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ABSTRACT

ENHANCING THE DEFORMABILITY OF ELASTIC MEMORY SANDWICH COMPOSITES WITH

ELASTIC MEMORY/CONVENTIONAL EPOXY HYBRID FACESHEETS

Shape memory polymer (SMP) composites have the ability to return repeatedithagetat accuracy,
to their cured geometry when heated. By taking advantage of the inherent alpitityroérs to exist in a
rubbery state at higher temperatures and in a glassy state at lower temperaturesestuapeomposites
(SMC), which incorporate continuous fiber reinforcement, can accommodate strains upctinfared
to the ultimate strain of 1% - 1.5% typical of carbon fiberagénospace composites. This is possible
because the rubbery modulus of an SMP is at least two orders of magnitude lower ¢charesponding
glassy modulus. The limited lateral stability provided by the matrikérrubbery state allows the fibers
to buckle elastically in sinusoidal waves, called microbuckles, under compressiveHaatic memory
composites (EMC) are a class of SMC that are able to use elastically storeeinsrginto exert force, and
thereby perform mechanical work. The elastic energy stored by the EMC isgeotteough to drive the
reverse deformation once cooled to the glassy state, but can be released with appli@ddesse the
EMC polymer can procesd into low density foam, the combination of EMC polymer foam with
continuous fiber EMC to create sandwich panels, is an attractive Altlgough microbuckling is the
enabling mechanism for strain accommodation, excessive microbuckling results in eittrerfaihate
(delamination) or fiber breakage. Therefore, the conformability EMCs is limited by the amouxiuoé fl
that can be achieved without incurring permanent damage. Bending an EMC in thg stdiieeinduces
compressive stress that is amplified by the difference in tensileoamgressive moduli. Whereas tension
is resisted by the fibers, compression is only supported by the matrix. This causemadtshibcation of
the neutral stress plane, from the center of the thickness, far toward theumaiémsion surface.
Additional bending section thickness from adding foam to the EMC to create a sandwih pa
exponentially raises the maximum stress on the compression surface. This leanleliaakling failure

of EMC sandwich panels at much lower deflections than typical solid laminate EMGshyfidthesized



that by incorporating permanently bonded conventional carbon epoxy composite pliesanphession
surface of the EMC sandwich panel, compression microbuckling failure can be delayed rigd¢reading
capability. Three base laminate configurations were selected to assess relativeatddity in 3-point
bending: shape memory only, shape memory with one conventional ply, and shape memadwo wit
conventional plies. To simulate local heating in some specimens, phenolic beyekisamded to the ends
of the foam core and incorporated into the laminate with conventional epoxy, to femasiteet shear.
The following variables were used to further investigate the viscoelasticibebbthe specimens: bending
temperature, deflection rate, and hold time at maximum deflection. Reselpresented in the form of
force-deflection, rather than stress-strain, as the use of shear end cosigin#inantly affected the shape
of the bent specimens. Global compression facesheet buckling into the foam core ddgpad thinning
that was more prominent at higher temperatures. Loading cycle hysteresis dusstoetiseation was
recorded at temperatures above and belgwding greatest below; TIt was found, regardless of variables,
that the specimens with hybrid elastic memory/conventional epoxy matrix fatseabbived more than

double the deflection of pure EMC.
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1 INTRODUCTION

The development of shape memory polymer composites seeks to capitalize on the fhiegstetif
weight ratio, structural tailorability, and possible complex geometry of conwanhtider reinfoced
composites, paired with the large strain recoverytagithally induced Young’s modulus change of shape
memory polymers (SMP)The class of SMP composites that are able to use stored strain energy to exert
force, and thereby perform mechanical work, are called Elastic Memory Caegp@&WVC) [1]. The term
“elastic memory” is derived from the non-hysteresis reversible change in the elastic modulus of SMPs [2].
Demonstrated applications of EMCs have included space deployable truss booms [i8¢, istetitors
[4], and hinges [5]; with potential commercial applicatiansthe recreation, toy, automotive, dan
construction industries [6].

The work described herein deals with the specific case of composite sapdwéth that are composed
of carbon fiber cloth-reinforced facesheets bonded to SMP foam core. The facesimain varying
numbers of thermosetting SMP matrix plies and conventional epoxy, EP&bkin 828 cured with

EPIKURE™ Curing Agent 3140 at 45 parts-per-hundred, matrix plies.

1.1 Material description

A shape memory polymer can be either a thermoset or thermoplastic that ctoripedlat an elevated
temperature to a secondary shape, but will return to its oragmablded shape, unassisted, if heated above
its glass transition temperature. The mechanism responsible for this mematyireféa individual
polymer may be proprietary, but the commonly accepted notion is a softening andpafadome fraction,
of the secondary chemical bonds above a specified temperature. This allowesiémeatton of molecular
chains to take place under applied load. If the strain is maintained whileriber&ture is sufficiently
reduced, the bonds or molecular chains re-form or re-solidify, lockingidd¢formed shape. The strain
energy is stored within the deformed polymer, until released by re-heatirig.allolvs large inelastic
strains, up to 300-400% [2][6][7], to be recoverékhe typical thermal deformation cycle in Figure 1-1

shows the following: Step 1. Load application at high temperature inducesesieaiyy. Step 2: Strain



is maintained as temperature is reduced. However, required applied load drops dranveitically
temperature. Step 3a: The strain is recovered, unassisted, withngheatstep 3b: The material is

constrained and exerts a force on the constraint.

A Stress

Temperature
Figure 1-1: Typical shape memory polymer thermal deformation cycle. [8]

An inherent property of polymers is the ability to exist in a rubbexg st higher temperatures and in
a glassy state at lower temperatures. “Because the glassy modulus of a polymer is at least two orders of
magnitude greater than its corresponding rubbery modulus, the stored elastis stoé$arge enough to
drive the reverse deformation in the glassy state as the load is removedes@iit,alre deformation can
be frozen in the glassy state on quenching or after cooling under load to the lower temperatures.” [9]

The shape memory polymer transitions between the glassy and rubberpetata temperature range,
rather than a specific activation temperature, Figure 1-2. The temperaturetativehgreatest change in
modulus occurs is estimated to be the glass transition temperature, Tg [7]. As deetbbgtidayashi

(198)[10], the Tg and glass transition temperature range can be adjusted to meetatiegopenditions

by varying the chemical composition.



. Glass
i transition

Young's Modulus

v

Te

Temperature

Figure 1-2: Polymer states with respect to d [7]
While capable of large strain recovery, unreinforced shape memory polymerdrsuffeelatively low

strength and low stiffness [11], even in the glassy state. By thetnotioal of fiber reinforcement, both

the in-service structural properties, as well as the storage modulus of tgalmzdn be improved
[2][12][13]. Since shape memory polymer can be processed with standard composite fabrication
techniques, such as wet layup and resin transfer molding, or pre-impregnated rictatfagrtial cure
(prepreg) [13], it holds great promise of use in many additional appfisaturrently served by
conventional polymer compositedVith proper design, EMCs have the advantage of adjustability and
collapsibility while maintaining the desired composite characteristic of $tiffness relative to weight

when glassy. Multiple custom sized parts could potentially be replaced by a singierzdié EMC part.

1.2 EMC sandwich panels

The typical composite sandwich structure consists of continuous fiber reinforcedepdagasheets
bonded to a relatively thick, but lower density material in the middle. TheHaets provide in-plane axial
strength to the outer surfaces of the sandwich, while the middle portion tsaskfm:ar between the
facesheets and increases the flexural rigidity of the overall sectioct®asing the thickness. This results
in stiff, lightweight parts that can be tailored, via fiber selection and oriemtab provide strength and

stiffness aligned with primary load paths. Honeycomb cellular cos&ructural foams commonly used



as the material between the facesheets. Figure 1-3 illustrates the potentitibn in weighto-stiffness

ratio by implementing a sandwich structure, over a solid laminate.

Solid Material Core Thickness Core Thickness
t 3t
v _
¥

v . | [T

t —— | 2t D gt

i A A
Stiffness 1.0 7.0 37.0
Flexural
Strength 1.0 3.5 9.2
Weight 1.0 1.03 1.06

Figure 1-3: Notional comparison of laminate properties vs. weight increase. [14]

Shape memory polymer is also capable of being processed into low density foam, whichilags si
albeit lower mechanical properties, to solid SMPs [15]. The availability of these foams tlagi&zl to
consider the combination of SMP foam with fiber-reinforced SMP, to create EMiwvigh panels. The
foam, which can be manufactured from the same base polymer as the matrix gpexfagesheets, can
contribute to an overall structure with uniform properties with respéketmo-mechanical responsghe
obvious advantage to conventional composites offered by sandwich construction can be rejilicSted

materials, further expanding the opportunities for implementing EMCs.

1.3  Problem description

The way in which a continuous fiber EMC accommodates strain differs fromdaSidP due to the
restriction imposed in the fiber direction. While the SMP matrix maintasniaiigge strain capability at
elevated temperature, the conformability of the overall structure is lifwtéte compression strength and
minimum radius of curvature of the fibers.

At elevated temperature, the SMP matrix has considerably softened, and the EMC camteddsfor

“packaged” by the application of out of plane load to produce bending. Since the ultimate strain of high



performance carbon fibers, typical of aerospace composite applications, is around 1%16], 3%t
EMCs can accommaodate strains up to 5% [16][17][18], the fibers buckle algqti8] in sinusoidal waves
[18], called microbuckles, Figure 1-4, under compressive ldhdike conventional composites-plane
microbuckling can occur in SMCs because the matrix in the soft resin state does noe pramigh lateral

stability to constrain the fiber [17].

Figure 1-4: Sinusoidal profile of microbuckled fibers in a unidirectional fiber EMC. [18]

Compression induced microbuckles manifest in either the transverse or in-planeiongnsaiown in
Figure 1-5, where in-plane buckling is the higher energy mode of the two \{IfZile microbuckling is
necessary to the conformability of shape memory composites, both forms obuekling can lead to
permanent damage if they exceed the capabilities of the constituent matarj@nd microbuckling can
lead to fiber breakage if the sinusoidal shape results in a bend radius too small for the fiber to
accommodate [18]. However, the far more common mode is out of plane buckling, due to the &inwver str
energy required to initiate microbuckling [17], which at increasing itulgl, eventually results in matrix

failure in the form of delaminations [18].



In-Plane Fiber Micro-Buckling

Figure 1-5: In-plane and outef-plane fiber micro-buckling. [19]

The amplitude of the microbuckles varies from a maximum at the inner surftoe lnénd to zero at
the neutral axis [19]. This is because the bend radius of the innermost surface must bddbie with
increasing radii through the laminate thickness, and the largest radiusoatéhsurface, Figure 1-f
the compression and tension stiffness of the laminate were equal, the neutral axid,aseéiplane in 3D,
and an axis in 2D, which is parallel to the bending surface and where the axiaisstess would be
located in the middle of the thickness. However, the stress required to coriffmesimfthe microbuckled
state is significantly lower than the large stresses required toamerthe axial stiffness of the fibers in
tension [18]. This requires the neutral axis to shift toward the sut&ce of the bend, as also shown by
Figure 1-6, such that moment equilibrium is maintained on both sides of the neutral axis [18].

At high levels of compression, microbuckling can lead to the secondary characteristic respdese of fi
kinking, which is a known precursor to material failure due to highly localizachsh the region of the
kink band [19]. While microbuckling is an elastic instability in the fibeirkikg is a geometric nonlinear
response that occurs locally at sites where the fibers are initially misalgtiesilbad path [19]. In a soft
matrix composite, the misalignment can be the result of microbuckling waatwr than only
manufacturing induced fiber misalignment. A kink band, shown in Figure 1-7, is thie oéghe
simultaneous rotation of a band of compression-loaded fibers. This results in laminate com@issive f

once the shear yield stress of the matrix material is exceeded [19].
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Figure 1-6: Neutral axis shift under compressive stress. [18]
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Figure 1-7: Rotation of compression-loaded fibers, resulting in kink band. [19]

The implementation of an EMC as a sandwich structure can further exacerbate thtoforwh
compression microbuckles by increasing the thickness of the laminate that needs to Qdédimited
stiffness of the SM foam core not only forces the compressive stress to be camlig@xabasively by
compression plies located furthest from the neutral axis, but also providesdgistance to transverse
buckling amplitude protruding into the core thickness. Lack of a stiff foundatidar the compression
plies makes it easier for microbuckles to grow in amplitude until globalibgdiilure occurs, resulting

in a single line of fiber fracture through all compression plies.
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Figure 1-8: Global buckling failure.

1.4 Background
Since it has been established that the mode of failure of a soft matrix compesitessive fiber
buckling, that is manifesteak either matrix failure (delamination) or fiber breakage, a method thas limi
the amount of compressive fiber buckling will improve the conformability of an EMC sandwich panel.
Applying tension to a laminate during bending is one method of reducing compressive load application
that was shown to be unsuccessful by Lips et al. [17] and not necessarily hglgfaimpbell and Magi
[19]. Lips et al. [17] describes bending an IM7 cloth laminate around a mandrel hingentpounds of
tension (by pulling on ends), caused concentrated kink failure at mid span latoleggth. Manually
constraining the kink formation at this point led to kink formation at other uncorstriications around
the mandrel. By using Spg steel in tension behind the sample, rather than tensionisgripée itself, a
more uniform pressure was applied, and the specimen was successfully bent 180° around the mandrel
[17][17]. The related work presented by Campbell and Magi [19], which includes bending afrisitmed
and non-tensioned laminates of the same material, concluded that tensioning does raotiyeetsg the
onset of microbuckling, or decrease fiber damage.
Campbell and Magi [19] did conclude that the diameter and stiffness of ttierceig fibers does
influence the formation of microbuckles and subsequent kink bands. In an investigatienossiuckling

and kinking of unidirectional circular rods in flexure, the comparison of IM7 and T300n&mg fibers



showed that the T300 fiber, which has a 40% greater diameter, and an extensional modulutes$ 20%
than IM7, delayed the formation of microbuckles and subsequent kink bands, until much greateresur
than the IM7 specimens. While it is of interest to note the influence offiesstion to the strain capability

of a laminate, it was chosen in this work to focus on methods external to chartbescionstituent
materials.

Similar to the work presented by Lips et al. [17], the addition of an external stpgdamtribute forming
pressure is a concept well applied in diaphragm forming of thermoplastic compdsitdse work by
Monaghan et al. [20], dual diaphragms are installed on both sides of the thermoplasételzand biaxial
tension is maintaineduring 3D forming by clamping around the edges. Experimental formingsentéra
diaphragm materials revealed that a stiffer diaphragm maintains er lvigttion force on the laminate
thereby producing a superior surface with no buckling or wrinkling. However, theldoerdhg pressure
required substantially increases with diaphragm stiffness.

The diaphragm forming of thermoplastic sandwich panels has been demonstrated byht&ethear
and Strohhacker [21], with panels produced by laminailags fabric reinforced skins to thermoplastic
honeycomb or foam cores. By applying a spring steel sheet on the compression sidendintich ganel,
forming between silicone double-diaphragproduced good 2D bending capability. The authors also
chose to heat only one side of the panel to prevent softening of the corke thWghivork accomplishes
good forming ability of fiber reinforced sandwich panels with a softenedxmaaterial, the size of the
diaphragm forming apparatus would limit the size of the EMC panels that coylcbdeced. Unlike
thermoplastic panels, thermoset polymer-based EMCs cannot be easily bonded or welded together to for
larger structures. In addition, the diaphragm forming process is meant to be eséadforming the panel,
precluding multiple bending cycles desired in an adjustable, reusable part.

The criteria of an axially stiff material with a small allowable bend radhat, will maintain good
traction to the compression surface of tiM@Epanel, and not require extensive tooling to implement, led
to the idea of a including a permanently bonded conventional FRP ply on the comprelesisurfsice.

Because the conventional polymer ply (or plies) is also fiber reinforazah e thought of as a potentially



tailorable permanent caul plate, that also serves to increase the functforedssof the EMC sandwich
when the a part is in use. The conventional thermoset epoxy matrix is still well ibe@yat elevated
forming temperatures used for the SMP.

Prior to this study, a mechanical engineering senior practicum projectah@miState University [22]
demonstrated the application of the shape memory sandwich construction on a confracesileseat.
The shape memory polymer epoxy and SM foam used in that projectp®&TDt, were the same as those
used in this study.The design of the seaconceptualized in Figure 1-9, featured lateral supports with
adjustable regions (highlighted in red) that could be customized to fitieutartdriver. The EMC matrix
softening at elevated temperature was activated by resistance heating wiedgé@s) embedded in the

laminate.

Figure 1-9: Conceptual heating zone model of conformable racing seat.[22]

The conformable seat design incorporated a ply of plain weave carbonaritdining a conventional
epoxy resin matrix (EPON Resin 828 cured with EPIKURE Curing Agent 3140), as the inner surface
ply of the otherwise EMC sandwich laminate [22]he manufacturability tests performed by the student
team demonstrated that a 100% shape memory sandwich panel would fail by compresdmresheet

buckling into the core when bent around a mandrel (Figure 1-10). By adding of a compre $soenpyr
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containing conventional epoxy, 828/3140, full bending around the mandrel could be achievedamighout
local core thinning [2Hrror! Reference source not found. This increase in capability was also

emonstrated in preliminary work, which took place under controlled conditions [23][24].

4 ™

Figure 1-10: Localized compression facesheet buckling of a 100% SM sandwich panel. [22]

It was observed that adding a ply containing conventional epoxy resulted in compreshmifoain
core at the center of the panel during bending. The increased pressure redpgretitte stiffer laminate
exceeded the compression strength of the core, causing thinning. Since thinndf etasgi the moment
of inertia of the sandwich panel, and thus reduce the flexural stiffnéwsdmnel in operation, the proposed
remedy was an elbow structure at predicted bend locations (Figurg [22]LaBy profiling the core to
include a locally thicker region at the center of bending, the minimum recgtifiness of the panel can be
maintained at all adjustment configurations.

It was further observed that the stiffening of the compression faceshétddds increased shear strain
in the core, which is most obvious at the ends of the panels. While lack of sheartslas¢oe end of
EMC panels is helpful to accommodating relative facesheet motion during bendieglis in lower
flexural stiffness during structural use. Additionally, shear closeoutbmagcessary to prevent exposure
of the core to the environment, provide ease of handling, or for aesthetic redsdhs. case of the
conformable racing seat, the shear end constraint was not a discrete component,dagueenoa of local
heating. The material surrounding the heated zone remained at a lower temperature ame #hexefo
higher stiffness. Shear end constraint due to incomplete heating of a part would also occuy \tlyerer

structures, for which it would be uneconomical to build a large heating chambetheBereasons, it is
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necessary to investigate the change in the behavior with and without shear constraints or whenishe panel

locally heated only in the region of bending.

(b)

Figure 1-11: Profiled core sample with one ply of conventional matrix epoxy. [22]
(a) Beam in neutral state before bending. (b) Shearing of the core is apparent at the sample end
during bending.

Previous work on SMCs and EMCs in the literature primarily focuses on solid taslimbich do not
have the potential flexural stiffness to weight advantages, nor the inherent drawbawtorporating a
low compression stiffness foam with an axial reinforcement that fails duektoflacit-of-plane stability.
Due to the complex viscoelastic behavior of shape memory polymers, numerous studies have proposed
kinematic and mathematical models to predict the response of the solid polymer tombehanical
cycles, with moderate success [25][26][27]. The additional interaction ofdhsner with fiber
reinforcements has resulted in general recommendations on the design of SMCH[1P][29], solid
laminate behavior prediction models [3][17][28][30][31], and micro-mechanicsdbaslculation of
critical fiber and matrix failure maes[11][13][18][19][29] [31][32]; but has proven exceedingly difficult

to predict on the whole with analytical methods. While some behavior of a SMC sanzbmiel can be

traced back to SMP kinematics and beam bending theory, the implementation pbSMC sandwich

12



technology can be currently best addressed by experimental characterization. Documentation of
experimental characterization testing for both SMPs and SMC solid laminates ahe asadable

[71112][17][18][19][25][29][30][33][34].

1.5 Thesis statement
The addition of conventional epoxy matrix plies to the compression surfaceslwip@ memory
composite sandwich panel can reduce or eliminate the buckling failure of theessinprside facesheet

during large-scale deformation in flexure.

1.6 Objectives of work

Demonstrate and quantitatively compare the improvement in bending capability of shapey me
sandwich panels by the addition of conventional matrix plies. lllustrate treelastic response of shape
memory composite sandwich panels in flexure with and without conventional matforecement, and

with and without shear end constraints.

1.7 Research approach

This research intends to demonstrate the viscoelastic and geometric response of shape m
composite sandwich panels by subjecting representative sandwich beams to thermo-mechamiesl vari
known to induce viscoelastic response in the neat polymer and shape memory compositeisatigslam
The bending capability of the beams is assessed in 3-point bending with and witlaoying number of
conventional matrix pliesShear end constraints are implemented in a portion of the beams by bonding
phenolic blocks to the ends of the shape memory foam core. Continuous fiber facesbrétevextthe
bond lines, incorporating the phenolic blocks into the sandwich structure. Due to thenbigllgubject
of this work, and the limited supply of elastic memory materials, the purpdlse ekperiments is not to
thoroughly characterize the response of the composite. Rather, it intgardsitte proof of concept and
to document gross trends expected in an application.

Variables identified as most likely to influence the response are:

e Bending temperature
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o Number of conventional polymer plies
e Shear end constraints to simulate local heating
e Loading rate

e Hold time at maximum strain

Test specimens are prepared by wet layup of plain weave carbon cloth with ctatiynavailable
thermoset resin and hardener system, CTD-DP5.1, developed by Composite Technology Development
(CTD), Incorporated. Foam core is also produced by CTD, by foaming the DP5.1 ep®™BResin
828 cured with EPIKURE" Curing Agent 3140 at 45 parts-per-hundred is used as the conventional epoxy.
Freestanding post cure for 6 hours at 120°C is performed on the room tempera&iifaroimate to raise
the T, of the conventional matrix above the maximum test temperature.

Bending tests are performed on an ATS 900 screw drive load frame, with theshegles and load
fixture enclosed in an environmental chamber.

The following observations were used to compare the behavior of the samples:

e Required bending load

e Deflection at failure

e Failure mode

e Core thickness

e Elastic strain component (spring back)
e Loading cycle hysteresis

e Pre- and post-failure stiffness
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2 THEORY

The behavior o shape memory composite sandwich panel in flexure strongly reflects the viscoelastic
properties of the shape memory matrix and foam core, but also includes stréanuradnodes that are
typical of fiber reinforced polymers or sandwich structur€be purpose of this section is to summarize
the individual characteristic behaviors that are typically used to dedtrbcomplex response of EMC

materials.

2.1 Overview of polymer viscoelastic behavior

Polymer materials exhib# time-dependent response to stress or strain input that is not purely, elast
nor purely viscous. While a linear elastic material is represémtackinematic model by a spring and a
viscous material by a dashpot, viscoelastic materials are typically modeledeasa@uhination of springs

and dashpots in series, in parallel, or both.

/\/\/ o ° o

(a) (b)

W W
(c) (d)

Figure 2-1: Kinematic model examples.
(a) elastic solid“spring”, (b) viscous fluid“dashpot”, (c) Kelvin solid, and (d) 3-parameter solid.

A purely elastic material is likened to a spring because it strains linedinlynereasing or decreasing
stress. The strain reaction is instantaneous, and does not change as long asréraaimesonstantAll
stress applied to the material is stored as strain energy, and is comptiegrable as mechanical work
that can be performed by the material as it returns to its unstrained shapemdiens due to external

loads are completely, and instantaneously reversible upon load removal.
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A purelyviscous material, such as a fluid, and likened to a dashpot, will straimitelgfin response
to applied constant stres3.herefore, the degree of strain response is dependent on the duration of load
application.There is no storage of mechanical energy in the viscous material as a résutitcdin. When
the applied external load is removed, the strain state will remain as-is, and is comple®lgiaile.

The viscoelastic models in Figure 2-1(c) and (d) simulate an initial strain waensl applied, due to
the spring, followed by additional time-dependent strain of the dashpot. The tiereddapportion of the
strain is creep. If the load is removed after creep has occurred, thestate of the material is not
immediately restored. Over time, the elastic energy stored in the springrattie dashpot, leading to
creep recovery.

The dependence on time can be demonstrated by the difference in the stresskati@ship curves
in loading and unloading (Figure 2-2). The path of the elastic stressairamindicates that regardless
of loading time and rate, the energy input to the material is the saheeestrgy output. The loop formed
by the viscoelastic stress-strain curve indicates the loss of recoverablefemrrthe material, since more
work is applied to cause deformation than is recoverable during strain recéegrg given material and
specified temperature, the amount of irrecoverable work is dependent on thdaateasfstrain input, the
maximum strain introduced, and the rate of unloading used to measure recovery.

o o(t)!

stress

/1 <" relaxation

4

3 creep e(t)

(a) (b)

Figure 2-2: Stress-strain curves.
(a) Elastic material and (b) viscoelastic material.
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Two time-dependent responses characteristic of viscoelastic polymers, which ttezlueeoverable
strain energy, are stress relaxation and creep. Since the deformation mechguisgs time for chain
uncoiling of the long polymer molecules [35], the degree of response is dependentroe theet which
the load or strain is applied. Stress relaxation is best observed asima tthegtress required to maintain
the strain level in a material over time (Figure 2-3). The limitrefsstrelaxation in a thermoset polymer
att = oo, is due to the presence of permanent bonds between polymer chains, called crossthkarewhi
absent in thermoplasticErosslinking also limits the maximum creep in a thermoset, and can prevent the

polymer chains from uncoiling enough to incur permanent residual deformation.

2

strain, €
stress, o

Thermoset A
Thermoplastic

time, t time, t

Figure 2-3: Stress relaxation result. [35]
If strain is held constant, and stress is a function of time, modulus must also vary with time [35]:
a(t) = gE(t) (2.1)
Creep is measurexba change in strain over time, under a constant applied stress (Figuigirly,

creep strain recovery, after stress is removed, is also used to characterize polymer response.

A
¢ Input w‘ Output
3 s
= $=)
7] w2
o s &
time, t time, t

Figure 2-4: Creep test result. [35]
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If stress is held constant, astlain is a function of time, then the response is defined by the creep
compliance, D(t).
e(t) = a,D(t), (2.2)
The creep compliance of a thermoset is governed by both mechanical chain entanglermessiamdc

but at equilibrium, the behavior is principally due to crosslinks [35].

L

Input

stress, o,

8

L

t time, t

Figure 2-5: Creep strain recovery. [35]

Hysteresis is used to describe both the loss of strain energy inpeinbatérial that is dissipated as heat
or permanent molecular rearrangement, as well as the rate-dependent delaynserbspveen input and
output. As shown in Figure 2-2(b), for a given loading-unloading cycle, the areathresidep formed by
the stress-strain plot quantifies the amount of irrecoverable energy thaedadost to the viscous
component of the material responge the case of a sufficiently crosslinked thermoset, the crosslinks will

prevent permanent molecular rearrangement, such that all strain energyatidhyprecoverable, given

a slow enough cycle rate.

2.2 Shape memory polymer behavior

When heated above the glassy state, shape memory polymers exhibit viscoelastia bihidatido
other polymers; however, the characteristics of these SMPs make them suitablgivie material
applications. As stated previously, SMPs have been shown to recover large strain800p100%
[2][6][7]- The strain-recovery cycle is highly repeatable, and recovery occurs auosignwith only the
application of heat. A dramatic change in mechanical properties occuns thighjlass transition region,

including a decrease in elastic modulus, which is typically around two orderagrfitude. Due to the
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significant sensitivity to temperature, a large amount of strain enerdpecstared in deformed, then cooled
state. This drives an increase in stress required to maintain the stian3MR is cooled. The strain
energy due to modulus change is so large that it can affect shape stabiiitiyting spring back, and it
can be used to provide actuation to other parts in a system upon reheating.

The Ty of CTD-DP-5.1 EMC epoxy resin, as determined by torsional DMA testing, is considered to be
71°C. From the resulting plot of shear modulus, G, complex shear modulus, G*, aatibtloé G*/G in
Figure 2-6, it was shown that modulus variations occur throughout a range ofaemggerather than at
a discrete activation value, with the most variation occurring bet@@emd 80°C. Theglof the resin is

defined as the peak of the G*/G curve, which occurs at 71°C [25].
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Figure 2-6: Torsional DMA plot of CTD-DP-5.1 [25]

2.3 Kinematic model

As with other polymers, attempts have been made to characterize the visubelaSttMPs with
kinematic modelsA well-referenced thermo-mechanical constitutive model has been proposed by Tobushi
et al. [26], based on testing of thermoplastic shape memory polyurethanes,randhf®ibasis of many
models in the current literature, both thermoplastic and thermbs#étis model E; andE; are moduli of
linear spring components that govern the elastic response of the maf@éeatlashpot, with viscosity,
replicates the sensitivity to loading rate, and determines the amount of load &pgleingE:. Element
w is effective at all temperatures, although the amount of resistance prowideary with temperature.

The significant component of this model is the slip elemgntyvhich expresses a value of irrecoverable
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strain related to internal friction, that is temperature dependent, but eadapéndent. Below the slip
initiation temperature the element is completely closed, and cButebe fully active. Some slip occurs

at intermediate temperatures, manifested as irrecoverable strain, and &gimeattially loaded. At high
temperatures, the slip element is fully open and sliding freely, Batktis not loaded and the deformation
stress is governed by onkyandE;. Neither the dashpot nor the slip element can store energy for recovery

by elastic strain at any temperature.

_,-'"‘\.‘H.’"\V,—
& £
Figure 2-7: Four-element constitutive model proposed by Tobushi et al. [26]

The relationship betweesd andec, the creep strain, is expressed by the equation,

es=C(ec— &) [26] (2.3)
whereg;, the critical strain value, and constddt are dependent on temperature. The stress-strain

relationship in the four-element model is expressed as,

e(t) = %‘%%—% [24] (2.4)

where p and A represent the viscosity and retardation time, respectively.

At elevated temperature, internal friction is small, which results in a lgrgend strain is easily
recovered, reflected by a sm@llvalue. Conversely, at low temperaturg,is small andC is large [26].
Therefore, this equation expresses that at elevated temperatures a large aoneaptsifain is both easily
produced and recovered, due to low internal friction and although only a small amave¢mimay be
produced at lower temperatures, a large portion of that creep is irrecoverahleebgavas produced by

overcoming high internal friction.
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A lumped-parameter model was proposed by Abrahamson et al.[25], based on testolad tBED-
DP5.1 epoxy. This moddFigure 2-8, which also includes four elements, principally differs from other
viscoelastic models by including a friction slider element that altbershange in elastic modulus to be
activated not only by a change in temperature, but also by induced steamnpatatures belowyT For the
purpose of this research, a key difference between the lumped-parameter motiet g@neviously
presented model proposed by Tobushi et al. [26], is the sf#ingvhich provides a constantly present

recovery force, meaning no plastic strain can be induced.

C
[+

(@) (b)

Figure 2-8 Viscoelastic lumped-parameter model. [25]
(a) Spring-dashpot diagram and (b) typical stress-strain curve.

The friction slider also controls the stress-strain relationshiphattransition between the two

characteristic elastic statedsigure 2-8. The stick-slip stress,,, is highly dependent on temperature,
decreasing to zero as temperatures approgchAT lower temperatures or low strains, the slider is fully

stuck and the response follows the first elastic moduiys, The k parameter, whicls restricted to the
range,0 < k < 1, and analogous to a coefficient of friction, controls the rate of tberslitransition
between stuck and slipping, whitg, is the threshold at which the change occusiceo,, is exceeded,

the elastic modulus becosg,. Equation 2.5 defines the relationship between the parameters, assuming a

constant test strain rat€,,;.

1+(sgn(&)/ocr)[EtétestnAt—on] } [25] 2

On+1 = On + EogteStAt {1+K(Sgn(é)/0'cr)[EtétestnAt_C"n]
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At is the numerical integration time step, n is the number of the time step, andis the stress at theh
time step[25]. The parameters, which vary with material temperature, wereddatmerically (Table

2-1), and the model was compared to test data with favorable results.

Table 2-1: Numerically derived constitutive parameters for CTDDP-5.1

Temperature (°C) E,(MPa) E;(MPa) o, (MPa) «

25 470 3.7 20 0.85
35 410 7.7 13 0.65
45 76 5.5 10 0.15
85 48 4.4 0.69 0.10
65 6.2 52 0.69 0.05
85 54 54

This indicates, that in addition to being temperature dependent, the dropitretahilus may also be
triggered by the strain level of the material. In this example, thedesisdin around 3% to 5%, which is
contrary to the typical assumption that the elastic modulus transition can omhabtemperatures within
or above the glass transition regidrhe published, of the CTD-DP5.1 epoxy is 71°C[25], but the strain-
activated modulus transition was demonstrated below 45°C, far below theallgeativated transition

region.

2.4 Spring back

After a composite panel is formed or bent to the desired curvature and coolechtmopktemperature,
it is of interest to predict what portion of the strain will be immediately recoveredlmmstrain-inducing
constraints are removed. For composites fabricated with CTD-DP5.1 epoxy, geometsjdereal stable
at room temperature, ~25°C in this work. If the EMC part is to be used astarsircemponent, the long-
term shape stability could significantly affect the performance of the YWérile a small amount of spring
back has been observed in the unreinforced polymer, as discussed in section 2.2.1, tieisnsmlldw at
storage temperatg that itis unlikely to overcome the internal friction in the polymer.

Once reinforcing fibers are added to the polymer, the fibers do not have an appretiabe in

properties within the ~20-90°C temperature range used for SM activatiomaanizin their stored strai
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energy when packaged. The addition of conventional epoxy plies to the EMC sandwich, achfdoriu
composite, means that not only the fibers, but also the conventional epoxy matstoreilstrain energy
that resists the deformed shape after cooling. At deformation temperatwenteational epoxy matrix
is still in the glassy state, thus any strain induced in this material is a sourastiof ehergy.

Elastic spring back observed by Lips et al. [17] during bending tests afltth?reinforced CTD-DP5.1
solid laminates averaged roughly 15°, from an initial angle of 180°, where the anglefinasl as the
inside angle formed by the ben8urthermore, informal observations revealed additional angle losses up
to 15° over a four-day period, for a total loss of 30°.

In the current research, the shape of the bent sandwich panels is not direstlyeshealowever, the
remaining load measured by the load cell to maintain the as-bend deflectiohe@geeple is cooled, is
considered an indication of the shape instability of the sanipie.spring back load will be compared to

the number of conventional matrix plies, and is predicted to increase sharply with added pli

2.5 Beam bending approximation

Although elementary beam theory is not properly applicable for large defiecthe method can be
used to indicate the relative bending capability of each sandwich configur&@nparisons have been
made with the calculated location of the neutral bending plane (neutral aiglell as the calculated
bending load, between the selected sample types. Since the samples are expaittegctasively in
compression, these properties are considered reasonable predictors of relative sanduvicbndéasy

capabilities.

2.6 Sandwich composite constituent material properties

Elastic memory polymer CTIDP-5.1 neat epoxy has published elastic moduli sfIB0 ksi below T,
and E = 1.0 ksi above T [17]. Assuming a 50% volume fraction of T300 plain weave carbon fabric, with
a modulus of 32 Msi, to shape memory matrix, the calculated tensile mbthdishape memory composite
lamina are E: 8.05 Msi below Ty, and E =~ 8.00 Msi above [. The shape memory matrix is not stiff enough

to prevent the fibers from buckling under compressive load. Therefore, thelibamdlthe fibers is
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ignored, and the neat epoxy elastic modulus, E = 1.0 ksi, was used as the compressive stiffness abgue T
prediction calculations.

Manufacturer data for EPOM Resin 828 cured with EPIKURE Curing Agent 3140 at 45 parts-per-
hundred specifies a tensile modulus of 420 ksi and a heat deflection temperatuf€ ¢86J7 The
conventional epoxy laminate, also at 50% ¥ assumed to have a moduli Bf~ 8.21 Msi at room
temperature. This modulus is assumed constant throughout all test temperatures.

Preliminary tension and compression tests of the shape memory foam produced averageoelaist

values of E = 3.40 ksi at 22°C, and E = 0.02 ksi at 90°C [22].

2.7 Sample predictions

The comparison of sandwich beam properties is made generically for a temperaturegpatwhfdr a
temperature aboveyTin order to discuss the basic differensebeam performanceSince failure of the
beam is expected to occur due to compression of the SM laminae, the distémoa)culated from the
neutral bending plane of the beam, to the maximum compression surface of the EMJ Ipisemeans
that smaller values af will allow a smaller bending radius at a given beam stiffness, as lotigeas
compression strength of the conventional epoxy plies is not exceeded. Predicted dygtiepy from

elastic beam theory, are summarized in Table 2-2.
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Table 2-2: Calculated beam section bending properties.

# # ¢ Bendin
. - . Nominal | (to SM Max. 9
Conventional Composition Compression ., . . Moment of
Temp . . . Thickness | Compression .
Composite (from compression surface) [Tension . Inertia
) . (in) Surface) .
Plies Plies . (in"4)
(in)
0 (3)SM, Core, (3)SM 3/3 .310 .155 1.16E-03
1 (1)CP, (2)SM, Core, (3)SM 3/3 .310 .145 1.16E-0
<T
g 2 (2)CP, (1)SM, Core, (3)SM 3/3 .310 134 1.17E-0]
1 (1)CP, (3)SM, Core, (3)SM 4/3 .320 132 1.38E-04
0 (3)SM, Core, (3)SM 3/3 .310 .295 2.95E-06
1 (1)CP, (2)SM, Core, (3)SM 3/3 .310 211 6.29E-04
> T,
g 2 (2)CP, (1)SM, Core, (3)SM 3/3 .310 .159 9.68E-04
1 (1)CP, (3)SM, Core, (3)SM 4/3 .320 .219 6.73E-04

CP = Conventional 828/3140, 45 phr epoxy matrix
SM = Shape Memory

The inclusion of conventional composite plies in the sandwich beam reduces the distantee
maximum EMC compression surface to the neutral plane in two ways; first bysimcrébe overall
stiffness of the compression facesheets, and secondly by replacing the outévi@oglids, which are
furthest from the center of the sandwich. BelayvwWhich represents the operational temperature of the
structural EMC, the change in bending stiffness is minimal, due to the sinaigticehoduli of the two
epoxy systems.Above Ty, both the location of the neutral plane and the moment of inertia anglstr
influenced by including a single conventional epoxy ply to the layup. Howevee wisimilar gain in
neutral plane location is achieved by replacing a second ply, the increase in stiffness is less gkonounce

The comparison can be made between replacing a SM ply with a conventional ply and adding a
conventional ply to an existing EMC sandwich panel. At elevated temperdigradditional ply adds
extra thickness and bending stiffness, but does not gffastpositively as replacing an SM ply. Also of
importance, is the concern that adding an extra ply creates an asymmetric lamieetiegadtructural

performance.
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2.8 Shear end constraints

Whether due to local heating or edge closeout of the sandwich laminate to prpasmg the open
cell core to moisture, unconstrained shearing of the core throughout the bendimgisagilikely in a
structural application.The 3-point bend tests conducted on the sandwich beams introduce both bending
moment and shear. Testing samples both with and without shear end constraidesprseful data on
how the bending progression differs when compression stress on the innecaadintsbe relieved by core

shear.

Extensional
Fold
Flat
Plate
Shear
Fold
tan '[J } -§7.5°
2

Figure 2-9: Ideal geometry of shear and extensional folding. [18]

The shear fold shown in Figure 2-9, provides an idealized view of flat panding with zero shear
resistance, assuming that the inner bend radius can be achieved without fdadsteeefThe lengths of
the inner and outer surfaces remain constant because the difference in curvet lgvegtienad results in
through-thickness shear, aadlifference in length at the panel endghe extensional fold that is also

shown, does not shear at the ends, however it assumes that the panel is capable o§shrdeegihening
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in the bend region, in response to induced compressive and tensile stresses. While a change in length may
be possible for the solid SM epoxy, the carbon fibers in the current sandwich beamseglozngtion of
the facesheets, even when the matrix is softened at elevated temperatures. Sared tmrafiression
buckling may occur on the inner plies before matrix failure, but not to the exiguited to facilitate

extensional folding.

2.9 Failure modes

Failure morphology of individual test specimens must be identified and documente@rinocoassess
and improve the flexural capabiliies oME and EMC/conventional epoxy matrix hybrid sandwich
structures. The primary failure modes associated with EMCs and sandwich gandiscussed in the

following paragraphs.

2.9.1 Matrix failure

The matrix of an SMC is most susceptible to failure in tension or sheating$uldelamination of the
plies. Although the solid epoxy is capable of recoverable strains up to 2{J6%w|, the strain restrictions
imposed by the addition of significantly stiffer carbon fibers, lithiesallowable composite strain to around
5% [16][17][18]. The fiber microbuckling motion that allows SMCs to achiewghéni effective
compression strains, relies on matrix shearing between the fibers, and abdlewenlime fraction lessens
the amount of strain required. A fiber volume fraction of 40% is recomrddnd&MC laminates in order
to allow fiber motion without causing matrix failure [17][32], whereas tyjgiaebon reinforced composites
contain around 60%. The plain weave fabric utilized in laminate preparation includes samnewarthat
both restrain large global buckling delaminations due to matrix faduageserve as local strain intensifiers,

by preventing strain distribution by fibers held beneath the tows.

2.9.2 Core failure
Foam failure initiates when excessive tensile, compressive, or shear strain caumggesrteaushing of
the cellular structure. DP5.1 foam is open celled, meaning that thin ligash@otgmer maintain a lattice-

like network that is permeable by other materials. Testing performed onilar dimermoset foam,
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TEMBO® 3XE, which is a trademarked proprietary foam also produced by Compositeolgghn
Development, demonstrated full strain recovery from up to 80% compression in multipke[@d! Shear
is assumed to be the primary strain that can initiate core failure bettme samples. Within the range of
bending allowed by the test fixture, shear strain to failure of the core is retdabtd be a limiting failure

mode.

2.9.3 Fiber failure
As discussed in section 1.3, the carbon fibers are the stiffest component of thelsatdwture, and

due to their extremely higagect ratio, are highly susceptible to compressive failure. The incomplete
lateral stability provided to the fibers by the SM epoxy abqy@lows some amount of compressive strain

to be accommodated by sinusoidal microbuckling of the fiber, which is a bending dedormatie, not

an axial strain [18]. Although fiber microbuckling is the primary medmarihat allows SMC materials to
achieve high bending strains, if the strain limits of the fiber is exxxkedmposite failure will occur [30].
If the strain limit is assumed to be due to the allowable curvature of ittebmckled fiber, then the
effective strain can be calculated from the maximum curvature induced by the sinusoidal shape [18

The maximum fiber curvature occurs at the peak, or trough, of the sinusoid and can be calculated by

12
Rf =

= e [18] (2.6)
where/ is the micro-buckle wavelength, angis the amplitude. The effective extensional strain due to
fiber bending is given by,

=—— [18] (2.7)
1

geffective
w2 E)

By combining equations (2.6) and (2.7), the maximum effective strain that can be amtateunoy a

microbuckled fiber can be calculated by,

1

-—1— 8 (2.8)

Sefﬁzctive
1+4m? (Tf)

for a known or experimentally determined allowable fiber curvature.

28



However, this effective strain calculation assumes the fiber is freietobuckle at an ideal wavelength.
In application, microbuckling is limited by fiber volume fraction, whichiredly related to the amount of
matrix shear strain required for fiber motion, as well as geometricallyaéddueckling initiation sites, such
as edges of overlapping tows in woven fabric, and regions of fiber misaligeimertb manufacturing.
The process of weaving also introduces kinking to the fibers at the overlapriecétrther reducing the
compressive strength of individual fibers. In testing, failure due to excessive fiber beagibhg wisible
on the compression surface as a line of fiber fracture through individual towsendr may not be
accompanied by delamination.

Woven fabrics are commonly used to improve ease of handling during composite fafyrastivell as
provide in-plane geometric stability transverse to loading, due to contaibarg firiented at 90° to the
load path. Bending tests documented by Gall et al. [11] on fabric reinforced EMCs, showed thaewnhile t
bend in a tow weaved under a transverse tow provided a favorable nucleation sitelfiog busd of plain
weave carbon fabric providadore consistently dispersed initiation sites as opposed to a few “highly

favorable” sites in a satin weave.

2.9.4 Sandwich panel failure

The failure of the sandwich panel can occur as either a single component faidisguased in the
previous paragraghor as a global failure, only made possible by the sandwich configuration. Global
failure modes include disbonding of the core/facing interface, indentation faildez concentrated loads,
and global buckling of the compression facesheet into the core [37]. While one modeeifial occur
initially, because that mode can then trigger and interact with other mbddmal failure mode can be
completely different [37].

In 3-point bend testing of typical non-SMC, sandwich panels the force-displacemenicantmdicate
the type of failure that has occurred. If the force decreases slowly amicoisty, core indentation failure

is indicated. Force spontaneously dropping is typical of delamination [38].
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3 EXPERIMENTAL

The size of the EMC sandwich panels used in testing were limited by thabéesainaterials, and the
maximum span of the 3-point load fixture. Additionally, it was decided t@umiy heat the entire test
sample, which required enclosure in a heating chamber.

The foam block that yielded the core material is shaped by the walls of the enclosure in which foaming
of the epoxy takes place. The upper surface rises unconstrained, not unlike a lead gabd it is known
that the bottom of the block has the highest density, with a decreasinty deadient through the height.

To reduce the difference in density between samples, the foam was sliced in sheets parallel tanthe foam
direction (Figure 3-1). Therefore each sample contained foam from both the uppmrangortions of

the block.

/ Free Edge

._\.
|
_.-i'_'.

.'I,—'."

Foamed
Direction

——— e —
%

Figure 3-1: Orientation of sandwich cores cut from an SMP foam block.
To promote core shear over core compression, it is desirable to make the beam satoptpaas
possible, to keep the flexural stiffness of the beam lower than the compressimsstdf the foam.
However, the maximum span of the 3-point loading rollers is 7.5 inches. &imagons in strain through

the depth of the beam are assumed to be minimal, a nominal width of 1.0 inches was cbiogglifyto

beam calculations.
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Figure 3-2: SMP foam slices.

3.1 Manufacturing

The trademarked TEMB®Othermoset shape memory resin and hardener system,DEB[; was
developed and provided by Composite Technology Development (CTD, Laf&@jteQpen cell foamed
blocks of DP5.1 were also provided by CTD. To produce core for the beam sampigte éoaim block
was sliced into 0.25-inch thick sheets with an industrial foam cutter. EYY@Nsin 828 cured with
EPIKURE™ Curing Agent 3140 at 45 parts-per-hundred produced conventional epoxy behavior where
needed. Plain weave T300 carbon fabric, 5.6 0z/ sq yd, provided continuous fiber reiafbrogeemted
at 0°/90° to the length of each beam.

Sandwich samples were prepared by wet layup in six-sample plates and had open coreverals or
closed-out with phenolic block®henolic blocks an inch in widtnd 0.25” thick were bonded to the ends
of the foam sheetwith 828/3140, for a total beam length of about 10”. Open-ended samplevere 9” in
length. The carbon cloth was impregnated with shape memory resin ovendtte df the foam and with
828/3140 over the phenolic blocks. In samples with hybrid compression-side facedtegstsmemory
resin was replaced by 828/3140 epoxy in one or more outer plies. One plginédmeel ply was applied
to the upper surface of the laminate to bleed off excess resin and cotton bseatlused to provide an

airflow path to the vacuum port. Once foam core was included in the laminate, sté@cglate, which

31



spanned between the phenolic blocks, was used to protect the core from being eahipresscuum
pressure when the curing epoxy produced exothermal heat. Loose phenolic blocks were used to support

the steel plate above lay ups without shear end constraints. Although, fiber vaatiom fivas not strictly

controlled during layup, it is assumed to be aroupd 0%, based on typical layup procedure.

Samples were initially cured under vacuum pressure at room temperature, abgubfat@ast 20
hours. The 828/3140 required a free-standing post cure at 120°C for six hgenetate a JJabove the
test temperatures, a requirement which was had been established by preGaesting. Analysis was
not performed on the proprietary materials provided by CTD. However, ivevdged with CTD that
exposure to the post cure process would not damage the EMC epoxy or foam. A diabetaroinate
stack up, relative to the flat tool surface is shown in Figure 3-3.

The step-by-step procedure for sample manufacture is as follows:

1. Bond foam core to phenolic blocks with conventional epoxy (if applicabf@lre at room
temperature, unconstrained, for 24 hours.
2. Lay-up conventional epoxy plies (if applicable). Cure at room temperature, under zagUior
24 hours.
3. Lay-up compression-side shape memory plies. Cure at room temperature, under vacuum bag, for
24 hours.
4. Bond core to compression facesheet. Cure at room temperature, under vacuum bag, for 24 hours.
5. Lay-up tension-side shape memory pli€xure at room temperature, under vacuum pressure, for
at least 20 hours.

6. Freestanding post cure for 6 hours at 120°C.
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Figure 3-3: Sandwich panel layup diagram, side view.
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Figure 3-4: Cure cycle.

Cured sandwich plates were mounted with double-sided tapeaacrificial MDF board that was
clamped to the worktable of a vertical mill. The tension surface of thples was always placed adjacent
to the MDF boardPlates were parted into 1” wide beams with a %4 diameter solid carbide end mill. Cutter
speed was set to 1300rpm, with a 1.5 inch per minute automatic feed rate. Cuttingri@dswsth a
Kennametal (uncoated solid carbide) end mill, and sample sets 6, 5, and 4 were fagetiyn Midway
through parting Set 3 the beam edges were becoming progressively rougher, gsphediadim. At this
time, the cutter was replaced with an OSG (titanium coated solid carbithe) sdme size. The remainder
of Set 3, and sets 2.5, 2, and 1 were sequentially completed. Each plate typically snektetples,
however some samples were discarded due to large defects (bubbles) in tidicbreyere identified

during layup.
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Based on facesheet composition and end condition, samples from each plate dredideritie

following table.

Table 3-1: Beam sample descriptions.

samole | Number of Number of Number of
P . Conventional Composition Compression/Tensior] End Condition
Set | Replicates . . .
Composite Plies Facesheet Plies

6 0 (3)SM, Core, (3)SM 3/3 Open

2 6 1 (1)CP, (2)SM, Core, (3)SM 3/3 Open

25 3 2 (2)CP, (1)SM, Core, (3)SM 3/3 Open
3 6 0 (3)SM, Core, (3)SM 3/3 Phenolic
4 6 1 (DHCP, (2)SM, Core, (3)SM 3/3 Phenolic
5 6 2 (2)CP, (1)SM, Core, (3)SM 3/3 Phenolic
6 7 1 (DCP, (3)SM, Core, (3)SM 4/3 Phenolic

CP = Traditional 828/3140, 45 phr epoxy matrix
SM = Shape Memory

Sample sets 1 and 3, which contained only shape memory plies, were deemed baseline dreups of t
open and shear end constrained beams, respectively.

A note about sample labeling convention:

While the numerical label identifies the foam slice and the laminate components, the sgjfmitea
(L, M, or H) refers to the originahtended test temperature (Low, Medium, or High). The “C” indicates
the compression or top side (when mounted in the bending fixture), which is theaftawas manufactured
in contact with the tool surface, and in practice appears at the bottomarhthate stack up diagrarfiB”
stands for “bottom”, referring to the denser lower portion of the foam block. During testing, the “B” end
of the sample was always placed on the left side of the center loading roltexwad in test assembly

photos. Photos documenting as-bent beam profiles are also taken at this orientation.
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Figure 3-5: Available test samples.

In order to increase the data generated with the available samples, some sampet frand from
Set 3, which had symmetric facesheets, were flipped over and used for ad@ititmar he rationale behind
the reuse is that failure occurs due to compression buckling of the fibedpes not degrade the tension

strength of the pliesBeam samples that were reused in this manner gained an additional “U” designation.

3.2 Testing

To simulate the packaging of the shape memory composite in a measureable nzupoart bending
test was used to simplistically represent the high point of a single sidddanal mandrel that is used to
shape the composite, while intermittent support is provided on the otherTdidedistance between the
two lower 0.5 diameter rollers is 7.5”. The center loading roller is 2.0” in diameter.

The cured shape memory epoxy requires temperatures within the glass traegitanor higher, in
order to achieve high strains without damage. This required a temperatuot eaclysure to be installed

around the bending fixture.
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Figure 3-6: Test chamber and 3-point bending satp.

To facilitate rapid cool down, thereby reducing overall test times, liquidgeitr vapor was injected
into the enclosure. The location of the injection point was chosen to avoid theghadatnent and air
recirculation port, but maximize the distance from the sample, promatifgrm cooling. Two
thermocouples were installed in the chamber. The free air thermocouple wasinpattaghe LabVIEW
software program that controlled the heater and liquid nitrogen inlet vdlkie.second thermocouple was
positioned in contact with the upper roller surface, and used in comparisahevitbe air thermocouple
output to monitor the heating state of the large mass components.

A combined compliance measurement of the load frame and test fixtures wasednfdgth isotropic
aluminum and steel beams. The details of the measurement and calculations can belieuhpidendix.

Prior to testing, width and thickness of each sample was measured at theeléamas well as the
ends of the foam core section. Pre-test, room temperature stiffness wdsddgoloading the samples to

a total deflection of 0.045 inches, at a rateD65”/min.

3.3 Elevated temperature stiffness
Samples with the lowest load to failure, those with shape memory pliesaarly put through a load-

unload cycle at 42°C, 56°C, and 80°C. Samples were heated and held at test temperatoirérfoma
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of 10 minutes to reach thermal equilibrium, followed by loading &tfih. to a deflection of the maximum
deflection allowed by the bend fixture. Maximum deflection was approximately 1.65”, but varied due to
individual sample thickness. Deflection was measured from first contactiotlieg roller with the upper
surface.

Due to unexpected early failure of samples bent at 42°C, the test tempensrgaegpdated to 56°C,
71°C, and 80°C, in a second round of stiffness testing. Samples that did hefdad the maximum
fixture-allowed deflection was reached, were retestdd)”’/min loading ra¢. At least one sample from

each laminate configuration was tested.

3.4 Bending rate dependence

To observe the change in response due to bending rate and temperature, one sample ofveaxh type
loaded to a deflection of 1.0”, first at a rate of 0.1””/min, then at 1.0”/min. Samples were held at 1”” deflection
for 10 minutes before unloading at the same rate. Tests were performed a@h@, §05C. Sampkwere
tested in the order indicated by the table below. If failure was achieved, theisrissstswere cancelled

for that sample.

Table 3-2: Test order of bending rate samples.

Test Order 1 2 3 4 5 6
Temperature (°C) 56 71 56 71 80 80
Load Rate (in/min) 0.1 0.1 1 1 0.1 1

3.5 Incremental bending

Samples were heated and heldadst temperature of 56°C or 80°C for a minimum of 10 minutes,
followed by loading at 0:3min. to an initial deflection of 0.5”. Heating elements were then turned OFF,
and the sample was immediately cooled to room temperature by adding liquid nitrogetoviieotest
chamber. Once cooled, the load application rollerra@sved at 0.1”/min until the applied load returned
to zero. The sample was removed from the fixture in the as-bent shape andéhfpeictdications of

failure. If damage to the laminate was not apparent, the test was repeated to a deflection of 0.1” further
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than the previous cycle, until failure was observed. Between loading cycles, samples were heated to 90°C
for 10 minutes and allowed to cool to room temperature on a flat surface. Mithspaess was measured

with a dial caliper beforee-testing.

3.6 Local heating

Two sandwich beamwith conventional epoxy plies, but without phenolic shear constraints, were
loosely wrapped with woven fiberglass heating tape about the middle seven inchbsatedl to
approximately 85°C, measured at the surface of the upper face Ebeétwas applied at 0.1”/min. The
first sample, from Set 2, was deflected 0.5 inches. The second sample, fr@rh, Seds deflected 0.6
inches. The bent shape was retained by cooling with liquid nitrogen vElperoom temperature samples

were removed from the fixture, and resulting curvature was photographed.

Figure 3-7: Local heating with fiberglass heating tape.

3.7 Damage inspection
Samples were heated to 90°C for 10 minutes to relax any residual stress, and a fieal fuskness
mid-span thickness measurement was taken. Room temperature stiffness was measadidgoyol

0.045” at .005”/min.

3.8  Failure microscopy
One sample of each from sets 3, 4, and 5, which had been previously testad¢oafal0O°C, was

reloadedht 0.5”/min and 80°C, and frozen in the bent shape. Samples 4 and 5, which contained one and
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two conventional resin pli@sspectively, were frozen at 1.6” deflection, and Sample 3 at 1.2” of deflection.

The deflections chosen were the highest each sample had experienced in Tstirdamaged middle
sections were cut out with a diamond abrasive cutting wheel on a water tledad and then wet sanded
with 100, 400, and 800 grit sandpap@bX magnified photos of the polished surfaces were taken, first in

the bent state and secondarily in the stress relaxed state.

3.9 Profiled foam beam

A single sample with profiled cor@.25” thick on the ends and increasing to maximum thickness of
0.35” at mid-span, was loaded at room temperature and at 80°C for comparisonla iearhs. The
facesheet composition of the sample was the same as Set 4, with one conventional epogly oattie
upper surface. All thickness increase was added to the tension side of the sduilglfie compression

surface remained levekFoam was cut by hand, so thickness is approximate.

0.4
0.35
0.3
0.25
0.2 1y —e—Begin
01 =—-3738x 10"°x% + 8913 x 10 4x5 — 7.552 x 10 3x* + 2.613 x 107 2x3 g
15 73289 x 1072x? + 3.058 x 10 2x + .250 —m End
01 R>=19.837x 10! P oly. (E nd)
0.05
0 SO~~~
0 1 2 3 4 5 6 7 8

Figure 3-8: Thickness of profiled foam beam vs. span location.
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4 RESULTS AND DISCUSSDN

4.1 Room temperature stiffness

The room temperature (~25°C) stiffseof the beam configurations were compared at very low
deflection, approximately.05”. To prevent accidental overloading, and negate the possibility of viscous
effects on the stiffness measurement, deflection was performed at 0.005”/minute. Table 4-1 and Figure 4-1
summarize these results. Note that beams from Sample Set 1 are consideresdlitie dfeopen-ended
samples, and likewise Sample Set 3 is the baseline of shear-constrained samples. dhthelatacar
constrained sample sets contained more than twice as much scatter as their apeowndeparts, as

shown by the plot in Figure 4-1.

Table 4-1: Flexural stiffness at room temperature.

Flexural Stiffness (Ibf/in)
Pre-Test - Room Temperature
(Scaled to 1" nominal width)

St | Congion | COMPOSIEON oo lihied oim | peviaion | % Baseline
Open (3)SM, Core, (3)SM 6 164.5 7.4 100%
2 Open (2)CP, (2)SM, Core, (3)SM 6 179.8 5.2 109%
2.5 Open (2)CP, (1)SM, Core, (3)SM 3 175.3 5.5 107%
3 Phenolic (3)SM, Core, (3)SM 6 154.9 11.6 100%
4 Phenolic (1CP, (2)SM, Core, (3)SM 6 146.4 195 95%
5 Phenolic (2)CP, (1)SM, Core, (3)SM 6 134.7 16.0 87%
6 Phenolic (2)CP, (3)SM, Core, (3)SM 6 138.4 18.8 89%

CP = Traditional 828/3140, 45 phr epoxy matrix
SM = Shape Memory

Stiffness comparisons at room temperature and in the very low deflection ranegexpected to reflect
the trend predicted with elastic beam bending theory in Table 2-2. The shape raathopnventional
epoxies produce approximately the same stiffness at room temperature, although the T300iita¢esd
the properties. Due to the high variation in the stiffness valufe ehd-constrained beams, and the limited

number of samples available, a statistical difference in stiffness due to addingrstheonstraints was not

shown.
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Figure 4-1: Flexural stiffness comparison at room temperature.

4.2  Effects of temperature and end constraint

The load required to bend the samples was highly dependent on the test temperature duwaltdithe m
transition that occurs as the shape memory material enters or exceeds the glass transitiortifegiss. S
variation within temperature ranges that remained above or below the transitmm e not directly
studied, but appeared to be negligiblhe end condition of the beams also influenced the required load,
but more significantly affected the as-bent curvature and the failure nfaate¢he purpose of this work,
failure is defined as incurring irrecoverable damagihough some beams were considet&dled”, all

were still capable of some bending resistance due to intact lower plies.

4.3  SM-only comparison

Beams containing the same ply stack up, symmetric with only shape memory plheih leither open
ends or shear constrained ends, are comparédse samples represent the baseline condition, shape
memory only, globally heated and locally heated. The differences between aesuatsibuted solely to

temperatures and end constraints. The force vs. deflection plots in Figure gtratdluhat although end
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constraints affect the maximum values, the profiles remain similar. Theesketest temperatures are

below (42°C), within (56°C), and above (80°C) the glass transition region.
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Figure 4-2: Force vs. Deflection curves by end condition, shape memory plies only.
(a) Open-ended beams, and (b) Shear constradbeams. Room temperature (~25°C) bending was
performed at .005”/minute, and heated tests were at 0.20”/minute.

While there is an increase in force to bend the end constrained beam,ah800&d curve comparison
at 42°C shows a lower initial stiffness. The most obvious difference caused by enmdintnatas an
apparent failure of 3-laat 0.20” of deflection. The corresponding open-ended beam, 1-L-b, deflected over
0.5” without damage. After the abrupt load dedfailure, the upper plies were observed to gap away from
the load cylinder, in Figure 4-3. However, the beam was still capable of carrying some load.

As discussed in Paragraph 2.8, the upper skin is unable to shorten under compressive foddedue

reinforcing fibers, and buckles globally into the core, creating a muletetipend radius at the center of

the beam. This makes it evident that the localized failure is not & oés$ké load cylinder crushing the

upper plies.
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Figure 4-3: 3-L-a @ 42° ~1.2
Failure occurred at approximately 0.20”, based on force vs. deflection data.

Figure 4-4: 1-L-a @ 42° ~1.0”.
Immediately after failure, based on force vs. deflection data.

Due to unexpectedly early failure of Sample 3;lat just 0.20” of deflection when bent at 42°C, th
test temperatures were modified to 56°C, 71°C, and 80°C in subsequent teatsadsumed that the lower
temperature reduced the strain to failure of the matrix, such that fib@wanovement to accommodate
bending was significantly restricted. Since the end constraints preverdctghéets from unloading
through core shear, more fiber microbuckling is required in the upper faceshediidee ag given
deflection, compared to an open-ended beam.

Figure 4-5 shows the full force vs. deflection curves of the test temperatumaestd2°C and 80°C.
At 80°C,both beams deflect over 1” without failure. At 42°C, both load curves indicate a failure event just
prior to 1” of deflection. Although the capability of 3-L-a had been significantly reduced by the first failure,
it carried additional load at increasing deflection until the second failtine.similarity of the deflection
at failure of the two beams suggests a common failure mode.

While the potential for failure at such a small portion of the testréxtavel,0.20” of 1.6” available,
was considered unacceptable for comparing beam bending capability, it should be ndatedQi20 of
deflection that was achieved prior to failure would be considered extrélmeilyie for a conventional

sandwich panel.
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Figure 4-5: Force vs deflection curves by temperature, SM-only.
(a) 42°C, and (b) 80°C.

4.4 Beam curvature

Although the following photos were taken toward the end of testing, in all test stages the differences in
curvature between the beam configurations were noted. These images are incluttebdtrevisualize
the bending load results and failure modes that will be discussed in subsequent sEc@aitmracteristic
curvature of each beam type did not vary with bending temperature or ratee JS. Deflection data
associated with these photos is foim&ection 4.10.

The characteristic shape of each sample type, when bent, is compared in Figure 4-6-igtovagh12.
The differences in resulting curvature are primarily the result of thre bemposition, and are most easily
compared after bending at 80°C and subsequent cooling to lock in the shape. Depeindifigpamttype,
some samples reached the maximum deflection allowed by the load fixture withowableséailure,

either visually or by Force vs. Deflection curve examination.

Figure 4-6: 1-Hb at 1.0” — Failure onsa.
Shape memory only
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Figure 4-7: 2-L-b at 1.6” — No failure at maximum deflection.
One conventional matrix ply.

Figure 4-8: 2.5-La at 1.6” — No failure at maximum deflection.
Two conventional matrix plies.

Figure 4-9: U-3-M-a at 0.6” — Failure onset.
Shape memory only with shear constraint.

Figure 4-10: 4-M5b at 1.3” — Failure onset.
One conventional matrix ply with shear constraint.

Figure 4-11: 5-M+ at 1.5” — Failure onset.
Two conventional matrix plies with shear constraint.
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Figure 4-12: 6-M-b at 0.8” — Failure onset.
One conventional matrix ply added to compression surface and shear constrained. (Facesheets are
no longer symmetric.)

Notice that the open-ended beams exhibit little to no mid-span thinning, eddle of the shear-
constrained beams is clearly thinner in the center where the foam has compFestgeztmore, the center
bend radius of the open-ended beams is larger and extends toward the ends of the beam, ardsnd she
prominent in the foam. As discussed in section 2.8, if a flat panel is fahdkthe inner and outer lengths
remain equal, then compressive and tensile bending stresses can be relieved bythiuinegs shear.
Adding phenolic blocks prevents through-thickness shear, which otherwise results in tist gtesin at
the ends. As deflection advances, the compressive stress in the upper facesheet overcomé®edhe lim
buckling stability provided by the core, and the facesheet begins to buckléyglafta the amplitude of
the buckling wave causing mid-span core compression. The resistance of thecoemees as it is
compressed, limiting the amplitude of the wave. If bending continues and the compressive ofdtalus
core prevents the mid-span peak from growing, then the buckling wavelength begfiogtén and inverse
peaks develop near the ends of the bedrhe inverted peaks apply tension to the core, rather than
compression, as they growA distinguishing feature of the shear-constrained samples is the reversed
bending curvature caused by these end peaks, in the region close to the phenoli¢rblocktons of the

greatest reversed curvature, it appears that the foam may be locally thickenegsalt of tension.

4.5 Effects of deflection rate and hold time

In the interest of reducing test time, shape memory only samples from SeGgtahdvere loaded at
several deflection rates, at 80°C, and the resulting Force vs. Deflecti@s evere compared. Figure 4-13
compares the data collected. By comparing the results of loading at 0.05”/min and at 0.5”/min, where one

rate is an order of magnitude faster than the other, it was concluded that the force tedpanedat 80°C
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is not highly dependent on deflection rate that 0.02”’/minute is unnecessarily slow. Ply failure did not
occur at 80°C, when the shape memory epoxy was softest and least able to supjensthibdis it was
assumed that increasing the deflection rate at lower temperatures was also reasonable.

1.6 —
3-H-b @& 0.02" fmin
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Figure 4-13: Force vs. deflection curves at 80°C, with varied deflection rates.

Stress relaxation was observed during the time the load frame was stopped, whichyweasut two
minutes during the tests of Sample 3-H-b, and between five and eight minuigstbartests of Sample
1-H-b. The difference in loading and unloading curves generated hysteresisnbep the data was
plotted, indicating that the sample beams do not exhibit a purely elastiosedpdoad applicationf the

load were to continue to drop to zero over a longer hold time, the response would be considered viscous.

4,6 Varied deflection rate at three temperatures

The effect of load applicatioate on “perceived stiffness” was evaluated at 56°C, 71°C, and 80T@e
loading rates chosen were 0.1”/min and 1.0”/min. In the cases of 1-M-b and 3-M-b, because the samples
with only SM facesheets should be symmetric, these were further testeddmsidence they had failed.

Table 4-2 summarizes the maximum forces recorded during load application.
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Table 4-2: Maximum bending force with rate and temperature variation.

Maximum Applied Force (Ibf) During Deflection From 0.0" to 1.0"
(Scaled to 1" Nominal Width)
Temperature (°C) 56 71 80
Bend Rate (in/min) | 0.1 1.0 ;Z"C:zr;:e 0.1 1.0 i:‘::IZ:see 0.1 1.0 i(?c:(;:see
1-M-b 2.80 4.45 59% 1.66 1.74 5% 1.62* 1.85* 15%
2-H-b 2.95 451 53% 1.92 2.00 4% 1.84 1.92 5%
2.5-H-a 3.09 4.66 51% 2.03 2.15 6% 1.98 2.10 6%
3-M-b 2.68 4.34 62% 1.88 1.9 2% 1.84* 1.81* -2%
4-M-b 4.05 5.57 37% 2.64 2.88 9% 2.40 2.59 8%
5-H-b 3.66 4.90 34% 2.60 2.73 5% 2.39 2.50 5%

*Sample failed in previous test and was reused upkidan.
*3-M-a was substituted in this test due to failure of 3-M-revious test.

Test results were significantly affected by bending rate at 56°C, arutlynaffected at 71°C and 80°C.

The data supports the conclusion that bending stiffness is rate dependent, andetheatéssrequire
application of greater force, for a given temperature. At 56°C, beamsdiglier percentages of SM
material were more sensitive to bending rate, with 1-M-b and 3-M-b requiring h&f%r maximum

forces to bend at 1.0”/min than at 0.1”/min. Substitution of SM plies with conventional plies caused
decreased sensitivity to bending rate, commensurate to the number of plies replaced.

The addition of conventional plies at 56°C had a greater effect on end-awetstibe@ams than on their
open-ended counterparts. Whereas the the open-ended configuratiéfowfasm 59% to 53%) less
sensitive to bending rate with one conventional ply, the replacement of one 8ithpdyconventional ply
in an end-constrained configuration resulted in force increase percentag®refitaot 62% to 37% At
71°C and 80°C, the data did not support an increase or decrease in getsitiending rate due to the
addition of conventional fds. At all temperatures and all rates the force required to bend the beams was
increased by the inclusion of conventional plies in the facesheets. Two beam failures occurred during this
set of tests, both at 71°C, and both in SM only beams. 1-Mdal f&il0.1”/min and was not tested at

1.0”/min. 3-M-b failed at 1.0”/min after a successful test at 0.1”/min. A correlation between bending rate
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and beam failure was not demonstrated, but beams with conventional epoxy plies werdoshawe
suprerior resistance to bending failure over SM only.

The Applied Force vs. Mid-Span Deflection plots in Figure 4-14 through FigliBegteup the load
profiles per sample, and compare the effect of loading rate at each testatenapesolid lines identify
force application at 0.1”/minute, and dotted lines indicate 1.0”/minute. Solid and dotted lines representing
the same test temperature are plotted in identical colors for easier compatigaime at constant 1.0”
of deflection was 10 minutes. Loading and unloading were performed at teeratem Load frame
vibration during initial reversal is blamed for noise in the data, which is ellpguiaminent in the plots
of 2.5-H-a and 5-H-b.

As summarized in Table 4-2, although the force required for bending increasastat deflection rate,
this increase is only substantial at 56°C, which is belgwHowever, stress relaxation occurs during the
time the deflection is helat 1.0”, and the applied force to maintain constant deflection drops to a value
similar to the 0.1”/min curve prior to load frame reversal. At 71°C and 80°C, some stress relaxation did
occur at 1.0” of deflection, but the beam response is far more elastic. The decrease in area within the
hysteresis loop indicates the immediacy of the material response, which wad Eitler by the rate of
bending.

A comparison of the unloading curves of opaded beams loaded at 0.1”/min and at 56°C, to the like
loaded shear-constrained beams, indicates that the shear-constrained configuration procheécekasti
response because the slope of the unloading portion of the curve is more Tiheacurves of shear-
constrained beams display an inflection paiotind 0.4” of deflection, which is not present for the open
ended beams. This curve inflection is most prominent in 3-M-b, which impliei¢sticause is alleviated
by adding conventional igs.

1-M-b and 3-M-b had the least amount of residual strain during unloading aaiid €D°C, which was
surprising since the conventional plies were expected to contribute to etsgtomse. In fact, adding
conventional plisresulted in a widening of the hysteresis loop, indicating a greater differemmsasured

flexural stiffness between loading and unloading, and a more viscous response. Sirso®sitg of the
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polymers is the same in different beaifnested at the same temperature, the change in response must be
the result of how the strain occurs in the beam. It is believed that the additmvehtonal plies causes
more strain to be induced in the foam core at a given deflection, than with less, or no, converdinal pli
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Figure 4-14: Force vs. Deflection of 1-M-b.
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Figure 4-15: Force vs. Deflection of 2-H-b.
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Figure 4-16: Force vs. Deflection of 2.5-H-a.
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Figure 4-17: Force vs. Deflection of 3-M-b.
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Figure 4-19: Force vs. Deflection of 5-H-b.
4.7 Constant deflection hold
The generation of hysteresis loops in the Force vs. Deflection plots indicates -deperedent
component in the reaction of the beams to applied load. Significant reductions in éoecebserved in
all tests when samples were held at constant deflection for any length oflttiwvees of interest toe-plot
the load-unload curves of the samples discussed in Section 4.6 versus time, to congfimeitied beam

composition and temperature. These plots are show in Figure 4-20(a)(b) through F§(agl#)-: The
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hold time of 10 minutes at0” was selected after reviewing the load curves of initial tests. Stress relaxation
results in a time dependent reduction in applied load at constant deflection, but asedentiSection ,0
the redistribution of strain that occurs during stress relaxation is limitbdrimoset polymers by the limits
of chain stretching, such that the force will reach an equilibrium value angonto zero. Table 4-3
summarizes the applied force recorded at the start and end of the 10 minute hqidrc&htereduction of
applied force from starting value, % Drop, is used to compare the amotrgiofenergy that is lost due
to stress redistribution within the SM materials.

The force recorded at the start of the hold is strongly influenced bysttsity of the SM material in
the sample, whereas the force at the end of the hold is primarily due to the temyulrpdumneent elastic
modulus. If the deflection was held long enough for the applied force value to completidizestiien
this modulus could have be measured. As is, after 10 minutes, the force vs. timeRitpisa 4-20(a)(b)
through Figure 4-25(a)(b) show the applied force approached, but did not achieve equilibrium.

Stress relaxation occurs under maintained applied force, as a result of straiibuéidistwithin the
material, occurs over time. At higher temperature the internal frictiomeopalymer is lower, so stress
relaxation occurs quicker but less stress relaxation occurs overall because the matersa reasstant to
strain during bending. At lower temperature more stress relaxation can ocauséeiscosity prevents
strain from propagating easily within the material. Over time, the int&icizdn of the material can slowly
be overcome.

Since the forces at the end of the 10 minute hold vary little bettedlention at 0.1”/min and deflection
at 1.0”/minute, there is no stored energy gain due to bending at a quicker rate unless the deafmozam
before stress relaxation occurs. Deflection at quicker rate does require mdezl dpptl at all
temperatures, which could be a concern if the beams were larger or stiffer.

While the results at 71°C and 80°C appear similar in comparison to 56°@peheended beams had
nearly the same Start and End forces, while the end-constrained beams still diffaeehbét°C and
80°C. Shear end constraints or local heating requires the upper and lower faceshestduly interact,

whereas foam shear in the open-ended configurations can accommodate independent Béleafdore
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required to bend and hold end-constrained beams is more dependent on temperature ftraopitis
ended beams.

In the force vs. deflection plots, the near-immediate non-linear drop intittael lreginning of the hold
is attributed to viscous resistance of the SM material to motion. Henapitdedrop once the load frame
is stationary. The linear portion of the hold curve is attributed to se&ssation that requires time to
respond to applied load. The length of the transition region between theldgitladrop and the linear
portion is longer at lower temperatures, taking up about half the hold ti&@t about a third at 71°C,

and approximately a fourth at 80°C.

Table 4-3: Force reduction at constant deflection.

Load Drop During 10 Minute Hold at 1.0" Deflection (Ibf)
56°C 71°C 80°C

Sample Load Rate
Start End | %Drop | Start End |%Drop | Start End  (%Drop
1-Mb 0.1"/min 2.8 2.1 25% 1.7 1.4 13% 1.6* 1.3* 19%
1.0"/min 4.5 2.1 53% 1.7 1.4 18% 1.9* 1.5* 18%
2-Hob 0.1"/min 3.0 2.2 27% 1.9 1.7 9% 18 17 8%
1.0"/min 4.5 2.2 52% 2.0 1.7 17% 1.9 1.7 14%
2 5-H-a 0.1"/min 3.1 2.5 19% 2.0 1.9 9% 2.0 18 8%
1.0"/min 4.7 2.4 48% 2.2 1.8 16% 2.1 1.8 16%
3-M-b 0.1"/min 2.7 2.2 18% 1.9 1.6 14% 1.8* 1.5* 20%
1.0"/min 4.3 2.1 51% no test 1.8* 1.5* 19%
A-M-b 0.1"/min 4.1 3.0 27% 2.6 2.3 14% 2.4 2.1 11%
1.0"/min 5.6 3.0 46% 2.9 2.2 23% 2.6 2.1 20%
5-H-b 0.1"/min 3.7 2.7 26% 2.6 2.3 11% 2.4 2.2 8%
1.0"/min 4.9 2.7 45% 2.7 2.2 21% 2.5 2.1 18%

*Sample failed in previous test and was reused ujplsid.

At 56°C the curves of 4-M-b and 5-H-b have a distinct separation, withb4sM+ously higher than 5-
H-b. This is contrary to the assumption that 5-H-b should be the stiffer beatm ciue more conventional
epoxy ply in the compression facesheet. The difference in bending stiffness was helleyedused by
more thinning of the foam in 5-H-b, which can be seen in a similar beam in FigureAd-21°C and 80°C
the load curves of 4-M-b and 5-H-b lie almost on top of each other, widdates that foam thinning is

not the only cause, and that heating beams at or ahpradiices this effect. In comparison, the open-

54



ended beams 1-M-b and 2-H-b exhibited the opposite effect. At 56°C, tles aithe two specimens are
more similar in values than they are at higher temperatures.

Sample 3-Mb is known to have failed in the 0.1”/min deflection at 71C, however, there is not an obvious
indication of the failure event in Figure 4-22(a)(b). Failure was détechvisually. Load frame induced
noise in the deflection data is observed in plots of all tests in thi®figut the remainder of the load curve
is consistent with prior test runs. Likewise, Sample b-fded during 1.0”/min deflection at 71C, but the
failure event is not apparent in Force vs. Deflection plot in Figure @@3( Conversely, the plot of this
sample in Figure 4-24(a)(b), where it is reused for testing upside down, displays unckticastriness.
However, the unusual noise in the data, shown in the subsequent test in Figure 3-258&§® it likely
that an issue with data signal was the cause. Initial failure in SiVsealys always occurred in the matrix
rather than fiber breakage. Therefore, as long as the failed facesheet aishd bemam was only loaded

in tension, the results should not be compromised.
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4.8 Incremental bending

By loading the beams in 0.1” increments and freezing the shape, three objectives were investigated:
visual inspection for failure under the loading cylinder, residual forez eftoling bent beams to room
temperature, and consistency of force vs. deflection data in multiple bend-festre-rcycles. It was
assumed that measuring the residual force when the beam was cooled to ~20° would bedicgtiod
of how much spring back would occur without applied load, however, because liquid nitrogen was used to
rapidly cool the samples, super cooling often occurred and prevented accuratemeaisuinstead, shape
stability is discussed briefly in Section 4.18. Since the SM epoxy and conventional compesites ar
considered subject to fatigue, repeated loading and restoring in increments of inae#isetigpn should
result in coincident force vs. deflection curves unless failure ocdeinetos of beam curvature at 80°C
were previously presented in Section 0. Additionally, photos documenting dammageession as
specimens were loaded after failure are found in Section 4irice the purpose of these tests was to
intentionally cause failure in each specimen, separate sets of specimensesii@ tests at 56°C and at
80°C.

Table 4-4 summarizes the results of incremental bending tBstans from Set 2 and Set 2.5 did not

fail although deflected to the full travel of the bending fixture, approximately 1.6”. The results clearly
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demonstrate that substituting conventional plies into the SM beam delays emtpreempression failure
during bending. The maximum load provides an indication of the ultimate capabtlity beams prior to
failure. If the beam failed during testing, the Max Force reflects the highest fecoeded during the
failure increment. If no failure occurred, the Max Force is the highest valoelesl throughout all tests,
and the deflection increment where it was recorded is indicated in parenti#dgesugh beams were
deemed to fail once any irreversible damage had occurred, because load couldugijidred, it was not
unusual for forces greater than the Max Force to be observed in deflection increments beyond failure.
Due to limited availability, a specimen from Set 6 was tested only at 80°C. Althougtntirguration

in Set 6 produces a thicker and heavier beam that is stiffer at room temperaturettierdéo failure is
poorer than replacing one SM ply with a conventional ply, as in Set 4. While it ewéshpting to add
a conventional ply onto an existing SM-only laminate in order to increase deflect®oapfdars to be an

inadequate solution.

Table 4-4: Incremental bending results.

56°C 80°C
. Failure Deflection Normal_lzed. . Failure Deflection Normal_lzed.
Specimen . Max Force in Failure Specimen . Max Force in Failure
Increment (in) Increment (in)
Increment (Ibf) Increment (Ibf)
U-1-H-a 1.3 5.84 1-H-b 1.0 1.66
2-M-b did not fail (1.4") 5.87 2-L-b did not fail (1.6 2.27
2.5-M-a did not fail (1.4") 8.87 2.5-L-a did not fail (1.6") 2.37
3-H-b 0.6 4.36 U-3-M-a 0.5 1.44
4-L-b 15 5.93 4-M-b 1.3 2.96
5-L-b 1.6 6.47 5-M-b 1.5 3.35
6-M-b 0.8 3.37

4.9 Deflection at 56°C

The load curves at 56°C show less coincidence between deflection increments thandcate8ty@
higher sensitivity to differences in test temperature belgwThe test chamber set point temperature was
reached and held for 10 minutes prior to testing, but ambient room temperatuuerdoed af previous test
run that day affected fluctuation about the set point, typiedZ. Since samples were photographed and

restored in batches between bending increments, successive tests were often hours artdayéhide
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similar temperature fluctuation occurred during 80°C testing, differences in befwloey were less
significant.

Failure initiation was detected on U-144t 1.3” and the force vs. deflection plot in Figure 4-26 displays
the expected force reduction in subsequent deflection cydlés. curves from 1.3” to 1.6” show an
increasing amount of creep during unloading as the beam remains in contacadiitly roller. In the.6”
increment, the spring back is about 0.15 inches.

Neither 2-M-b nor 2.5-M-a, shown in Figure 4-27 and Figure 4-28, failed during testimguigiit a
reduction in bending force in irgnents 1.5” and 1.6” occurred, similar to U-1-H-a. An increase in creep
was observed at higher deflections, approximately 0.05 inches at 1.6” deflection. The similarities between
the three open-ended beam figures, where load curves at specific deflectioreimsre/ere or were not
coincident, further supports the assumption that variations in test tempekaigesl doad-restore cycle
inconsistencies. All specimens were bent to the same increment before beingihgextbgraphed, and

restored for bending to the next deflection level.
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Figure 4-26: U-1-H-a— Incremental deflection at 56°C.
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Figure 4-27: 2-M-b — Incremental deflection at 56°C.
3-H-b failed at only 0.6 deflection, after which the force vs. deflection curves in Figure 4-29 show a
distinct bow, with an inflection point at 0.6 inches. Creep during unloadingisigent in the curves at

deflections of 1.0 inches and greater, with a maxi of ~0.12 at 1.6,
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Figure 4-28: 2.5-M-a- Incremental deflection at 56°C.
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Figure 4-29: 3-Hb — Incremental deflection at 56°C.

Inclusion of a second conventional ply in 5-L-b only delayed failure for ani@uclit0.1 inch of
deflection over 4-L-b, but required about 0.5 Ibf to achieve the same deflectidmothisamples, creep
became noticeable in unloading (>0.05 inches) at about the 1.0” deflection increment. Waviness was
observed in the 1.5” and 1.6” load curves of all end-constrained beams tested at 56°C. Thossibly the
result of beam slippage on the end rollers at higher beam curvature, as tiis algear perfectly equal
on both endsDue to a set point entry error during the 0.8” increment of 5-L-b, the test temperature was

~70°C, resulting in an unusually low load curve.
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Figure 4-30: 4-L-b — Incremental deflection at 56°C.
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Figure 4-31: 5-L-b — Incremental deflection at 56°C.

4.10 Deflection at 80°C

Beam failure at 80°C always occurred at lower deflection values thaér@t Force vs. deflection
curves were more consistent between load-restore cycles than shown in the previons Sdwuti
characteristic waviness observed in higher deflections at 56°C occur et Values in the following
figures. Creep that was prominent in Figure 4-26 of U-1-H-a was negligible inoketsl-b. None of the
force vs. deflection figures give an obvious indication that failure has occukeeih testing at 56°C, the

samples from Set 2 and Set 3 did not fail, due to containing conventional plies.
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Figure 4-32: 1-Hb — Incremental deflection at 80°C.
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Figure 4-33: 2-Lb — Incremental deflection at 80°C.
Shear-constrained beams tested at 80°C, Figure 4-35 through Figure 4-37, have a natriaftistiion
at about 0.3 inches, which is not present in similar tests at 56°C. It was observed durintheastiital
deflection measured on the compression facesheet is a result of foam compressiongplzal tbeam
bending. At higher temperature, the compression modulus of the foam is lower anddarspamthinning
occurs relative to deflection value. The linear portion of the curve isatypii constant cross section beam

bending.
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Figure 4-34: 2.5-L-a— Incremental deflection at 80°C.

64



| o . u " ' " "
| * 05 nide 0.7 oz x0a LN 11 1.2

U-3-M-a @ BU°C

Appled Farce | i)

it a8 oA 04 05 @6 BT DA 08 1 .1 12 148 14 15 16 17
it Spaar Detflecticn 1=

Figure 4-35: U-3-M-a- Incremental deflection at 80°C.

Although U-3-M-a produced a sharper inflection in the curve than 3-H-b, ind=3@®, Figure 4-35
shows only minobowing after failure at 0.5”. This may be because all load curves are post failure. The
additional conventional ply in 5-M-b adds 0.2 inches of deflection over 4-M-b. Since thentonal
plies do not soften at significantly within the test temperatures, beams B&iCaind 80°C both require

~0.5 Ibf of additional force to deflect the second conventional ply to the maximum curvature values.
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Figure 4-36: 4-M-b — Incremental deflection at 80°C.
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Figure 4-37: 5-M-b — Incremental deflection at 80°C.
Set 6 has shown little added bending benefit over the SM-only beam, and is easily outperformed by Set
4, as it fails at only 0.8”. Higher load values are still recorded in successive tests, as full conveptional
failure has not occurred. The 6-M-b was thicker than the other confausatequiring greater force to
bend.
-
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Figure 4-38: 6-M-b — Incremental deflection at 80°C.
4.11 Damayeevolution
Figure 4-39 through Figure 4-43 document the progression of failure of beams loaded irathem@ient
80°C. Progression at 56°C was also documented, but is not included here becausebsimitare
pronounced, characteristic behaviors of each beam type were observed at 80°C. The foreetian def

plots for these specimens are in Section 4.10. Beams from Set 2 and Set 2.5 are not included here because
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failure was prevented by the included conventionalspli®hotos wereaken at 0.1” increments of
deflection, once failure onset was observed. Curvature was set by rapnd eatti liquid nitrogen vapor
to allow inspection under the center load cylinder.

In all specimens failure occurred as out of plane buckling of axial tows tliatédiat the edge of an
overlapping transverse tow. The failure region of SM-only beams is diffuseddathe mid-span and
appears to be a general softening of the facesheet under the load cylinder. As failuregmateesntire
length between transverse tows buckles, resulting in large buckle amplitlideseffect of shear end
constraints is seen by comparing 1-H-b and U-3-M-a in Figure 4-39 and Figure 4p&otivety. The
mid-span thickness of 1-H-b remains nearly constant throughout failure progressiulting in a larger
center bend radius, compared to U-3aMThe “H” marking on the right side of each beam can be used to
compare foam shear about 1 inch away from the beam end. Clearly, the end constrdiM-@f plevents
shear within the bending region, whereas the “H” on 1-H-b was increasingly distorted. The failure region
of U-3-M-a is initially diffuse, but becomes concentrated on a single trarmxeias the bend radius of the
upper facesheet rapidly decreases.

Since failure, as it is defined in this work, does not immediately extend aceosstife width of the
beam, it is understandable why the beams may be able carry loads higher than themiasésrecorded
before failure initiation.The axial fibers on the exposed upper surface of the beam are also most dasceptib
to out of plane buckling, whereas adjacent tows in the same ply, but woven uralesve@rse tow, are
further constrained against buckling because they are held between the lower ply tiadsverse tow.

These unbuckled tows may not be fully loaded when failure initiation occurs.
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Figure 4-39: Failure progression of 1-Hbg.
(2)1.0”, (b) 1.17, (¢) 1.2”, (d) 1.3”, (e) 1.4, (f) 1.5” and (g) 1.6”. Beam 1-H-b was loaded i19.1”
increments of deflection at 80°C and was observed to display failure initiation 4t0”.
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(f)

Figure 4-40: Failure progression of U-3-M-a.
(a) 0.6”, (b) 0.7”, (c) 0.8”, (d) 0.9”, () 1.0” and (f) 1.2”. Beam U-3-M-a was loaded i0.1”
increments of deflection at 80°C and was observed to displ#ailure initiation at 0.6”. Photo was
not taken at 1.1” deflection. (Note: Sample designation with “U” prefix indicates the beam was
being reused upside down.)

The failure of beams with conventional plies caused smaller amplitude tow bilngideseen in the SM-
only photos. Initially, only a part of a tow would buckle, appearing to iaittvoids caused by the cloth
weave. The short and tightly grouped buckles formed mainly along the beam centeriregeanoligher
to the touch than buckles formed on the SM ply. The display of failure of Saslstmore conservative
than that of 4-M-b, producing only sharp, tiny microbuckles. The progression froationi to solid
buckled line required only one additional deflection increment, compared to tw@erinkrements in 4-
M-b. The center of 5-M-b is noticeable thinner, allowing a larger bend radius. n@ildates that the two
conventional pes acted as a stiffer caul plate on the SM materials, allowing the beam to tlefheet
than with one conventional ply. However, a portion of the additional deflection i® daam thinning,

which would cause the beam to have a lower moment of inertia at room tempesatl means a less stiff

structural part in application.
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Figure 4-41: Failure progression of 4-Mb.
(a) 1.3”, (b) 1.4”, (¢) 1.5” and (d) 1.6”. Beam 4-Mb was loaded in 0.1” increments of deflection at
80°C and was observed to displagailure initiation at 1.3”. Beam center thickness was 0.166” at
failure initiation.

()

Figure 4-42: Failure progression of 5-Mb.
() 1.5” and (b) 1.6”. Beam 5-Mb was loaded in 0.1” increments of deflection at 80°C and was
observed to display failure initiation at 1.5”.

6-M-b was expected to allow deflection similar to 4-M-b since one convenfbna incorporated.

The failure displayed by 6-M-b was more likened to 5-M-b, distinct lineshaifp tow buckles. From the
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first observation, the line of buckles extended across the entire width afcékshéet, and was the most

brittle in appearance. The thickness at mid-span was closest to 5-M-b when measured atdtiondefle

N RN
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Figure 4-43: Failure progression of 6-Mb.
(a) 0.8”, (b) 0.9”, (¢) 1.0”, (d) 1.1, (e) 1.2” and (f) 1.3”. Beam 6-Mb was loaded in 0.1” increments
of deflection at 80°C and was observed to display failure initiation at 0.8”.
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4.12 Foam failure

Much discussion has focused on failure defined as microbuckling of fibers under civepesting
of the facesheets. As the lowest modulus component of the sandwich configuration, feothrée awl
extension, the stress to shear or compress the foam is much lower than requieetidayabther materials.
While foam allowables are not studied in this work, the foam must survive bendirdgimmbe effective
in a structural application. It was noted that the end constrained beamvaitionventional composite
plies had the most foam thinning of all configurations, as deflectiomday itompression required less
force than bending the stiffened facesheet. A strain limit beyond which thafgermanently crushed
must be avoided. Bending at temperatures below 80°C resulted in greater miligpsess by increasing
foam compressive modulus.

2.5-L-a was deflected to 1.6” in incremental bending, as discussed in Section 4.10, and was considered
not failed throughout all deflection cycles. The maximum deflection curvatut@sobeam, shown in
Figure 4-44, displays a high degree of foam shear at the ends. A close-up view of th&igncki4-45
shows the formation of a crack where the foam has torn near the uppeeéiceblo fiber buckling

occurred, but irrecoverable damage was caused.

Figure 4-44: 2.5-L-a at 1.6" at 80°C - No facesheet failure.
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Figure 4-45: 2.5-L-a at 1.6" at 80C - Core end shear showing foam shear failure.
4,13 Sample microscopy
Cross section photographs at 25X magnification are presented first intibptadate, then in the stress
relaxed state. U-3-M-a is shown deflected t&’,142V-b to 1.6, and 5-M-bto 1.6” at 80°C, which is the

highest deflection each sample experienced in prior testing.

Under magnification, a thin grey line is observed between the SM and conatefiory plies in the
upper facesheets of 4-M-b and 5-M-b. Since no chemical interaction is believed to take place between the
conventional and SM epoxies, this is believed to be a resin rich layer created when the SM ply was laid up
on the already cured conventional epoxy ply, and the tows were not free to nest comflbtelynost
visible example is of 5-M-b while bent, in Figure 4-48(b). After restpdi-M-b, a similar line can be seen
in Figure 4-50(b). Voids along this line may have formed where air was trapped in the epoxy during layup
or where fibers were incompletely wet out at tow overlaps. Voids datla® initiation sites and cracks
extend from the voids into the neat resin, although it seems to be sectaildiaeyto the fiber buckling.

U-3-M-a does not have the same type of line since all plies were consolidated at the same time.

4,14 Bent

Out of plane ply buckling is present in all three beams in both the upper andféoesheets. The
largest amplitude fiber buckles, which were readily visible on the top pipgltesting, were used to
identify failure in the samples. All samples also show compression buckihg lower facesheet under

magnification. It is assumed that after failure of all upper plies, theahdnginding surface of the beam
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shifts to within the lower plies. It is of interest to note thdtalgh 5-Mb has progressed only 0.1” beyond
failure initiation, the lower facesheet compression buckles are most prominent in that begpnesSiom
buckles appear to initiate at perpendicular tow overlap locations.

U-3-M-a, the SM only beam, exhibited the most localized upper ply failure, althmurgling was taken
0.6” beyond failure initiation. This should have provided ample deflection increments to propagate
delamination, if it were likely to occur. In Figured4b), two upper plies show tow breakage and fiber
separation adjacent to the buckle location. The SM matrix appears to hamedathough to allow fibers
in the damaged tows to move independently, producing a frayed appearance at the broKEmeclogeer
facesheet in Figure 4-46(c)-(d), displays a more diffuse failure zonebugttling at two weave overlap
locations. The buckling amplitude in the lower plisdess prominent than in the other two samples.

Delamination appears to occur within the tow, rather than between plies.

Figure 4-46: U-3-M-a bent, at up to 25X magnification.
(a) Full view of beam cross-section at midpan, (b) fiber “peak” formed in axial surface tow at
midspan, and compression failure of second ply, (c) compression buckling delamination ofvier
facesheet, and (d) additional delamination of lower facesheet away from mid-span.
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Both 4-M-b and 5-M-b show brittle failure of the top ply, with cracking, delamination, and fiber debris
present. Unlike U-3-M-b, fibers stay together in a tow bundle and do not separatecaioeeithsevered.
The top facesheet of 4-Mib Figure 4-47(b)-(c) has two distinct failure locations, which are nofjatexat.
In Figure 4-47(b), micro buckles have formed in the upper two plies due twidheoss being misaligned
with the compression load as they weave over and under the transverse towsk fasrimemed in the
transverse tow between the buckles, where it appears the matrix has failest sthnessiin the fiber bundle
resulting in delaminationThe buckle in the upper surface tow has progressed to the formatidankf a
band, with distinct lines transverse to the thickness, where the fibers havad beriuckle in the second
ply tow is more gradual, with larger bend radii, and some delamination db¢ne fias occurred. The fiber
motion of the two tows provides a side-by-side comparison of buckling in @miowal matrix (top ply)
and buckling in a shape memory matrix (second ply).

The ply damage in Figure 4-47(c) is a complete severing of the axial tow, with ndiowdmfeductile
fiber buckling prior to fracture. Very little delamination is evideAt.the crack location, the axial fibers
of the upper two plies are in direct contact, and a portion of the SM tow hasedntached to the NSM
tow as it buckled and cracked. It may appear that some of the conventional epory thesfibers on the
adjacent SM ply, but since the conventional epoxy is cured before layup of theeSMepbxy bleed and
mixing is considered unlikely. Several loose pieces of broken tows are stuck under the delaminated upper

ply, but the fibers in this debris remain adhered together, indicating highly brittleapkirag.
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Figure 4-47: 4-M-b bent, at up to 25X magnification.
(a) Full view of beam cross-section at midspan, (b) compression buckling of axial towaad
delamination between first and second plies, (c) brittle failure of upper facesheetl) (lower ply
local compression buckling delamination.

A large compression buckle is immediately obvious in the lower facesheet ply closestai@th&he
height of the buckle is believed to correspond to compression loading over a very smallaireflettion
and time, such that the load caused local ply failure at the weakest point, rather than tsintedisver
several microbuckling locations. Compression stress is accumulated in the conventional epoxy ply during
deflection. Brittle failure of this ply is followed by immediate buckling of théeutying SM plies, which
shifts all accumulated compression load to the lower facesheet. It is thisstaataneous load application
that causes a large buckle to form at the weakest site. The neutral bendiog sug beam with failed
upper facesheet is approximately midway through the thickness of the lowdrefeicdse to the low
stiffness of the foam core. The through thickness location of the large loiet&feination and adjacent
smaller amplitude buckle in Figure 4-47(d) correlates well with this assumption.

The failure of the upper facesheet of 5-M-b in Figure 4-48 is hightyehsvith both transverse cracking,
observed in the upper ply, and inter-ply cracking and delamination, between the first ancoespadd
between the second and third plies. The axial tow of the second conventional epoxy ply tppea
unusually wavy, due to multiple delamination locations. A large chunk ofadelfiber has separated

from the top ply and appears to be folded over in Figure 4-48(b).
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An unusually large bubble in the core is encircled in red in Figure 4-48(a). Since thenaditbtsated
at the center of the beam or between the upper and lower facesheet failimadpitds assumed to have

no impact on the test results.

"--‘W“_’ .

Figure 4-48: 5-M-b bent, at up to 25X magnification.

(a) Full view of beam cross-section at mid-span, and apparent large void in foam (encircled)) (
concentrated midspan failure, axial tow “peak” and delamination between first and second plies,
and between second and third plies, (c) compression buckling and delamination of two lower plies.

The two plies of lower facesheet shown in Figure 4-48(c) have buckled in csiopresach is
approximately equivalent in amplitude to the single buckle in the lower faceshedd-tf 4This may
correspond to double the stored compression stress in the upper facesheet befmrédaduse 5-N3-
contains two conventional epoxy plies, versus one conventional ply in 4-M-btwohaly buckles are
located at transverse tow weave locations, which provide an inherent buckliagiomisite caused by
misalignment to the compression load. Unintentional alignment of the plies dunipgdkaced the two

initiation sites nearly on top of each other, which further weakens the secoaitepliailure of the first.

Due to weave orientation, the through thickness location of the axial tows falls withipphehalf of the
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facesheet thickness. Some delamination within the tows is visible, indicating a fibetiléuckling

motion.

4,15 Restored

The amount of epoxy infiltration could be more accurately assessed once thessaend restored.
Based on purely visual observation, the SM epoxy has filled abAf°2®f the total 0.25” foam thickness
of the three samples pictured in Figure 4-49 through Figure 4-51. At elevated tenepénatiow viscosity
SM epoxy is not believed to impede shear in the foam, however the filling of the ogenadt limit the
beam thinning due to compression under the loading roller.

Of the three samples, U-3-M-a in Figure 4-49 shows the least amount of damage radteestered.
The flatness of the plies and only minor displacement of the broken tows madkesddficult to detect
at room temperature. Without magnification, only a small dark spot on thefapesheet, shown in Figure
4-49(b), is visible on the beam cross-sectidine dark spot is created by delamination of the bent and
broken fibers. On the lower facesheet, the buckled and delaminated ply is nesitieinv Figure 4-49(c).

Voids in the epoxy at the tow overlap locations are prevalent throughootthefhcesheet pictured in
Figure 4-49(a), but are not present in the upper facesheet. If this is commalhldeams in Set 3,
compression resistance was likely reduced when the samples were loaded right lsideupgide down
loading is believed to be minimally affected due to fiber-dominated tension ¢gpalbiivould have been
prudent to perform microscopic inspection of offal produced during the samplert@ss prior to testing

to identify defects that could affect test results.
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Figure 4-49 U-3-M-a restored, at up to 25X magnification.
(a) Full view of beam cross-section at mid-span, (b) upper facesheet shows dark region whevers
are bent or broken, (c) lower facesheet delamination is difficult to detect after restorg.

The severed edge of the upper facesheet of 4-M-b ind-igG0O(b) prevents the top ply from being
fully restored to a flat surface. This discontinuity makes iteeas detect a damaged area without
magnification. A crack line is clearly visible when the beam is viewed th@rtop down. The other
delamination on the upper facesheet, encircled in Egpf0(a), restores nearly flat, with only a thin dark
line visible on the cross-sectiofMhe large delamination in the lower facesheet, which was unmistakable
when bent, is nearly invisible in the restored st&eam cells above this delamination appear to be filled

with shape memory epoxy, which is visible as a bright white area above, andgbtloéthe delamination.

No obvious change in behavior is attributed to the filled cells.

Figure4-50: 4-M-b restored, at up to 25X magnification.
(a) Full view of beam cross-section at mid-span with damage locations identified, (b) axia
“peak” on upper facesheet, (C) lower facesheet delamination.
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The restored upper facesheet of 5-M-b remains raised at the crackedgilgr, shown in Figure
4-51(b). Multiple delamination locations prevent the fibers from returrontipeir original positions.
Delaminations formed within the transverse tows of the conventional epoxy plies,thatmavithin the
axial tows, as seen in the SM plieBhe chunk of brittle fiber on the topmost ply in Figure 4-48(b) Ik sti
partially attached, but the ply is clearly incapable of carrying load in that area.

The large foam bubble observed in the bent cross-section, is identified in Figure 4-51éa) avitbw,
where it has returned to an ovaloid shape and is more clearly visible. Prgvibughs difficult ©
determine whether this void region was a compressed bubble or a €@ratkg sample manufacturing,
large bubbles were seen, some over an inch across. Foam was sanded to 0.25” before layup and no obvious
bubbles were seen in the surfaces of the foam sheets used.

The two lower facesheet compression buckles of 5-M-b in Figure 4-51(c) have meiynclosed
and are still clearly visible in the cross-section without magnificatibis unclear, but likely, that this is
related to the incomplete flattening of the upper facesheet, because the tensimefanfeall samples

should be of the same composition.

Figure 4-51- 5-M-b restored, at up to 25X magnification.
(a) Full view of beam cross-section at midspan with damage locations circled, (b) delantiply
on upper facesheet remains slightly raised, (c) lower facesheet delaminations are notyfallosed.
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4.16 Contoured foam
Since foam thinning is known to occur when the beams are bent, this demonstration showed that by
predicting the amount of compression that would occur at a specific defletti@s, possible to design a
foam profile that would compress to the desired thicknddsending zones were identified in a real part,
the same foam can be used throughout with locally increased thicknesses, rather titgiimgpéoslifferent

material in these zones to prevent compression.

Figure 4-52: Contoured foam beam before bending.

Figure 4-53: Contoured foam beam, bent.
4.17 Validity of shear constraint
The purpose of adding phenolic end blocks to some beams was to simulate the &ftedthafating.
By comparing the bergeometry of the locally heated beams without end constraints in Figure 4-54 and
Figure 4-55 to shear-constrained beams that were globally heated, confidence washedtdidt the

phenolic blocks produced an acceptable simulation.

Figure 4-55: 2.5-Ma at 0.6” — Locally heated.
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4.18 Shape stability

To investigate the shape stability of beams cooled after bending with liquigeritvapor, as discussed
in Section 4.8, an undamaged beam from Setsldeflected 1.0” at 80°C, super cooled to below room
temperature with liquid nitrogen vapor, then immediately removed from the heshber and
photographed. The beam and camera setup were left undisturbed in ambient lab conditionday$hree
later the sample was photographed again to compare the two curvatures. Exanfittaigtact and end
photos in Figure 4-56 and Figure 4-57, respectively, does not reveal any noticeable creep.icates ind
that although beams were super cooled before removal from the bend fixtagidarémental deflection

tests, it is unlikely that any change in geometry occurred after equilibrating to roper&tane.

Figure 4-57: Beam profile at end of room temperature stability test.
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5 FUTURE WORK

Investigate the potential advantages of local reinforcement under the cdrgadfg and locally
thickening the foam for the prevention of compression failure in end constrained beants atailu
higher bending temperatures was related to smaller upper facesheet bendiryratdiintaining

greater mid-span thickness, and separating the global facesheet bucklingtpdaloismaller

peaks away from the beam center, more deflection capability may be generated.

Increase the beam length to produce a greater aspect ratio. Typical gefmmewmynposite
sandwich structures is large, but fairly thin panels. Distribution of bersdliatn over a longer
distance between supports should be studied.

Perform deflection tests with 4-point bend fixture to induce only moment, nat site the mid-

span of the beam. Removing the normal component of loading provides a bettaf $tylofyd
facesheets used to delay compression-induced EMC failure.

Use unidirectional conventional plies instead of woven plies to eliminateghve-induced fiber
buckling initiation sites. The compression stiffness of the conventiomal iplibending is due to

axial fibers only. Additionally, to reduce out-of-plane fiber buckling in the coreait
unidirectional ply, a transverse unidirectional ply could be used on the innermost bending surface.
Determine if this configuration would allow additional deflection at similaghtei

Generate a more accurate definition and inspection practice for failuireg inith degradation of

beam performance. Within the definition used in this work, “failed” beams may still be functional.

Test on a fixture that provides additional deflection capability in oaerchieve failure in all
specimens. Hybrid beams should be tested to failure, and beyond, to provide proper comparison

of deflection capability and behavior after failure.
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6 CONCLUSION

The addition of conventional plies to the compression surface of the shape mempogitesandwich
panels more than doubled the deflection achievable prior to compression-side tafedsinegwith the
beam geometry tested. o@pressibility of the foam, and the shear end-constraints, also had significant
influence on facesheet failure by altering the deformation away from simple beam bending mechanics.

This work investigated the behavior of a temperature-sensitive, vistoahspe memory sandwich
structure under typical variables of forming, and how this behavior changedamamntional matrix plies
were substituted into the compression facesheet. The variables chosen were bepéragursmbending
rate, local heating vs. global heating, and hold time at maximum defled¢tidhe configurations tested,
the use of shear end-constraints bgdeater effect on the bending force than including conventional plies

in the upper facesheet.

6.1  Significant findings

¢ Inclusion of shear constraints changes the profile of the deflected beam. It redueeisuthef
curvature at the center of the beam which induces higher stress at equivaksttodetlalues,
versus open-ended beams. The inability of end-constrained beams to shear for compression stress
relief causes the upper facesheet to globally buckle into the foam. The thieffacesheet, the
thinner the foam becomes, because the force required to compress the foamaiscia wih the
force required to bend the beam.

¢ Initiation of facesheet buckling failure, defined as unrecoverable alteration to tfve andibers,
is not typically detectable on a force vs. deflection curve at elevatechfpternperatures, nor at
room temperature in small deflection bending.

o Deflection of SM-only beams resulted in distributed compression microbuckling, which may have
been recoverable if the transverse weave of the carbon cloth did not provad®ingites for fiber

disbond at tow overlap locations.
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After heat cycling to restore SM materials, crack lines and roughness on the carnpsasgsice

of the beams containing conventional epoxy plies makes it easier to detect dacatigad, as
opposed to SM-only facesheets, which can restore to a smoother surface.

Visual indication of first ply damage did not coincide with a reductiatiffiness, rather additional
deflection sufficient to cause failure through all compression plies would be edflecioad
capability.

Of the temperatures tested, 56°C is most conducive to bending to maximum deflection thecause
stiffness of the foam prevents excessive mid-span compression, hence increasipgmiend
radius of end-constrained beams. However, lower temperature results in higher beadkng |
with more viscous response to bending rates.

Stress relaxation affects beam failure by causing additional strain ifodne during slow
deflection rates or extended hold periods. In end-constrained beams, the mid-spanscampres
drives the minimum bend radius of the compression facesheet, and in open-ended beams, high end
shear can cause foam tearin@iven sufficient time at constant deflection, equivalent load and
deformation results will develop, regardless of deflection rate.

Little to no elastic strain was observed after cooling bent beams to room temperaturegh€ge hi
values observed ~10% were on SM-only beams that had significant failure deftetion at
56°C. Likewise, room temperature creep was unnoticeal@encerns that strain energy in
conventional plies could be strong enough to overcome the glassy SM materials proved incorrect.
The tighter bend radius and foam compression mode imposed by shear end constraasesincre
required bending force.

The stress relaxation percentage of maximum force abgigldwer than at 56°C; but happens

rapidly, taking about half as much time to reach steady state.
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e Bending stiffness is far more sensitive to test chamber temperatureafioctbelow T,.
Temperature fluctuation afl-2°C around 56°C results in load curve differences comparable to the
entire distinction between bending at 71°C and at 80°C.

¢ The addition of a conventional ply on top of a SM-only beam gained veeydéflection advantage
over an unmodified SM-only beam, and was inferior in bending to a similar hybrid beam with one

conventional ply substituted at the extreme fiber for an SM ply.

Besides increasing deflection capability, conventional plies have relatittle\effect when compared
to variables like shear end-constraints, and bending temperature. Like SM-ank; bghrid beams are
also shape stable at room temperatiZesating a hybrid beam with the same number of plies above and
below the core is preferreéd adding a conventional ply onto an otherwise symmetric EMC. This is also a
benefit at room temperature, where warping could otherwise o&md.constraints significantly change
the beam bending mechanics, making stiffness prediction and stress calculation difficult.

Fiber kinking and tow delamination occurs locally at initiation sitesrbefieaximum loading of the
compression facesheet occurs. This requires that a better definition of belutefined; one which
conveys the reduction of structural capability. Very small deflectiomoah temperature does not provide
an adequate damage inspection method.

Bending below §, and with higher fractions of conventional plies is best for accompdjshaximum
facesheet deflection. This should be traded against preserving crossthékitass to maintain structural
capability, as well as the desire to form at higher rates and with minggaired load. If bending at
temperatures above,Thold time should be minimized to reduce foam thinning due to stress relaxation. If
bending below §, reduction of deflection rate will reduce required bending force.

The tests performed in this work demonstrate that including conventional epoxy plies in the
compression surface of shape memory composite sandwich panels does produce supervilitgform

over SM-only panels by delaying or preventing facesheet failure due to compression buckling.
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APPENDIX A

A.1. Sources of error

The potential sources of error in this work fall in to the categories asfufacturing errors and

measurement errors.

A.2. Manufacturing error
Variation in sample geometry induced by the manufacturing process affects the Istifitiegs of

samples within each set. The width difference, which was causedegnee in the sample parting
procedure, was normalized to one inch wide it test data based on the beam centeymezd. Thickness
difference, specifically in the center of the specimen, appeared to be induced pyodaced by the curing
shape memory epoxy. Foam core was cut to the same nominal thickness, but afteccepgadt curing,
a localized thinning was observed. Wet layup onto the open cell foam with SM epoxgdésult
uncontrolled filling of the foam, although full thickness filling was not obser¥éickness measurements

for each beam are shown below.
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Width (in) Thickness (in)
End-B| Center|] End-T End-B Cent¢er End

1-L-a 0.999 1.006 1.000,

1-M-a 1.001 1.002 1.003,

1-H-a 0.997 0.998 0.994

1-L-b 1.004 1.008 1.010

1-M-b 1.005 1.006 1.003 0.285 0.27% 0.26
1-H-b 1.010 1.008 1.006 0.289 0.27¢ 0.21
2-L-a 1.003 1.006 1.008, 0.297 0.288 0.27
2-M-a 1.007 1.009 1.010 0.297 0.282 0.27
2-H-a 1.008 1.005 1.003} 0.297 0.28p 0.2}
2-L-b 0.996 1.001 1.000 0.293 0.288 0.27
2-M-b 0.999 0.998 0.999 0.291 0.282 0.27
2-H-b 0.994 0.994 0.994 0.29¢ 0.279 0.26
2.5-L-a 0.995 0.996 0.995 0.293 0.298 0.2§
2.5-M-a 0.999 1.000 0.999 0.297 0.298 0.2§
2.5-H-a 1.006 1.005 1.008 0.291 0.298 0.2
3-L-a 0.996 0.997 1.001]

3-M-a 1.011 1.005 1.002 0.297 0.256 0.29
3-H-a 1.006 1.004 1.003}

3-L-b 0.994 0.998 0.999 0.292 0.249 0.29
3-M-b 0.996 0.997 0.997 0.299 0.268 0.29
3-H-b 0.995 1.001 0.999 0.2964 0.248 0.29
4-L-a 1.009 1.002 1.010 0.295 0.238 0.3(
4-M-a 1.006 1.006 1.005 0.292 0.25P 0.2
4-H-a 1.010 1.012 1.012) 0.297 0.25p 0.24
4-L-b 1.008 1.003 0.999 0.295 0.251 0.29
4-M-b 1.005 1.005 1.006 0.295 0.25Y 0.29
4-H-b 1.003 1.004 1.002 0.295 0.255 0.24
5-L-a 1.002 1.004 1.002, 0.299 0.259 0.24
5-M-a 1.004 1.002 1.003, 0.29¢ 0.251 0.29
5-H-a 1.004 1.005 1.004} 0.294 0.25) 0.2
5-L-b 1.009 1.008 1.006 0.295 0.23% 0.29
5-M-b 1.013 1.014 1.013 0.290 0.260 0.29
5-H-b 1.004 1.005 1.010 0.295 0.245 0.24
6-M-a 0.975 0.966 0.971 0.309 0.259 0.24
6-H-a 1.006 1.006 1.004] 0.309 0.26p 0.3(
6-L-b 0.975 0.975 0.966 0.304 0.264 0.30
6-M-b 1.006 1.008 1.009 0.311 0.256 0.30
6-H-b 1.012 1.017 1.013 0.309 0.274 0.24

A.3. Load cell temperature sensitivity

The load cell was more “jumpy” above room temperature, making low load range measurement more
difficult. At the same time, the shape memory materials were s#teifing in lower overall test loads.
The load cell reading was zeroed prior to each test. The offsets requirgglidaremental deflection tests

are shown as an example.
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paTest] o5 | o4 |05 [oss [ 06 |07 |os [0 [100 |11 |12 |13 |14 |15 | 16
Test
Temp Sample Load Cell Offset at Test Temperature (Ib)
U-1HA no test no test 0.066| no tesgt 0.066 0.0431 0.979 O.d)89 0,088.110 0.101 0.104 0.102 0.104 0.09
2MB no test no test 0.060| no tegt 0.065 0.013 K 0.089 0.p89 8 0j100.090 0.088 0.080 0.097 0.09
56°C 2.5MA no test no test 0.064| no tegt 0.064 0.017 0.089 0.091 0/100.112 0.098 0.097 0.091 0.10¢ 0.09
3HB notest| notest| 0.067 notest 0.073 0.092 0.999 0.102 P 50/100.103 0.103 0.105 0.093 0.114
4LB no test no test 0.069 no tegt 0.082 0.094 0.104 0.106 0/110.117 0.110 0.102 0.100 0.09! 0.09
5LB no test no test 0.069 no tegt 0.086 0.096 0.116 0.106 0/110.105 0.087 0.102 0.101 0.10: 0.09
1HB notest| no test 0.117] no tegt 0.117 0.117 0.117 0.117 0[249.221 0.154 0.203 0.179 0.18: no teg
2LB no test no test 0.114 no tegt 0.219 0.114 0.225 0.114 0,22P.132 0.171 0.114 0.114 0.114 0.17
2.5LA no test no test 0.112] no tegt 0.213 0.112 0.112 0.212 0/11R.179 0.112 0.183 0.188 0.183 0.17
80°C U-3MA notest| no test 0.110] 0.11¢ 0.11p 0.236 notest nofest teshq notest| notes notest notgst notest no
4MB no test no test 0.108| no tegt 0.205 0.111 0.208 0.219 0,209.172 0.172 0.171 0.165 0.15! 0.14
5MB no test no test 0.111f no tegt 0.212 0.111 0.111 0.237 0/110.182 0.150 0.150 0.167| 0.18: 0.17
6MB 0.111 0.211 0.111 no test 0.111 0.111 0.111 0.156 0.139 40/160.111 0.168 no tes no tesgt no tg

A.4. Load frame and test fixture compliance
The 3-point bending test set up is considered to be a spring in series withftfessstiff the load-
applying machine, which includes the load frame, test fixtures, and load cell. For the pumpest, the

machine, in its entirety, is treated as a single flexural entity.

- 41 (A.1)

ktotal ksample ky

Compliance assessment of the machine was performed with a 7.5 (L) x 1” (W) x .376” (T) 6061-T6
aluminum bar and a 7.5” (L) x .988” (W) x .189” (T) mild rolled steel bar, which are roughly the same size
as the sample beams. The elastic modulus of 6061160isx 103ksi, and the steel bar has an elastic
modulus of 29.% 103ksi.

The Deflection vs. Force data is used to calculate the deflection of thenmégip) asthe difference
between the mid-span deflection measured by the linear potentiometer and the ide@beitalculated
for elastic bending of the metal beams.

Omeas = Gigear + Om (A.2)

Since equal force is applied to springs in series such that,

Preas = Pigeat = Py » (A.3)
and the ideal deflection of a beam due to 3-point loading is calculated at mid-span by,

PL3
Sideal = 2851’ (A.4)
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then the total compliance equation can be rewritten as,

Smeas _ Sideal + Sm (A5)

Pmeas Pmeas Pmeas

Therefore the compliance of the machine is,

cn = —5’“;;‘62““’ . (A.6)
A straight line approximation of the compliance data points plotted versusdajgalet has a slope of
around 0.0001 inches per pound, as calculated from both the aluminum and steel bar bendioige The
values recorded for all elevated temperature tests are less than 10 pound$ieSiocpliance of the load
application machine corresponds to a deflection error of only 0.001inches at 10 pouna@stbdeglection

values of test data are reported to the nearest 0.01 inches, it is assumed ttoatittkieed by compliance

can be ignored.
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APPENDIX B

B.1. Room temperature stiffness

The variation in room temperature stiffness within sample batches is shown in the follalbéng t

Center Raw |Normalzed  Set Population
Width Stiffness | Stiffness | Average, Standard| Set Min, | Set Max,
(in) (Ib) (Ib) Normalized Deviation Variance| Deviation | Normalized Normalized
1-L-a 1.006 158.7 157.8 45.7
1-M-a 1.002 170.5 170.1 315
1-H-a 0.998 174.1 174.4 98.6
1-L-b 1.008 159.7 158.5 164.5 36.8 °4.8 7.4 1557 1ra.4
1-M-b 1.006 171.7 170.7 37.9
1-H-b 1.008 156.9 155.7 78.6
2-L-a 1.006 176.0 174.9 23.3
2-M-a 1.009 183.3 181.6 3.6
2-H-a 1.005 187.6 186.6 47.4
>Lb 1001 1776 1774 179.8 53 26.7 5.2 172.6 186.6
2-M-b 0.998 184.9 185.2 30.1
2-H-b 0.994 171.6 172.6 50.8
2.5-L-a 0.996 170.7 171.4 14.8
2.5-M-a 1.000 171.4 171.4 175.3 15.3 30.2 5.5 171.4 183.0
2.5-H-a 1.005 184.0 183.0 60.3
3-L-a 0.997 140.5 141.0 194.4
3-M-a 1.005 155.4 154.6 0.1
3-H-a 1.004 171.1 170.4 240.1
3D 0.998 1515 1518 154.9 93 134.1 11.6 141.0 170.4
3-M-b 0.997 168.7 169.2 204.0
3-H-b 1.001 142.5 142.4 156.7
4-L-a 1.002 129.2 128.9 307.4
4-M-a 1.006 142.7 141.8 21.0
4-H-a 1.012 169.8 167.8 455.9
4-L-b 1.003 115.4 115.0 146.4 986.0 3813 19.5 1150 167.8
4-M-b 1.005 163.7 162.9 271.0
4-H-b 1.004 162.8 162.1 246.7
5-L-a 1.004 118.2 117.7 288.0
5-M-a 1.002 122.3 122.1 159.1
5-H-a 1.005 157.1 156.3 468.2
51D 1.008 128.7 107 7 134.7 8.9 254.4 16.0 117.7 157.2
5-M-b 1.014 159.4 157.2 505.4
5-H-b 1.005 127.8 127.1 56.9
6-L-a (1) 0.999
6-L-a (2) 0.860 129.4 150.4 145.9
6-M-a 0.966 114.3 118.3 402.1
6-H-a 1.006 140.7 139.9 2.3
6-L-b 0.975 108.1 110.9 138.4 755.3 354.9 18.8 1109 1665
6-M-b 1.008 145.3 144.2 33.9
6-H-b 1.017 169.3 166.5 790.0
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APPENDIX C

DSC results of EPON' Resin 828 mixed with EPIKURE Curing Agent 3140 at 45 parts-per-

hundred, after post cure

Results of DSC Testing for Glass Transition Temperature of Epon
828/Epikure 3140 Resin Systems
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§ 0 ~ = 8
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APPENDIX D

D.1. EPON™ Resin 828 Technical Data Sheet

M HEXION
Technical Data Sheet

Re-=sued Ssptember 2005

EPON™ Resin 826 5 a5 endiuted desr diincions] bisphenol A/epchiorotydnn denved Bgesd spaxy esn
Vihen ooes-nk=d or hamdensd with sppropnste cunng sgens. vy pood mechancs], sdheswe. desscine
el chamcal regisiance propesiiss se obiEned  Because of this versatiiy. EPON Resin E28 has beoome
3 sEnd= epmy resn used T fommuiston, Ebocaton snd feson Eohnoiegy.

Ez=z resn for =poxy foson technalogy
Sales Specification
|Prpery U= = F T —
Weight per Epodde o= 155 182 ASTM [MESZ
Wiscosly = 25°C P 10— 153 ASTM D445
Coler Gardner 1m=x ASTM D582
Typical Properties
Fropeny Unibs Vaie Tiest MethoffStandand
Densiy 3t 7570 gal a7 ASTM D145
|Denimiya25°C o'ml 118
'Wapor press= @ 25T TT mm Hg 003
F!
Rfimcive inde @ 25°C (77 1573
H
Speciic heat BT a5
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ProcessingHow to use

General Information
The low viscosity and cure properiies of EPON Resin 828 alow is use under vanous applicstion and

. Spraying and brashing b Pultrusion
. Fiament winding e Casfing
w Pressue Eminaing ]
. Vacuum bag Eminaiing . Towsling
Curing Agents

BPON Resin 828 can be cured or cnossinked with 3 vanety of curing agents depending on properiies
desired in the finished product and the processing conditions employed. Some commonly used curing
agents, recommendad concentratons. typical cure schedules employed in maor end-use spplicaions, plus
sources for these cuning agenis are displiayed in Tabi= 1.

Performance Properties

Perfomance Charactenstics of Cured EPON Resin 823

Mechanical Properties

High performance. high strength materisls se obsined when this resin & cured with 3 vanety of cuning
agents. Unfiled systiems in commaon use have ensie values greser than 100000 psi (B2 MP3) with modulus
walues: grester than 4000000 psi (2750 MPs). Such systems are nomslly very rigid. If grester fledbility i=
needed systems can be fomuisied o provide up o 3007 slongaSon.

Adhesive Properties

Ome of the most widely recognized properties of cured EPON Resin 828 i strong adhesion to 3 broad
range of substrates. Such systems exhibit shear strength of up to 6,000 psi (41 Mps). One factor which
conributes 1o this property i e low shrinksge shown by these systems dunng cure. Compared o other
polymers, epoxy resins have low miemal stesses resuling in strong and dursibée finished products.

Blectrical Properfies
resisiviies up o 1 x 10E16 ofhm-cm, dislecinic constants of 3-5 and dissipaiion Boiors of 00002 1o 0.020 &t
EPON Resin 828,

Chemical Resstance

Cured EPOM Resin 828 is highly resistant o 3 brosd range of chemicals, including csusfic, scds, fusks and
sobvents. Chemically ressmnt remforced structures and inings or coatings over metsl can be formulsted
with EPOM Resin 828.

Fomulsting Technigues
The primary components of 3 thesmasaiing resin fomuls are the epoxy resin and the hamener or curning
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FOMN Resin 528

CESH et

agent However, In praciice ofher matenaks are nonmaly ncorporaied o achieve special propertes. For
exmmpie, inert fillers such as silicas, Eios, calcim slicaies, micas, days and calcum carbonsie can be
added to further reduce shrinkags and improve dimensional stshility. Also, rescive divents can be added
o EPOM Resin 328 to reduce viscosity. The =fiect on viscosity by adding such matenisks i shown in Figue:
1

Tatie 1/ Curing Agents for EPON™ 828

RecommendedConcentration Typical Defiecion

Fange. phiz Cure  Tempersie

coupms o Se SO s st
T

Aliphasc Amines

EFIFURE™ 3223 Lipuicd 12 Td. 25 1202500 ABCDEFH 5

DETA) @

EFIFURE 3234 Licpuicd 13 Td,25 120{250) ABCDEFH 5

(TETA) i

EFIFURE 3200 (AEF) Lipusicd el 24h 25 1202500 BCEGH 5
me
1h, 150
(300}

EFIFURE 3270 Licpusicd 75 144,25 58(133) ABCDEFH 5
)

EFIFURE 3271 Licpuicd 18 144,25 68(151) ABCDEFH 5
)

EFIFURE 3274 Lipuicd 40 14d, 25 — ABCDEFH 5
)

EFIFURE 3230 Lipuicd 35 Td. 25 6B(135) ABCDEFH 1
@

D400 Type PEA Liqpuicd 55 Hmin, INEE ABCEFH 1
1150240)

Cyclosliphatic Amines

EFIFURE 3370 Licpuicd 38 7d,25 58(133) ABCDEFH 5
)

EFIFLURE 3382 Lipusicd 83 Td.25 63145 ABCDEFH 5
)

EFIFLURE 3383 Licpuicd 60 24h 25 54120) ABCDEFH 5
me
Zh, 100
12)

HCD-3042 (Rev. 3312016 42533 PM Fage 3o0f8

100




EPON Resin 828

Podyamides
EPIKLURE 3115 120 1h, 100 B(135) AB -]
212)

EPIFLIRE 3125 Td.25 BNi1E5) ABCEFH 5

i i1

EPIFLIRE 3140 75 Td.25 1153240y ABCHH 5

EPIKURE 3015 Liquid 50 160, 25 - ABCDEFHI 5
e
Zh 83

EPIKLURE 3055 Liquid 50 Bh25 G67(153) ABCDEFH 5

e
Zh &3

EPIKURE 3072 Liquid 35 144,25 58(135) ABCDEFH 5

Aromahc Amines
EFIELIRE W
Metzpharyhensdamine 14 Zh B0 150{300y BCDGH 3
MPDA) (15 &

Zh, 150
Metylene diandine
(MIDA)
Diaminodiphesmyd
Sulfons [DADS)

U e
Zh, 150

Sohd 25 125 174350y BCDGH 213

EEneE
1h, 200

Tatie 1/ Curing Agents for EPON™ 828, cont.

RecommendedConceniraion Typicsl  Defiecton

Range. phef Cure  Tempersturs
me
HCD-3842 (Rev. 3312016 £2533 PV Page 4 of 8
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Anhydnides.

Methyl i=trafydmophthalic Licuuid
Anhydnde (MTHPA)

NADIC Methyl Licquad
Anhydride (WHA]
Hexshydrophthalic Solid
Anhydnde (HHPA)

Catalysts snd

Vizcelansous

2EFyl Sty Metzzizhle
Imii=zois (EW-24) Licuuid

Dicyandiamide Soid

L

120
250 &
2, 150

th, 120
(ZEhE
224,

1h, 80
(175 &
Zh, 150

&h, 50
1z2&
2,110
@40)
1h, 120
2snE
Zh, 110
@40)
30 min,
150240
ik, 177
{@s0)

130(z08)

120358)

130(265)

TPOE40)

TrOE4T)

ooEiz)

150(300)

ABC

BCDGH

* Cures can be effeced with these cuning agenis ower 3 wide range of emparsiures. Higher emperstures

yizld shorier cure tmes and highest Tg.
* Parts of curing agent per 100 parts of resin.

4 Bystems cured 31 Do Emperare wers post cured &t slevated emperatirs 0 achisve defiecton values.
* Applicafion codes: A - Coalings: B - Adhesives; C - Castings: [ - Moldings; E - Flooring: F - Paving: G -

Biectnicsl Lamingtes; H - Stuctrsl Lamingtes; Hriament Winding.

 Supplier Code
1. Huntsman Chemicsl
2 RSA Corporsion

3. EL DuFont de Nemours £Co., Chemicals & Figments Degt

4 Harshawy Chemical Company
. BASF Corporation

T. Amesnican Cyanamid - industris] Chemical Div.

& Nllii=n & Company

HOD-3842 (Rev. 331720M0 £2533 PV

2.1, 14

.14

812,14

15, 18

1w

12,10
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PN Fe=n B25
£ Lindsy Chemirsis inc

10, Anirydeides snd Chemnicsiz ine

11. Doge Chermcal Co. tnc.

12 Baiffaio Color Comp.

13 Ax Products and Chemicals, Inc.

4 loa=

13 inberchem

18, Polyormanix

17_Aaniech

18 SON Trosbeary

12 Ashiznd Chemica

& Demethyi=mno propyismne may be subsihuted = awpense of siphty reduced pot =2 Sources a2 and
i3

Figu= 1/ Viscossly st 25 °C of EPFON™ Resin 328 blends with various diluents

- =
: g
==K
- o
i N
N
- = al
0 B [ [ ™ =
A= o R e
Fusion Technology

EFOH Reon 828 & the prodoct of chosce for = resin chemist using 3 specific fusion catsly=twhen
FOCESENG propretany Sofd Sy resins of epoay =siers. Upon request. Heaon can prowide BEPON Resin
EZE exhibiting exremsly iow hydrolyzsbis sad sl chionne, two end groups B3t may be delstenous oresm
g =0d long t=m periomance in slecrical uses

FO& Sistys

Provsions ar= made Tt the FDA reguisore fir the 1se of EPOA Regn 328, when propedly fomeisted.
Sppied and cared, for food contact sppicaiions under Tie 21 Code of Federsl Reguisfioss 175300 The
repEstons shooid be consuled for comples det=ic In pattouisr. we direct Foor Fienton D SEpaEsgrEnh
b} of 21 CFR 174 5 and e genarsl prostsions applicabls 1o indirec? food sdditves f=ied thee.

- T T
S0 I E
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Gensnic name: Liguid Bsphenal & Epichioroiydnin besed spoey msn
Chemicsl gesgnason Phengl 4 40 - (meSyenyhdens ! bepolymer wilh (chioeomeiy? crrEns

Figwre 2 [ Viscosity - emperahre profile for EPON™ Resin E28
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Fipwr=3/ Specific gravity - empersture profile for EPON™ Resin 828
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Fomuidston and Appiicaton Infrmaton
applestions. corsul® buliedin SCAT, eodtied EPON Rooe Srurteal Aaferenee Misous! ™ For epory resin
==

Figure 4 ' Viscosity - temperature profile {for 5 samples of EPON™ Resin E28 ranging in viscosity
from 440-150 poise)
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Safety, Storape E Handiing
Piza=e refer ip the M5S0 fox the most cament Safety and Handing mitmsston

Please refer to the Hegon web sie for Shelff | 8= and recommended Siorage sforrason

EPOHN Raon i75 & an ondiuted o epmoy resin fhat & avalisble in =nk o=, tank trude and 500 pound
et coced head dnere. EPON Resin 828 &= noemally shipped i ol froen 150 °F (30 °C) o 188 °F {82 °C)
and c=n be sored = 120-140 “F (4850 "C) for eass of handing. The wscosiy temperatre profie and the
specic grawyemparsture profie for EPOMN Resn 5228 are dispiayed n Figures 2 and 3 espechely for
your gudanee

NOTE OF CAUTION: Yilhen chediing wiscosity of EPON Fesn 328 incoming sampies. me caufion you o
maie cortamn hat the prodoct = manEned 2 25 +- 0 01 "G bofors =iy You will note n Figurs 4 hat
EPON R==n 528 can vy i wscosty by 10-15 poss for each degres nemperaners the prodoct vanes
from 25 T

Exposwr= 1 fhese materizis should be minimized and avoided 7 ieasdi= fyough the observance of proper
precautions, use of SpEFTpEEe enginesring controls and proper pesonal protective disthing and
cmEpment. 3nd adherencs o proper hendiing orocedures. Mone of fhese matenials showld be wsed,
stored, of Tanspori=d unil the handiing precauthons and recommendsions as sited n the
Msterial Ssfety Dstz Shest [M5D5) for these and all other products being used are understood by
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R B 39
=L e Eh

s shouid be drected tn your Hewion ssies represenstye o e neares! Heoon ssies ofoe.
irdommation snd ME1S5: on non-Hewon producs shoold be obisned from the respects manufactrer.
Packaging

HAvadsbie in balk and dnem quantsEs

Contact Informabon
For product prives, sveishity, or order placement. plesse contact ousinmenr serace
wwrw_henon comConaos!
For itershure and =chnical sssstEnce, wEE owr websis = wwar hemon com
el ™ Lanasl Tt o Sl
DT RS

R L TR T PR T S T S S SIS PR R T D T R L TR R P R P T T

£ T a i re 4 ity =Ny o maa wra

T L aepieg T PRI T £ iy & oe P LA L PR R (il B AT
el o = naie. BTSN AT B BESEETE, DISECTT O LIS, SO, TRD SR &% THD
IR EDE YOS MRS TS FOS AN PSSP 08 SOaE TG, T O 5 BF MO,
sscay. T e Dres m el T mmmp T = S, e 2 ay pmEa

POE-3042- [R=w 3310018 42531 PV
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