to 90°C at 2°C/min to induce strain
recovery.

4. RESULTS

This section will present representative thermoraaial results for experiments with an
applied extension of 10 to 100%. In addition, s$tv@in calculated from the material displacement
will be compared with the strain calculated at thaterial points at the ends of the gage area, as
calculated via the VIC 3D system.

4-1. Strain Measurements

Due to the fact that the VIC 3D system is not cépabreal-time strain readings, the loading
segment of the thermomechanical load path is ctedirby the crosshead displacement. As a result,
the software loads the specimen to 10, 25, 50,1086 extension as calculated by the initial grip
separation and crosshead displacement. Using l8esystem to calculate the extension of the
specimen, the SMP specimens underwent extensicaygpobximately 9, 26, 53, and 107%.

Furthermore, the VIC system calculates the Lagrastgain for each material point, as



measured at individual pixels. In this study, #xél Lagrange strain was calculated for a material

point on each end of the gage area. These twinstrgere compared to the average axial Lagrange
strain for the entire gage area. The values fitwo end points as well as the average valueeof th

specimen are shown in Figure 3 for extensions @b100%. The Lagrange strain for the specimen
is approximately 30 and 160% in for the 25 and 1@3%&nsion experiments, respectively.
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Figure 3 — Comparison of Lagrange strains calculatkat end points of gage area and the average valt@ the
entire gage area for (a) 25% extension, (b) 100% tension.

4-2. Tensile Strain Recovery Experiments

Shape memory polymer specimens were stretchedi¢osgmns of 10, 25, 50, and 100%. A
representative result for each extension valudasva in Figure 4. These experiments are tested
according to the thermomechanical parameters eatlin Section 3.3. The specimens begin in a
stress-free and strain-free initial state at roemgerature (25°C) and are loaded under strainaontr
to the predetermined extension level, at which ptie deformation is held constant while the
temperature is cooled from 90°C to 25°C. The aanstd cooling induces a stress in the material,
which is subsequently unloaded upon completiomefoling procedure. After unloading, the zero
load is maintained, and the temperature is agasedao 90°C to allow for recovery of the applied
strain. Inthe 10, 25, and 50% extension experiméhe specimen has recovered all of the extension
applied to the material while T %TIn the 100% extension experiment, the valudefextension at
the end of the test is higher than that of theregfee configuration (at the end of the initial hegto
90°C). This difference in recoverable extensioly imaattributed to the inflection in the stressistr
portion of Figure 3b, which may indicate the onseyielding in the material.
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Figure 4 — Stress-strain-temperature results for tesile tests with extensions of 10% (top left), 25%op right),
50% (bottom left), and 100% (bottom right).

4-2-1. Stress-Strain Relationship

The stress-strain relationship for the 10, 50, Hd@P6 extension experiments is presented in
Figure 5a. In addition, Figure 5b focuses on dasling segment of the thermomechanical load path
in the experiments. From the figures, it is clgwat the stress-strain relationship follows the esam
trend during initial loading. At greater extensipthe stress-strain behavior deviates from aiinea
relationship and begins to flatten. A peak is obsg during the 100% extension experiment,
indicating the beginning of yielding in the specime
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Figure 5 — Stress-strain results for tensile testwith extensions of 10%, 50% and 100%
where (a) is the entire experiment, and (b) is thimading portion of the test.



4-2-2. Strain-Time Relationship

The strain-time relationship for the 10, 50, an@%0extension experiments is presented in
Figure 6. In this figure, the recovery time focka&xperiment is offset for purposes of comparison.
From the figure, it is clear that time rate of charof the extension during recovery is greater with
increasing values of extension, with the 10% extengxperiment displaying a gradual shape
recovery and the 100% extension experiment dispdpaivery sharp shape recovery.
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Figure 6 — Strain-time results for tensile experimets of 10%, 25, 50% and 100%extension.

5. CONCLUSIONS

A series of thermomechanical experiments were pegd on shape memory polymer
specimens such that the applied extensions wer25180, and 100%. The thermomechanical cycle
necessary for the shape memory effect was presantecelated to the state of the molecular chains
for the type of SMP chosen for the particular expents. In addition, the experimental setup was
constructed in such a way as to allow for largeodwétions of SMPs in a way such that the
temperature and load profiles could be easily aeiglfor arbitrary thermomechanical load paths. The
axial Lagrange strain of the two endpoints of thgegarea was compared to the average Lagrange
strain of the entire gage area, for which the ayexealue fell between the values of the two endpoin
In addition, the stress-strain behavior was andlype the tensile tests, in which the stress-strain
relationship deviated from linear at values of asten greater than 10%. Finally, analysis of the
results demonstrates the increased rate of shapeeny with increasing extension values.
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