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Lay Abstract

Polymeric decorative films are commonly used owdpmobile components in order to

provide better aesthetics, soft touch, protectienweell as scratch resistance. The
polymers are externally applied over the manufactwomponents in order to serve as
coatings. This is a cumbersome procedure and thexe interest in the industry to pre—
affix the polymer films on the metal parts priortkem being made to undergo forming or
metal stamping operations. The use of shape mepumgmers as coatings over metal

components is new and has been investigated impthjsct. The study found that SMP is
able to demonstrate high shape recovery with a ¢eatypre range 15°C — 40°C. Results

also show that interfacial properties are senstiviemperature and laminate geometry.



Abstract

Metal polymer laminates have had wide applicabihtyhe automotive industry. In recent
times, there has been an interest to introducenperyilms over metal parts prior to their
forming process. This can not only result in casttiog, but also fulfill the need for
polymer films serving as paint replacement prodtidwever, the applicability of such
laminates has been limited due to the tendenchefpblymer films to delaminate and
wrinkle during processing and usage.

In this work a Shape Memory Polymer (SMP) — StaislSteel (SS) laminate system has
been studied for its integrity and interfacial styth under a wide range of test conditions.
FE analysis of SMP — SS laminate systems have t@e® to help understand the role of
stresses and strains in the polymer film and asibdsiyers in relation to delamination

and wrinkling. Further, the effect of the geomaeaidfyhe laminate systems on the tendency

for wrinkle formation has been analyzed.

In addition, the shape recovery phenomenon of tiupethane films has been studied in
detail at temperatures below and above the glassition temperaturegI The polymer

is found to have 100% shape recovery, even frogelaeformations as 40% strains at
room temperature when the material is highly ctiigg&a As the temperature is increased
to 50°C, the material becomes viscous due to plassiocations and slips occurring in

the polymer chains which result in decreased shapevery as compared to room
temperature. At lower temperatures such as 10°@ntterial becomes very stiff and also
exhibits high shape fixity and low strain recovedy.specialized constitutive material

model incorporating the shape memory behavior diyysethane has been used in
conjunction with themo—mechanical cycling procesthiw the temperature range of

15°C-40°C.
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Chapter 1

Introduction and Objectives

1.1 Background

Polymer films are affixed to many surfaces usinpesives for surface protection from
the environment, as well as aesthetic and deceragasons. Polymer films have been
successfully utilized as automotive decorative $ilthat are typically applied as a post—
processing step over injection molded plastic partd formed metal parts in the car
interior using high performance adhesives. Adddibn polymer films are also applied
over car exteriors as paint protective coveringguife 1.1). In recent years, there is an
interest in pre—applying the film to a flat sheettat and subsequently stamping of the
polymer—sheet metal laminate to obtain a part. Sauchnished’ part can be directly
attached to the car body without the need for paintwhich invariably involves
environmentally—unfriendly automotive paint shopsg Figure 1.2 a). However, the use
of polymer—adhesive—sheet metal as a laminate ton fa part requires a good
understanding of the plastic deformation resporigbeopolymer film and adhesive, and
especially the interfaces between the adhesivelaéim, and also the sheet metal and
the adhesive. Delamination and wrinkling of thenfitan occur in such systems due to
significant differences in the physical, chemiclfface and mechanical properties of the
constituent layers of the laminate. More receritigre has been an interest from polymer
film producers, such as (3M), in studying the betwof shape memory polymer (SMP)
films as part of the tri-layer, polymer film—adhesisheet metal (see Figure 1.2 b),
laminate system for automotive stamping applicatioh potential application of such
laminate systems is also possible in film insertchmg (FIM) and that has attracted a lot
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of attention in the automotive industry due todtst efficiency and weight saving. In its
present form, FIM utilizes a printed plastic sheeimprint designs on the metal part.
This is achieved by inserting the sheet in a dedeygh mold into which molten resin
packing material is introduced under pressure &ed ttooled to solidify. Finally, the
resin and printed sheet fuse into a single integraubstrate (Figure 1.2 c). Another
potential application of PLSMs is in pressure, wanwr mechanical Thermoforming that
is extensively used in the automotive industry. Demeral interest in SMP films for
applications as coatings over the exterior of awioie body parts is because of their
ability to recover their shapes under certain tleeimechanical deformation conditions
and may help with in—service repair of the outetomotive panels from denting or
scratching of the film when the automobiles arase. Shape memory polymers take on a
temporary shape at temperatures below therid also regain their original shape on
being exposed to heat, moisture, radiation andrdipes of external stimuli. Potential
damage done to the exterior coatings of an autdmosuch as scratching and
delamination can be undone by the application efithras the SMP would recover its
original shape with time.

Figure 1.1. PVC Vinyl film 180 microns thick caripaprotective film.
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Figure 1.2. (a) An automotive rear end fascia preghdy thick sheet forming [1] (b)
Laminate structure with SMP (c) Schematic diagrdrim insert molding process by
Nissha Printing Co. Ltd [2].

As mentioned above, forming of automotive composemth pre—applied SMP
films may be at the risk of being subjected to otetion, wrinkling and other forms of
damage such as corrosion from delaminated and edpogtallic surfaces. Therefore, it
is useful to understand what fundamental parametears affect delamination and
wrinkling of the SMP film affixed to a metallic sstvate. Part forming process from flat
sheet laminate typically involves large plastiasts that cause build—up of interfacial

stresses. These internal stresses arise from ldiffgrences in properties between



metallic and polymeric materials and are the primaause of delamination and
wrinkling. Figure 1.3 shows an example of wrinklingserved in post-affixed polymer
films on car windows. However, very few fundamenttudies of large plastic
deformation and forming process of laminates made fpolymer films (and especially
SMP films) affixed to metal substrates exist in literature. Also, it is not only important
to successfully form a laminate into a part bub asaluate the post—forming as the film
undergoes viscoelastic recovery after removal efgart from the press.€., unloading)
as well as in—service response of the part (asgfahe automobile). The response of
SMP film (as opposed to non—SMP polymer film) ipested to be more complex due to
its designed thermo—mechanical characteristicssabdequent part loading (or damage)
and temperature variations of the environment. loee, a study of the interfacial
integrity of deformed SMP film attached to metabstates and subjected to ‘damage’ is
required.

Figure 1.3. Wrinkles observed of car window tinbagsult of weak adhesion between
tint and glass [3].



SMPs are microstructurally designed in such a way they have the unique ability to be
programmed to assume a temporary shape on beirjgcsad to certain transitional
loading and temperatures but regain their origmapbermanent shapes on re—heating
above a certain characteristic temperature (segé¢it4).

§ol

s Lot
heating T> T, ) TZ"—/_\? s
yf Q"f}%‘% programming
7L BT ]

J 17_Jj:=- : St -' = -
M} UV cross linking ) jfé':-:' 1\{__,:'/}’;1\: -

e 3 ; ]
semicrystalline polymer crosslink to get permanent shape
Tl e
G e
temporary shape
s/ amorphous polymer chains m—  Crossinks _ﬂ-—- crystalline polymer chains

Figure 1.4. Demonstration of shape programmingsiraghe recovery process for SMP.
The SMP is deforms to a temporary shape on coalimpheating transforms the material
to its original state [2].

The peel test has been widely used in the engimgerdustry since the 1960s to measure
the bond strength of adhesive systems [4]. Theystfidhterfacial mechanical properties
is of paramount importance in optimizing the qualdf adhesive systems. It is an
efficient and simple means to study the interfagiedperties of bonds between two
similar or dissimilar materials. In this test, ade is applied to the free arm of a film
attached to a fixed substrate with an adhesive. [6A¢ peel tests can be conducted at
varied peel angles. Typically, 90° and 180° angtelpests are used to assess peel
strength of the film in a laminate. If the film aonsideration during the peel test is elastic
then the peel force measured is a direct estimlateeoadhesive fracture energy of the
system. However if the film is inelastic or viscasic then peel force cannot be directly
used to quantify the adhesive strength of the systeder study. In this work the 180°
peel test has been used to study the adhesiverpespef SMP — SS laminate systems.
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1.2 Objectives

In this thesis, a laminate system consisting of@ipetary thermoplastic polyurethane
(TPU) based SMP film, a commercially available #icradhesive, and a 304 stainless
steel (SS) substrate has been considered. TPU-BAdBdilms not only display strain—
dependent viscoelastic properties, but also hagec@ipacity to completely recover their
shape at certain characteristic temperatures. Thiese have high elongation at break,
higher thermal stability, and scratch resistanchest also demonstrate high shape
recovery within a certain temperature range. Thmugoof the research is on thermo—
mechanical properties of the SMP film via DMA (Dyma Mechanical Analyzer)
experiments, as well as effect of film and adhesivehe interfacial strength of the above
laminate system via peel testing. A 180° peel kest been used to determine the peel
strength primarily due to its simplicity. The tgsbvides the maximum peel force (or peel
strength). The test has been modified in the ptesenk to overcome one of its
limitations for the present laminate system (todmxussed later) and the effect of this
modification on the peel test results has also laeeyzed. The objective of the thermo—
mechanical tests is to study the shape recovergvi@hof the film and have a better
understanding of its underlying microstructure asllvas obtain data for use in an
advanced material model (to be discussed). Thectgeof peel testing of the laminate is
to assess how the peel properties can be usedetotire response of the SMP metal
laminate during and subsequent to the forming deraFilm wrinkling is also an
important technical issue as it affects the aesthappearance of the component.
Therefore, some wrinkling studies of pre-strainathihate are also included in the

research.

A clear emphasis of the present work is to studg thterfacial and wrinkling

characteristics of SMP film—SS laminate system gigrperimental and finite element
(FE) analysis methods. The FE models can help statet the experiment better and also
have the potential to deduce (or predict) the perémce of the laminate system under

diverse loading and thermal conditions outsidehefdéxperimental conditions. Generally,
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experiments tend to be more expensive and timeucoing, and an accurate FE model
offers the opportunity to reduce the amount ofingsand, in some cases, gain additional
knowledge of the deformation behavior that canreogeasily captured in the experiments.
FE method in conjunction with suitable material misdor SMP film has been utilized in
the present work for modeling experimental thermeehanical response of SMP film by
itself, peel characteristics of SMP film as parttbé laminate, as well as wrinkling
behavior of pre—strained laminates to gain usefsights into the interfacial strength and
adhesive properties and SMP behavior. Much effast Ieen devoted to obtaining input
parameters for the FE models and seeking a goodrigamodel for the SMP film.
Recently an advanced shape memory material moddbdrn proposed by Yang et al [5]
that models the strain recovery behavior of an SiM&erial based on temperature
dependent slip mechanism. The shape memory mateoidd| has been used in this thesis
in relation to the TPU SMP film studied. In additjaan advanced non-linear viscoelastic
model has been considered to effectively repretiemtlarge strain and temperature
dependent behavior of the TPU SMP. A cohesive zopndel (CZM) with traction —
separation law has been used to model the frateireeen dissimilar materials joined
together with an adhesive. This is a rather recemcept of modeling crack growth

initially introduced by Dugdale and Barenblatt [g][

The specific experimental and numerical modelingadives of the present work are as

follows:

Experimental:

[1]. Characterize and analyze the uniaxial tenslkeain rate dependant and thermo-—
mechanical behavior of TPU-based SMP film for ageanf test conditions. These data
can also be used as input data for laminate—baseldt@sts and wrinkling simulations

(see below).

[2]. Develop a suitable experimental methodology I80° peel testing that minimizes

the plastic deformation of the film during peeltieg. Using this methodology, study the

peel behavior of SMP film—steel laminates for ageanf test conditions.



[3]. Develop a suitable test methodology for a \iiimg test on pre—strained laminates.
Using this methodology, study the wrinkling behavad SMP film—steel laminates for a

range of test conditions.
Numerical Modeling:

[1]. Develop a FE model of thermo—mechanical cygkxperiments on TPU-based SMP
film by utilizing an available advanced material ceb for the SMP. Compare the

experimental and model thermo—mechanical respdosasrange of test conditions.

[2]. Develop a FE model of proposed 180° peel testsSSMP film—steel laminate by

utilizing (i) a commonly used visco—elastic modetidii) an advanced material model for
polymer films. Compare and discuss peel charatiesisom experiments and models for
a range of test conditions.

[3]. Develop a FE model of a proposed wrinklingttea SMP film—steel laminate by

utilizing (i) a commonly used visco—elastic modetidii) an advanced material model for
polymer films. Compare and discuss laminate wrimkicharacteristics from experiments

and models for a range of test conditions.

Subsequent chapters include Experimental Methodeafg@r 3), FE Modeling
Methodology (Chapter 4), Results and Discussionedasn the experimental and
numerical work (Chapter 5), Conclusions based enptitoposed objectives (Chapter 6),
and some suggestions for Future Work (Chapter [7¢. rfEference numbers are included
in the text, figures and tables throughout theithesd a serialized list of references has

been provided at the end of the thesis.



Chapter 2

Literature Review

This chapter presents a brief literature reviewagfics related to the objectives of the
present research in four sub—sections. The firbtsection deals with the thermo-
mechanical response of SMP materials. This is @b by sub—section two that provides
a brief background of different types of peel temtsl how the data from such tests is
utilized as a measure of peel resistance of filminated systems. The third and fourth
sub-sections focus on aspects of numerical modelfimgeel behavior of films, namely,

fracture mechanics of peeling and cohesive zoneehmag

2.1 Shape Memory Polymer Behavior

A polymer is a macromolecule consisting of repeasédictural units connected by
covalent chemical bonds [8]. Shape memory polynaeesa newly found category of
polymers that can be tailored to fix their tempgrahape and later recover it using
stimuli such as temperature, light or chemicalthése polymers are cooled below the
glass transition temperaturegfTafter deformation then they are unable to redher

original shape. The glass transition temperaturéhés temperature range at which a
polymer transforms from crystalline to an amorphatate. This deformed shape is
known as temporary shape and is a result of crogsng) between polymer chains

preventing any large scale motions. If the SMPeiatbd above the transition temperature



then it is able to recover its permanent shapeseitbmpletely or partially. Their unique

property makes them useful for a variety of indasand commercial applications.

The earliest record of SMP industrial applicatidases back to the 1950s when Raychem
Corporation invented a heat shrink tubing usingiatamh cross—linked polyethylene.
Japanese companies in the 1980s developed pohs{ismprene) and poly (styrene—
butadiene) materials with shape memory effectsl{@ler segmental polyurethanes were
introduced by Mitsubishi Heavy Industry in the gatB90s [9]. Polyurethane offered the
advantage of flexibility for development of SMPsthia wide range of mechanical
properties and glass transition temperatures. Eigur shows the modulus of elasticity of
thermoplastic polyurethane in comparison to othdPS, Aluminium (Al) and Steel (St).

It is evident that thermoplastic polyurethane hasaad range of moduli.

Comparison of E-modulus of TPU and RTPU
with other materials

PVC |
| Rubber | ABS
1 IIEI 1CID 1(363 10 CI)DEI 100 IEIEIC 1DDEIICDD

E-modulus [MP4]

Figure 2.1. Moduli of commonly used SMPs and othaterials as Al-Aluminium, PC—
Polycarbonate, PA—Polyamide, ABS—Acrylonitrile Biliene Styrene, PVC—Polyvinyl
Chloride, St—Strontium, PE—Polyethylene and Rulpb@}.

Polyurethanes are thermoplastic elastomers comgisti two phases joined by physical
crosslinks. The soft phase or the elastomeric n&twa developed by the reaction of

polyols with diisocyanate whereas the reactionhairschain diol with diisocyanate forms
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the hard phase. Polyols are compounds containjigrality of hydroxyl groups. As an
example, polyester polyols consist of ester andrd¥yd groups. Other examples of
polyols include polyether polyols as poly(oxyetmg® poly(oxybutylene), poly(ethylene
succinate), poly(butylenes). Hard segments arehsgited by a reaction between
diisocyanate as diphenyl diisocyanate or 1,6 hediisecyanate with a diol as 1,4 —
butanediol [9]. The hard segments contain hydrogending sites that also serve as
physical crosslinks that prevent neighboring polyrakains from slipping. The hard
segments are crystalline and the soft segmentssamd—crystalline in composition.
Polyurethane based thermo—plastic urethanes (ors)RWhibit high elasticity, high
elongation at break, suitability to bonding or wel] ease of coloring and high abrasion

resistance [11].

Figure 2.2 shows the reaction between diisocya@&bl-R—-NCO with polyols to form
hard and soft segments in polyurethane. The indking mechanism between the hard

segments preventing the polymer chains from umgpiht low temperature is seen in
Figure 2.3.

n HO~_/" ™\_~0OH + 20+ x OCN=R—NCO

|

X X

0 ~_/ N0 H—R—HCD + x OCN—R—NCO

n DCN—R—N
H

l + mtx HO—R-0OH

{(“Woiu-"‘ni“)/ (““'- ““*’iﬁ'”"ﬁi)J 2nex

switching-segmant-determining hard-segment-determining
block block

Figure 2.2. Chemical reaction resulting in synthedisoft and hard segments in
thermoplastic polyurethane [12].
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exiension
and
Cooling

Figure 2.3. Interlocks formed between the hard ssgapreventing the soft segments
from moving [13].

Typical thermo—cycling response of SMP is showrrigure 2.4 [9]. Such a diagram is
useful in understanding the shape recovery behafi®MP. The phenomenon of shape
recovery is based on the material taking on a teargoshape on deformation at low
temperatures (<g) wherein the polymer chain segments are locked Wy poénts
preventing them from uncoiling even on unloadindhéiV the temperature is raised above
T4 these net points are dislocated and the polymenghacoil to a more disordered
configuration due to their increased entropy [dje number of crosslinks or netpoints is
dependent on the molecular weight and hydroxyl rerm8MPs having a low molecular
weight polyol and high hydroxyl number have thehgigt number of crosslinks [14]. The
steps involved in a thermo—mechanical cycling tasésshown in Figure 2.4 [15]. These
consist of 4 steps as follows.

1. Heat the material to above the transition tempeeadfithe SMP and deform it to
a new configuration.

2. Cool the material to below the transition tempa®atunder constraint such as
constant stress or strain. The material now expeei interlocking between the
polymer chains as its net points have been activate

3. Hold the temperature and reduce the load to zere.SMP may recover a small

part of the deformation. It has now taken a temiposaape.
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4. Heat the material to above the transition tempegatlhe SMP possibly recovers
its original shape either completely or largelyths net points have now been

deactivated and the polymer chains are free to move

Strain (%)

o e a)

7
%aue (%)

Figure 2.4. A 3D stress—strain—temperature respohS&IP during cyclic thermo—
mechanical testing [9]. Step 1: showing the maktesideformed at a high temperature.
Step 2: the material is held at constant stresteviine temperature is reduced. Step 3:

unloading at constant temperature. Step 4: Firedbting causing the material to recover
its original state.

The SMPs are known for their shape recovery angheshixity properties. The shape
fixity provides an estimate as to how stable thePSslin the temporary state. It is the
ratio of the deformation after unloading versusdieérmation under loading. The shape
recovery term is the ratio of the recovered defaionaversus the fixed deformation. The
thermo—mechanical cycling can be depicted usingsthess strain relationship as shown
in Figure 2.5. The path a) corresponds to defowmasipplied to the material at a high

temperature till strainy,. After this step, the temperature is reduced &edsample is
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unloaded as shown in step b). Lastly, the samgieated and the strain recovered in step

c). The strain fixity Rand strain recovery;Ratios can be calculated as

R = / [2.1]
where
uis the strain in the material after unloading atdo temperature

mis the maximum strain applied to the material.

[2.2]

where

nis the strain in the material after unloading ardting to higher temperature.
4

Stress

Strain

Figure 2.5. Stress — Strain curve for the thermahaeical cycling. In step a the material
is deformed at high temperature, step b the méisnmloaded as the temperature is
reduced, step c the sample is heated and its shapeered [16].

SMPs can be further classified according to théiape recovery and shape fixity
properties as shown in Figure 2.6. The strain \&temperature plot for an ideal shape
recovery is shown in Figure 2.6(a). The materiad h@0% strain recovery instantly as
temperature increases over the transition temperain reality, the strain recovery
happens over a range of temperature as observé&igime 2.6(b). An SMP that has
imperfect shape fixity shows some strain recovemyumloading at low temperatures
(Figure 2.6c). Additionally an SMP with imperfedtape fixity and incomplete strain
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recovery is also unable to recover 100% of the me@tion on heating above the

transition temperature.

a Fixing b

c c

o 7 o
b - / g| @ e
g @ =] S o
£ 3 3 £ 3
g I -} = -
= = =
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Temperature Temperature
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? | ¢ e
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Figure 2.6. Types of shape memory behaviors, €li8MP, (b) non—ideal SMP with
perfect shape fixing and complete shape recoveyyndqn—ideal SMP with imperfect
shape fixing and complete shape recovery, anddiyideal SMP with imperfect shape
fixing and incomplete shape recovery [17].

For most SMPs the shape recovery is above 80% ahi¢he shape fixity depends on the

holding temperature and holding time. Shape regoweérdifferent types of SMPs for
100% applied strain has been enumerated in Table 2.
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Table 2.1. Shape recovery % for various types oPSNI8][19][20].

SMP Shape Recovery %
Polyurethane foam 80%
Polyurethane SMP Polyester 85%
switching segment
Polyurethane SMP with 90%
Polyether switching segment
Polyethyelene 94%

The effect of holding temperature and holding tiomeshape fixity of SMP is shown in
Figure 2.7 (a). The samples were heated to vatgmgperatures as shown in Figure 2.7
a) and then cooled to 20°C each. It was foundititaeasing the holding temperature and
holding time increases the shape fixity. The shapeovery ratio is found to be
independent of holding temperature as seen in Eiguf b). However, the rate of shape

recovery is faster as temperature increases.
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Figure 2.7. Effects on SMP poly ethylene — dimethykate (a) shape fixity as a function
of programming temperature and holding time (b)ysh@covery ratio under different
recovering temperatures [20].

2.2 Stress — Strain Behavior of Thermoplastic
based SMP

Thermoplastic based SMP are multiblock copolymket exhibit elastomeric properties

as its chains extend or contract from a compaatlaancoil to extended chains. The
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polymeric chains are characterized by physicalgdiigng bonds between the polymer
chains. The random coil structure signifies a stdthigh entropy whereas an extended
chain has low entropy. Figure 2.8 (a) shows thesstistrain behavior of thermoplastic
polystyrene. Initially the SMP behaves as an etastountil a yield stress after which
they undergo viscous flow like behavior. Hence, ithial elastic modulus may be many
times that of the elastic modulus calculated agdastrains. In general, stress—strain
curves exhibited by SMPs have three distinct stagle first stage has a characteristic
high stiffness due to high crystalline structutes ts followed by a plateau stage marked
with a lengthening of the polymer chains in a prad@ntly amorphous matrix. Finally,
the material experiences strain hardening withaaiteristic rise of stiffness till failure.
During the first stage the material undergoes eting of the chains only, whereas in the
second stage large elongations produce plastioadisbns and slips between polymeric
chains. Thermoplastic polymers are viscoelasticenads with time dependent properties
such as creep and stress relaxation. Viscoelagtierrals are also characterized by their
glassy (or crystalline) state and amorphous (obeny state. With an increase in
temperature, there is a transition of viscoelastiaterials from the glassy to an
amorphous state. Figure 2.8 (b) shows the stream diehavior of SMP polystyrene at
different temperatures. Polystyrene has @ of 50°C. At very low temperatures,
especially below §, the entropic motions of the polymeric chains faozen and hence
deformation only occurs by bond stretching. Thisregponds to the glassy state of the
polymer. At temperatures approachingand above, uncoiling of polymer chains takes
place and subsequently the material has a combmati viscous fluidity and elastic
solidity. At high temperatures the brownian moti@ighe polymer chains are large and
allow rotation between them. Hence, even a smaitefoapplied can cause large
deformations that are not completely recoverabl¢hasinitial configuration is lost. At
temperatures well above, Tthe stiffness drops dramatically and hence theenaa is in

the rubbery state.
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Figure 2.8. Stress Strain behavior of thermoplgstigstyrene (a) rate — dependent (b)
temperature dependent [21].

2.3 Background of Peel Tests

There have been many tests devised over the yeangdsure the interfacial mechanical
properties between an adhesive layer and a sulsifae tests include blade wedge,
bending, indentation, pressure blister, peel, shrdaser blister, fatigue friction, peel and
other tests. The above tests have been used tp thieihdhesion properties between thin
layer and a substrate as shown in Figure 2.9.
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Figure 2.9. Experimental tests used to measuresamthbetween surfaces [22].

Of the various tests available, peel test has bedely used to study the interfacial
properties between two materials [4]. It differsrir the other tests in that it uses a tensile
force that is directly applied to the film to delaate it from a metal, ceramic, glass or
polymer substrate. If the film is an elastic matkrihe energy release rate of the system
can be directly measured from the peel force pénwuidth. Under steady — state peeling,
the energy release rate is equal to the interfaclabsion energy per unit area. Bikerman
[23], Kendall [24], Gent and Hamed [25] analyze@lpests by assuming the film to be
purely elastic. Experimental peel tests were cotatuprimarily at 90° and 180° angles.

The peel strength is highly dependent on the peglea Peel experiments have shown
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that there is a decrease in peel force with inereagpeel angle, whereas the adhesion
energy is found to increase with peel angle [8]i [26] developed a peel test set up

capable of conducting the test at various angleshaw/n in Figure 2.10. The peel sample
was bolted into the load jig attached to the basiagua trolley. The peel angle was

adjusted depending on the position of attachmetiteqig.

Test Machine

Figure 2.10. lllustration of peel test load jig [26

Kendall [54]was one of the earliest to derive a basic relatignbetween the peel force
and adhesive energy for an elastic film as funotibpeel angle using a physical model of

an elastic film being peeled from a rigid substi@deshown in Figure 2.11.

~

igid glass plate
- © _, Qe ;ﬂu glass p
&
A B N Elastic rubber film
Young's modulus £
b
v

F

Figure 2.11. Elastic film peeling from a rigid striage [24].

The following Equation 2.3 was obtained for peeling
[2.3]
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The term on left of the Equation 2.3 denotes thiemqi@al energy change by the work
done due to the peel force, whilg G the energy required in creation of new surfames
fracture of the interface. The ternJgis the elastic term due to the extension of tha.fil
If the material is assumed to undergo small lireastic strains thenUg comprises of
the work done due to stretching the region AB ! and an amount of recoverable
strain energy stored in the stretched elemeént # $%&' . Hence Equation 2.3 can be

written as:
$ ! [2.4]

However, when the film is made of an elasto—plastiaterial the energy release rate
increases due to the plastic dissipation that aceuthin the film. One also needs to
consider the residual strain energy that is leftthie adherend. Hence, for plastic
adherends the above factors are needed to be iatkenonsideration when calculating
the fracture energy from an experimentally deteadipeel force. Crocombe and Adams
[27], Chang et al [28] and Gent and Hamed [29] isidhe elasto—plastic model for peel
test. Kim and Aravas [4] analysed the elasto—plasibdel for peeling and predicted the
effect of film thickness, crack tip opening angledgplastic strain on the peel force for

thin ductile materials.

However, studies related to viscoelastic adheresedinpy are extremely rare. Chen et al
[30] have studied the peel test with referenceisooelastic film. However, their work is
limited to obtaining an analytical solution for taeergy release rate during peeling. For a
viscoelastic strip to delaminate an increment lerdjt under stead state conditions the
work done by the peel force equals the energy seléae to interfacial delamination and
the change in strain energy.

dWe = F(1 + peei— cOs )dL = GwdL +&( ) &* [2.5]

where
peellS the strain in an infinitely long peel arm

G is the energy release due to delamination
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w is the width of the adherend
dU is the strain energy change due to peelinggtthedL given by
du=Md +Tdn
M is the bending moment of the peel arm.
is the peel arm curvature
mis the membrane strain in the peel arm
T is the axial force in the peel strip.

Substituting and integrating by parts Equationdgives

, 1,6 5,34 1,6 39
+ = #0 =), 23281 2), s 58 2.6]

2.4 Fracture Mechanics of Adhesive Joints

This subsection describes the fracture mechanjesaph used to analyze adhesive joint
failures occurring during peel tests. The fundamleptinciple of adhesive failure is
common in other adhesive joint types as seen iglesijpint lap shear test, double lap
joint and double cantilever beam delamination tests

The mechanism by which the adhesive layer breakaglpeeling was initially analyzed
assuming linear elastic fracture mechanics (LEFRPraach [22]. It assumes that the
material remains linear elastic until failure. Thigproach is applicable when the plastic
zone near the crack tip is very small. Consideragennal with an elliptical crack of length

2a and under a stresgerpendicular to the crack as shown in Figure §522.

23



Figure 2.12. Material under stress that acts peipatar to an elliptical crack of length
2a [52].

Grifith, based on LEFM, proposed that failure woattur when the localized stress at

the crack tip would exceed the critical stressheotetical fracture strength of the

material,

$ < [2.7]

S

Where . is the critical stress at the crack tipis the normal stress; is the radius of
curvature for the crack tip, and a is the half—krlngth. Figure 2.12 shows that the
crack can propagate in three different independendes. In pure mode 1 fracture a
tensile stress normal to the plane of the crackngple crack further. Pure mode 2
fracture is represented by the condition when ttaenal is under loading applied in
plane shear stress, whereas pure mode 3 fracfiers te applied shear stress out of plane
(Figure 2.13).

Mode T Mode TI Mode 11T

Figure 2.13. Three modes of failure [5]. Mode la€kropening due to stress acting
normal to the plane of crack. Mode 2: Shear staeting in plane. Mode 3: Shear stress
acting out of plane.
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LEFM approach uses a stress intensity factor Kettack tip to calculate the effective
stress.

The stress intensity factor is dependent on théexpptress as follows:

@ : ABC [2.8]
When the stress intensity factor reaches the afitvalue K fracture occurs. Kis a
material dependent parameter. The stress in therimatan be found using the stress
intensity factor as

'p @ $BE [2.9]
where x is the distance from the crack tip.

Among some of the acclaimed work during the pefimdude that of Kanninen’s[50]
who studied the double cantilever beam fractureispen. Kendall [24] used the LEFM
approach to study the effect of peel angle and ppeéd during peel tests. Gent and
Hamed also studied peel joints using LEFM apprda®hand predicted that the adhesive
strength was dependent on the adhesive thicknesgevér, most adhesives are plastic or
elasto—plastic in nature. If the plastic zone snit to be small around the crack tip then
LEFM approach is valid. However, if the plastic 2as considerably large then a non—
linear fracture mechanism theory is required tdyaathe stresses in the adhesive. The J
integral best describes the stress intensity Statde crack tip zoneThe J integral
represents the elastic plastic strain energy releate along a trajectory around the
crack tip. Integration along the trajectory for ainioads and displacements are known as
shown in Equation 2.10 gives the J integral.

L
F ) GHI JK5 N [2.10]

where W is the strain energy density, T is the amaf traction vector, u is the
displacement vector and x, are the coordinate directions.

This method represents the rate of change of patemmergy with respect to crack

advance as independent of path around the cra¢gl]p
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Crocombe and Bigwood [1] implemented a non-linedhesive behavior in their

analytical model. However, it was found that itviery difficult to obtain theoretical

solutions for plasticity in adhesives. Non linegniteé element analysis has been found to
be a powerful tool to model non-linear behavioraghesives. Although elasto—plastic
fracture mechanics (EPFM) approach has been fourek tquite accurate to predict the
stresses and displacements near the crack tiprregioas its own inadequacies. This
theory is accurate when only crack initiation imsidered or slow stable crack growth is
observed [32]. Spelt and Femlund [33] have usedJtir@egral technique to study the
energy release rate for adhesive joint in a dowaletilever beam. They found that
strength of the adhesive joint is strongly depenhdermode 2 fracture and the stiffness of
the adhesive. As the stiffness of the adhesiveeas®s, the adhesive strength is
decreased. Few analyses of fracture of plasticiEfgrming adhesive joints are available

in the literature.

In recent years, a cohesive zone modeling (CZMYyaauh has been introduced in the
field of fracture mechanics and has been quiteulisefstudying the delamination of
adhesives.

2.5 Cohesive Zone Modeling

The CZM approach was proposed by Barenblatt in 1862This theory assumes that
under loading, certain points with material defegtslergo significant stretching that
leads to loss of inter—atomic cohesion and tractree surfaces. The area around the
crack tip that offers resistance to the crack ghowtreferred to as the process zone. The
CZM model assumes a small process zone whereioothesive forces are concentrated.
The stresses in the process zone are expresseduast@n of the crack tip opening
displacement [9]. Fracture in the cohesive zone (or proces®yessentially depends on
two parameters, the maximum traction force requidnitiate damage Jax and the
maximum distance d (or crack opening distance)oiethe application of load, the

cohesive zone element is in an undamaged stater Afimplete damage, the cohesive
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element is separated. In Figure 2.14 the tractioexerted on the interface causes a
separation . The element becomes damaged when the separatiohes a critical value

.. The stress in the cohesive element is a functfon

Cohesive | Undamaged
Zone

Fully
Damaged

i
|
| Cohesive Zone
|

‘

Figure 2.14. The cohesive zone model for interfes@paration [34]. The cohesive
element is seen to undergo deformatiamtil it fails at a value = .

A suitable traction separation law describes thestitutive relationship between the
relative displacement between two points that argally coincident and the traction
force between them. The fracture or adhesion engugyg the crack propagation can be
determined using the traction separation law. #ssentially the area under the traction—

separation curve as follows:

)7 [2.8]

There are various forms of the traction separdaenas shown in Figure 2.15.
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) 5]
5 5
Figure 2.15. Various forms of traction — separatawm for the cohesive element(a) bi—
linear (b) exponential (c) trapezoidal (d) tri—lamdaws [34].
The bilinear traction separation law is definedlimge parameters
1) The displacement at which damage initiation occurs.
2) The maximum stress at damage initiation.
3) The maximum displacement for complete damage ofdhesive element.
The relation between the traction and the displargnntil damage initiation depends on
the stiffness. The Abaqus manual recommends usirgEit [22], where E is the elastic
modulus of the adhesive and t is the thickneshehthesive layer.

For the case the adhesive modulus is unknown tmanpeter is chosen as a very high

value to assume a stiff connection between a naad3j.
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2.6 Finite Element Analysis of Peel Tests

The FE method has been widely used in the fielddbfesive technology. Peel tests have
also been studied using FE analysis as it offemsipemative advantages of easily
accounting for material and geometric non — lingan the adhesive and adherend layers.
Crocombe and Adams [27] were one of the earliestdéoelop an elastic large
displacement finite element program for peel anslimited to crack initiation. They
showed that failure was highly dependent on modeazling at the crack tip, and
independent of peel angle, load and adhesive agradd modulus.

Subsequently the FE methodology incorporating titeesive zone model has been used
extensively with applicability to interfacial test€ZM model has been introduced in
finite element study by means of special interfatements that follow the traction —
separation law. The CZM approach only requiresethmaterial parameters to be known
for analysis that can be obtained experimentallyrem literature. Further, there is no
need to know the crack path in advance as in LEFive unknown parameters for the
CZM model that can be determined experimentallylughe the maximum stress at
damage initiation and the fracture energy in cogatif new surfaces in the adhesive G
The double cantilever beam test can be used touree&s. Stress versus displacement
plots obtained from the experiment provide thettree energy. Similarly, the maximum
stress at damage initiation in mode 1 can also liaireed by the same experimental
methodology. The single joint lap shear test iSulg® measure the maximum stress at
damage initiation in mode 2.

FE simulations have provided insight into the dejeece of peel strength of joints on
geometry and material parameters, critical stresses the crack tip and also on the
fracture energy for delamination by comparativelysia with experimental tests. Some
of the studies done related to peel tests usingrfeysis have been enumerated below.
Martiny et al. [35] studied the numerical simulatimf peel test for elastoplastic
adherends. The traction separation law was usedoiel the fracture behavior of the
adhesive. The peel test results were post—procdssede the area under the traction
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separation curve to obtain the adhesive strendtb.résults of the analysis were found to
be in close agreement with analytical studies.

Hadavinia et al. [36] used the finite element apploto study the relation between
interfacial strength of bond in elastic—plastic Ipggecimens and geometry parameters.
The study predicted that the adhesive strengthingeespendent of geometry parameters.
Wei and Hutchinson [37] also studied the peel festmetallic adherend using FE
methodology. They studied the effect of film thieks, strain hardening coefficient and
adhesive stiffness on peel strength. The studyigteztithat FE results were accurate for a
particular range of adhesive stiffness.

Cui [26] studied the peel test for Aluminium adheteusing finite element analysis for
30°, 60° and 90° peel angles. The study found tfeeteof peel angle on the plastic zone
size near the crack tip. The plastic zone was fdaandcrease with decrease in peel angle.
Pelfrene et al. [38] studied the 90° peel testvigcoelastic PVB polymer (poly—vinyl
butyral) glass laminates. The PVB layer was modelesing a neo—Hookean
incompressible and rate independent material laxW @odel was used to represent the
interface and the shear stiffness assumed to be senthe tensile stiffness for the
adhesive. The fracture energy for the traction isgjmen law was assumed using an
iterative approach so that the FE peel force matthe experimental readings. The study
predicted that the highest strain rates in the titbare located above the crack process
zone. The zones where the highest viscoelasticggndissipation occurred were
determined to be along the bottom edge of the cupeel front just after delamination. It
also concluded that fracture energy in both modad.mode 2 failure play important role
in delamination.

The purpose of FE simulations in this work was tedpct the effect of adherend

thickness, strain rate and temperature on thegpexigth of the SMP-SS laminates.
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Chapter 3

Experimental Methods

3.1 Introduction

This chapter describes the experimental methodgedtiin the thesis to support the
objectives described in Chapter 1. The experimemiihods consisted of (i) thermo—
mechanical property assessment of the SMP film asezh adherend in the development
of SMP film — stainless steel laminate system,ifii¢rfacial strength characterization of
the SMP and AISI 304 stainless steel laminate sysising peel testing, (iii) adhesive
characterization using single joint lap shear t@s), uniaxial tensile tests and several
other material characterization tests on the SMmsfiand stainless steel substrate
materials. Results from the experiments describedubsection 3.7.1 — 3.7.4 were

utilized as input data for FE models.

3.2 Sample Preparation

3.2.1 Materials

The polymer metal laminate system consisted ofethagers, a thermoplastic SMP film
(referred to as adherend) , an adhesive layer aAt5h304 stainless steel (SS) sheet

(substrate). The polyurethane matrix based SMP, firavided by 3M Canada (London,
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Ontario), had a black leathery appearance and anabthickness of 0.2 mm. The black
color is attributed to the presence of carbonftfiparticles in the polymer matrix which
are seen as black speckles in the Transmissiotr&hellicroscope (TEM) micrograph in
Figure 3.1 (scale 10 microns and magnification 2800rhe white dots are holes in the
matrix. The film surface was smooth to the touch.

Carbon filler particles are used in polyurethandrixgor ultra violet (UV) protection and
superior surface finish. The presence of carbortiges has not been recorded to
significantly modify the mechanical and thermalgedies of polyurethane [39]. Though
in some studies a decrease in strength and elongadis been seen and an improvement
in toughness and modulus [40]. Hence, the effectasbon particles on mechanical
properties of polyurethane is undetermined.

Its surface roughness could not be measbredn optical interferometry based surface
roughness measurement device due to its dark, efbeetive, surface.

Figure 3.1. TEM images at magnification 2500 x MFSshowing carbon particles in
polyurethane polymer matrix.

Two forms of adherends were used in the courséisfthesis. The first consisted of a
single layer of polyurethane SMP film having thedéh and width dimensions of 120
mm and 20 mm respectively, whereas the secondduacdeparate layers of SMP of the
same dimensions as above joined together usingmameocial pressure sensitive 3M
polyacrylic 468 MP ‘high performance’ adhesive. Tadhesive was procured in the form

of a transfer tape roll. The tape roll had the admeattached to a polycoated kraft liner
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and could be easily transferred to any other sartat contact. 3M acrylic adhesive 468
MP was chosen for joining metal SMP components tlueits superior quality,
consistency and durability and high shear strefgtireover it is free of vapor inclusions
that are found in adhesives produced by traditiosalvent coating techniques.
Additionally they can be used for high temperatpeplications [41]. The substrate in the
laminate system comprised of 100 nim25.4 mm rectangular AlSI 304 stainless steel
strips with a thickness of 0.6 mm. The surface hmags of the substrate along the
bonding side was measured using a non—contactabgticface profiler Zygo Model New
View 5000 (Zygo Corporation Middlefield, CT USA).igare 3.2 shows the 3-D
representation of the ground surface features hedaverage surface roughness was
determined as 342 nm. The substrate samples weilgyanetal shearing machine such
that the width of the substrate was along the shakhg direction. The sample edges
were de-burred using a filing tool and polishedhwat 600—grit sandpaper. Finally, the

substrate surface was cleaned with acetone.

Table 3.1. Density and composition of SMP film aalthesive.

Material Density Composition Thickness
Adherend(1-layel) 1250 kg/n® Polyurethan 0.2 mn
Adherend(4-layer 1156 kg/n® Polyurethan 1.6 mn

Adhesive 1013 kg/m 468 MP 3M acrylic adhesive 0.13 mm

Substrate 8000 kg/m AISI 304 Stainless Steel 0.6 mm

33



nm

T

0.91 T

Figure 3.2. 3D image of the AISI 304 stainless|stabstrate surface showing an average
surface roughness of 342.13 nm from Zygo opticehse profiler.

3.2.2 Laminate Preparation

A schematic of the SMP film — SS steel laminatepieel testing is shown in Figure 3.3.
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Figure 3.3. Schematic of SMP — SS laminate systeneg by adhesive for peel test.

SMP-SS laminates were prepared by a two step mobteshe first step, the adherend
SMP film was cut to a rectangular shape of size 20" 20 mm using a dual-blade
shear cutter in compliance with the ASTM D 6287 s#andard for adherend cutting. The
adhesive was then transferred from the transfer talbto one side of the SMP film as in

Figure 3.4.

SMP

Adhesive

Figure 3.4. Process of applying adhesive to one gicEMP film.

In the second step, the film and adhesive comlminatias placed over the substrate with
an overlap length of 50 mm. This process was ahoig immediately after the first step.
The loosely attached SMP film and stainless staglinate system was then placed

between two aluminum discs in a forming press (laken ServoPress150, Interlaken
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Technology Company, Chaska, MN USA) and pressed5fanin under an applied
pressure of 5.1 MPa (Figure 3.5). After laminatithe samples (Figure 3.6) were allowed
to cure for 48 hours at room temperature (approteip@23°C).

Laminate Aluminum discs

Figure 3.5. Interlaken ServoPress150 used for applyressure using aluminum discs
during lamination of SMP-SS laminate.

Figure 3.6. A photograph of SMP-SS sample afteration.
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3.3 Peel Tests

SMP film-SS interface characterization was caroet using peel tests. Peel tests are
used to delaminate an adherend layer from a swbdtawvhich it is attached using an
adhesive. It is used to determine the peel streofjthe bonding between adherend and
substrate. A 180° peel tests was selected forimplity. The tests were performed
according to ASTM D903-98 standard in an Instro633ensile machine (Instron
Norwood, MA USA) using a 500 N load cell. The tesere conducted with the substrate
mounted on the lower clamp and the peel arm mouoethe upper clamp as shown in
Figure 3.7. The crosshead speeds selected foesiie were 3, 10 and 20 mm/min. The
peel arm was approximately 60 mm in length andotrexlap distance along the length of
film to be peeled was 50 mm. The tests were comduict uniaxial tension mode where
the upper tensile grip moved upwards whereas tiverlaensile grip remained fixed in
position. The peel force was observed on a computaritor as it reached a steady state
after a short period of time. Three specimens wested at 20 mm/min and at room
temperature to validate the consistency of peetefarecorded. Peel tests were also
conducted at 50°C in an enclosed heating chambachad to the Instron tensile
machine. The laminates were initially placed betwte tensile grips and thereafter the
chamber was closed. The chamber was then heasedréfiorm rate up to 50°C. After the

required temperature was reached, the peel testavasenced.
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Figure 3.7. Photographs of 180° peel test specifmris-layer SMP—based laminate
specimens showing large elongation of peel armil&inest with the 4—layer SMP-SS
laminate significantly less elongation as noted Iater section.

A schematic illustration of the 180° peel testhewn in Figure 3.8 where a peel force P
acts on the adherend of thickness h and width typ&al experimental peel force versus

displacement trace is shown in Figure 3.9. The fugeé is used as a measure of the bond
strength for the SMP — SS interface.

SMP film

LA )

T Width (SideView)

P

Adhesive >

Substrate

Figure 3.8. A frontal view schematic illustratiomosving force P being applied on the
free end of the adherend joined to the substtategaan overlap of length | during 180°
peel test.
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Figure 3.9 Peel force per unit width for a single layer S-SS laminate at rool
temperature.

It is to be noted that th®MP film in a single layer SMP fil-SS laminate exhibited lar¢
elongations of the order of fr times the initial length of the film ding peel testing.
Therefore, amultilayer composite four—layer) SMP filmSS laminate was als
considered to minimize the plastic deformationhad film during peel testing. Since t
peel force exerted on tladherend is mainly to overcome the fracture enefdiie bonc
between adhesive and substrate and the rest aaeito the strain energy stored in

film, it was hypothesized that by utilizing edayer SMP configuration, peel ar
elongation could beeduced. In other words, the stored plastic stemergy in the filrr
could be reduced, thereby providing a more accugat@ntification of the interfac
strength between the adhesive and substrate was indeed the case with the —layer
SMP-SS lamiates that showed much lower elongation of the pgelduring peel tes

compared to the single lay

3.4 Film Wrinkling Studies with Experiments
Involving Pre-strained Laminates

In order to test if the shape recovery of the patluiane SMP could cat wrinkling on

the SMP -stainless steel lamina, a test was devised as follows.
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1. Prepare SMP — metal laminates as described ireeamliSection 3.2.2 with the
exception that the lengths for the adherend andtgtk were kept equal and their
surfaces joined with 3M acrylic adhesive. Stretble faminates in the axial
direction on a mechanical testing machine to aifpdcstrain (10%, 20% and
35% respectively during separate tests) below ttimate tensile strength of the

stainless steel substrate (this is referred t@s-Straining’ step).

2. Carefully cut the SMP adherend with a blade withoauising any damage to the
substrate, along the cross—section such that lifeidi divided into two separate

sections.

3. Allow the two regions of the cut SMP film, but k@ttached to the substrate, to

relax under room temperature conditions for twosday

Two geometries of laminates with different lengt+width ratios were pre—strained on a
servo—hydraulic MTS machine (Model # 810, Eden iraMN USA) with a 100 kN
load cell. The first geometry had a length of 80 mna a width of 20 mm whereas the
second had a length of 60 mm and a width of 30 geiding length—to—width ratio of
four and two, respectively. The pneumatic gripstted MTS machine exerted a large
stress on the SMP surface resulting in rupturedasigrtion. This problem was resolved
by applying an aluminum sheet covering in the gggbpnds of the laminates (see Figure
3.10). The aluminum served to protect the SMP aids from damage during the

experiment.

Figure 3.10. Laminate of size 80 mm x 20 mm afteapplied engineering pre—strain of
35%.
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The adherend (SMP film and adhesive) in the praisd laminates was cut with a knife
at mid—length along the width direction as showrrigure 3.11. The cut resulted in the
release of residual stresses and consequent fielaatd wrinkling of the film as shown

in Figure 3.12. The height of the wrinkles formedsameasured using Vernier caliper

after the relaxation was completed, which typicaltgurred over two day period.
Adherend
cut

Figure 3.11. A photograph of pre—strained lamimath adherend cut along the specimen
width.

Figure 3.12. SMP film showing relaxation and wringl after a cut to the adherend.
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3.5 SMP Thermo—Mechanical Cycling
Experiments

As described earlier in Chapter two, the SMPs filmracteristics are typically such that
they take a temporary shape on application of dedtion and heat—treatment. Usually
when SMPs are deformed at temperatures above aitibantemperature ) they

recover their original shape on unloading. In additif these polymers are cooled below
the transition temperature after deformation thesytare unable to regain their original

shape.

Thermomechanical cycling tests were conducted ctamgular SMP film strips (10 mm

~ 5 mm) using a dynamic mechanical analyzer (DMAEm@e (TA Instruments, Model

# 2980, V1.7B) using liquid nitrogen as cooling nuea (see Figure 3.13). Three separate
specimens were tested under identical conditiomelo validate the consistency of

results.
Furnace
Hood Upper
Clamg
SMP
Lower
Clamp

Figure 3.13. SMP sample placed between tensiondigmmps in the dynamic mechanical
analyzer.

The complete thermo—mechanical cycle consisteteofdllowing steps.
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1. Stretch the SMP uniaxia to a strain of 20% at a temperature above theitram:

temperature of the SM
2. Hold the stress on the SMP and cool to below thasition temperature (°C).

3. Release the stress when temperature has reached 1%@ allow the SMP t

take a temporarghape

4. Heat the SMP to temperature abithe T, (40°C) and measarthe final
deformation in th<SMP.

The thermomechanical cycle is illustrated Figure 3.14 wheréwvo separat
representations in terms of force versus time teexckforce versus tempeure trace

are provided.

0.6 7

2
0.5 - : <
'
04 - '
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0_1 4 l
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Temperature C

Figure 3.14 Force cycle on the SMP filversus temperatur&tep 1: the material
deformed under a force ramped from O N to 0.5 BIC°C. Step 2: cooling at conste
force while temperature is decreased t°C. Step 3: the material is unloaded. Ste

heating to 40°C.
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Two different thermoeycling experiments were conducted in the tempesaange:
40°C — 15°C and 60°C 15°C. Shapeecovery was evident for both temperature rai

as shown in the strain ver:temperature plot in Figure 3.15.
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Figure 3.15Effect of thermocycling on the SMP uniaxial eregning strair

3.6 Single Joint Lap Shear Te:

There are different standards prescribed for meaguhe shear strength of adhesi
depending on the type of substrate being used. A®I02 is commonly used fi
measuring shear strength of adhesives used to batdls, ASTM D3163 is used f
adhesivedor bonding rigid plastic substrates. ASTM D3164aisstandard meant fi
measuring shear strength of adhesives used to lbathdplistic and metal substrates.
should benoted that there is no specific standard for ma&aguhe shear strength
bonding between metal and polyn. In the present work, ASTM D3164 has bt
adopted for measuring shear strength of the adbdsmding between SMP film a

stainless steel substrate via the lap shear teistlasely resembles our ca
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The SMP film having width 10 mm was bonded to daegular stainless steel substrate
(100 mm " 25.4 mm) with the 3M acrylic adhesive under a presf 5.1 MPa and

allowed to cure for two days at room temperaturee BMP outer surface was then
bonded to an aluminum foil with thickness 0.18 mnd @ahe same width as the SMP
using an adhesive to ensure no slippage. The @vinhath of the bond was 10 mm. The

actual specimen is shown in Figure 3.16 whereashansatic of the test is depicted in
Figure 3.17.

Figure 3.16. Preparation for single joint lap sheat.

4t p

o Aluminum foil

A 4

SMF

Adhesive — |

]

Immovable Steel Substr:

Figure 3.17. A schematic iIIustratiaw of single Eear test showing force applied to the
(Al — SMP) layer joined to the SS substrate usidigesive.

The lap shear test specimen was mounted betwempslattached to an Instron 3366

universal testing machine and tested at room tegyner with a crosshead speed of 200
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mm/min while recording the load and displacemertadane point/sec) until the two
panels detached completely at the adhesive stifdne. The test was repeated for two

specimens under identical conditions.

The force acting on the adherend having thickné3s léngth (dx) and width (w) is
resisted by the shear stress due to the adhesiyer€F3.18). The relation between the

axial load (F) and the shear stregsirf the adhesive can be expressed as [11],

dF = .w.dx [3.1]
or
dF/dx = .w [3.2]

F «<— Adheren

%L:——— Adhesive
dx
Figure 3.18. Force equilibrium on an element inatikesive.
The single joint lap shear test provides the maxmsear stress for damage initiation

used in FE model as quadratic stress damage iitiatiterion parameter.

3.7 SMP Film Properties

The following tests were conducted to get insightoithe mechanical and thermal
properties of the SMP film. In addition, the outmhtthe experiments is directly used as

input to FE material models also discussed in Seati3.

3.7.1 Uniaxial Tensile Test

It is to be noted that the experimental data franaxial tensile tests were used as input

for linear viscoelastic material model in Abaqusvesl as the non-linear viscoelastic
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material model described later in subsection 4ahd 4.2.2. This set of experimental
readings along with the stress relaxation data lfeémv) were essential as input data for
Abaqus FE to model the SMP polymeric behavior ville exception of the shape

memory characteristics.

Uniaxial tensile tests were conducted on the SNMR fising a screw—driven universal
mechanical testing machine Instron 3366 with a loalll of 500 N. The samples were
prepared according to the standard ASTM D 882 piteat for films thickness up to 1

mm. Two sets of SMP samples were tested for uridaresile properties. The first set
contained single layered SMP films with thickne$sO® mm (three specimens were
tested under identical conditions to validate tbeststency of results), while the second
set consisted of four—layered specimens joined thegeusing 3M 468 MP acrylic

adhesive with a thickness of 1.6 mm.

In accordance with the standard ASTM D 882 specenegctangular film specimen of
size 100 mm~ 25 mm were cut. The samples were tested at roonpemture for
different crosshead speeds of 3, 5, 10 and 20 mm/fensile tests were also conducted
on the samples at 50°C in a heated chamber attdohitbd same Instron testing machine
and 500 N load cell (see Figure 3.19).

Clamp

SMP

Figure 3.19. Test set—up for uniaxial tensile regbf SMP films using Instron testing
machine.
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The stressstrain relationshi of AISI 304 SSsubstrate was obtained from uniaxial ten
test using a servérwydraulic MTS machine (Model # 810) w a 100 kM load cell. Figure
3.20 shows the stressrain flow curve for AISI 304 stainless st The SS sheet with
yield stress of about 400 MPa was clearly muchngieo compared to the SMP film at

levels of applied strain.
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Figure 3.20 k
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Figure 3.20. StressStrain behavior for AISI 304 SS, (a) entire curi®,earlypart of
the curve.
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3.7.2 Stress Relaxation Test

An inherent property of a viscoelastic materialtas lose its stiffness if a constant
deformation is applied over a period of time. Tinhavior was measured using the stress
relaxation tests. Stress relaxation tests were wtied at room temperature and at 50°C
using a displacement—controlled Instron universatihg machine with 500 N load cell.
The tests were done for 30% and 100% strains witlaxation time of 15 minutes. The
tests were recorded for two SMP samples with rggtian cross—section of 100 mm25
mm for each of the testing conditions in order étedmine the stress relaxation behavior.
Normalized stress was obtained by dividing theaintgtneous stress by initial stress. The
tests at 50°C were conducted in a heated chamtzahat to the Instron machine and
only at 30% strains as the SMP samples were pnepture if held at higher strains at
50°C for 15 min. The stress relaxation experimedtdh were used as input to Abaqus
viscoelastic material model. The stress historysed to determine the relation between
shear modulus and time and was essential in obtpitie correct viscoelastic material

parameters for the SMP.

3.7.3 Creep Recovery Tests

Creep recovery tests were conducted using theee®@MA machine on rectangular SMP
samples having cross sections 10 mm5 mm in a temperature controlled chamber.
During the tests, a constant uniaxial load wasiegpbn the SMP using tension film
clamps for 2 min followed by release of the loadlevkthe deformation was measured as
the material relaxed. For example, the strain—tiesponse from creep relaxation tests
where a constant force of 0.7 N was applied forir2 & 35°C resulted in an irrecoverable
strain s of about 5%, as shown by the offset in Figure 3'B&o samples of the SMP

were executed under identical test conditionss tbibe noted that constant load required
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to achieve strain®f 20% or 409, prior to the start of relaxatiomdepende on the

temperature at which the tests conducted.
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Figure 3.21 Strain time response from creep relaxation tekere constant force
applied for 2 min at 35°C giving irrecoverable Biras.

In order to study the creep recovery behavior ef #MP at different temperatures -
tests were conductddr temperaturs 10°C, 15°C, 22°C, 25°C, 35; 3¢°C, 49°C, 60°C
and 70C. The SMP was stretch to 20% or 40%naximum strain prior to relaxation f
tests conducted above room temperature ¢C. For tests below room tempera

loads required to sustain a deformatiof 20% exceeded the capacity of the DI
machine and hence creep recovery tests were catlat6% and 10% total stra. The
high stresses required below room temperature aeeta the material exhibiting hic
stiffness at low temperatures. The irrecrable strain and theetardatiortime were noted
from the experimentsThe irrecoerable strairprovides a measure of the shape reco
of the material and is dependent on the temperatuigotal strain

Further details pertaining to this mo@and howoutput from creep relaxation experime
is used ispresented in Chapter, sub-section 4.3.3. A user material subroutine
UMAT) for this SMP material model was developed¥sng et ¢. [24] for Abaqus, an
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provided to McMaster for the current research. lentdetails pertaining to the UMAT
implementation in Abaqus code are also presente@€hapter 4. The SMP UMAT
enabled a numerical study of the shape memory ctaistics of the SMP film in this
research. Results from FE simulations of the SMiPnlomechanical cycling experiments

are presented in Chapter 5.

3.7.4 Storage and Loss Moduli and Glass Transition
Temperature Measurement

The dynamic storage modulus §Gand loss modulus (G that are a measure of the
stiffness of the crystalline and amorphous portiohg polymer were recorded for the
SMP films using the earlier DMA machine. The tesiswconducted on a rectangular
specimen having cross sections 10 mBrmm by mounting them on film tension clamps.
A temperature scan was carried out at a fixed #aqy of 10 Hz from 0°C to 120°C

using a ramp of 5°C/min.

The glass transition temperature of the SMP waschas the point of drop in the storage
modulus. The dynamic storage modulus trend withptmature and the glass transition
temperature were also used as input data for tregdd UMAT to carry out numerical
simulations. A flowchart summarizing the relatioipshetween experimental studies and
numerical analysis work is presented in Figure 3&&ditionally Table 3.2 enlists the

various types of experimental tests carried ouingduthis research.
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Figure 3.22. Relationship between experimental @ggr and numerical analysis.
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Table 3.2. Experimental tests conducted and camditof testing

Specime Test: Number of run

One layer PLS! Peel test at z (C at 20 3

Peel test at z (C at 10

Peel testat 2 (C at 3

Peel testat £ CC at 3

Wrinkling test at 2 (C for

NN

Wrinkling test ai23 (C for

Four layer PLSI Peel test at z (C at 20

Peel test at z (C at 10

Peel testat 2 (C at 3

Rkl

Peel testat £ CC at 3

Single layer SM Tensile Test at 3 mm/ir

Tensile Test at Imm/mir

Tensile Test at 20 mm/ir

Thermcmechanical cycling

Stres<— Relaxation Tests ¢

NIN|W|FR|F|W

Creep Relaxation Tests

[ —

Four layer SM| Tensile Test at 3 mm/ir

Tensile Test at 10 mm/ir 1

Tensile Test at 20 mm/min 1
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Chapter 4

Finite Element Methodology

This chapter provides a description of the FE miadehethodology utilized in this thesis
to simulate experimental peel and wrinkling tests polymer laminated sheet metal
(PLSM) composite specimens. The methodologies declmodel development, selection
of modeling parameters, FE mesh characteristia$ satting up of contact and boundary
conditions. In addition, several constitutive metiemodels utilized to represent the SMP

film in the FE models are described.

4.1 Peel Test Simulation

Dynamic Explicit Abaqus code (Dassault systemsyidemce, Rhode Island USA) was

used to perform the FE simulation of experimendi@0 peel tests at room and elevated
temperature. Dynamic Explicit analysis is often duder simulations that involve
complexities such as material non—linearity, contetween surfaces involving different
materials and fracture. The peel test was simulatgidg both a plane strain two—
dimensional (2D) as well as a three—dimensional) (8@bdel. Further, a coupled
temperature—displacement analysis in Abaqus was fasesimulating peel tests at 50°C.
Two different constitutive material models were dige represent the SMP film (also
called adherend). The first model utilized the mmHtblinear viscoleastic material model
available in Abaqus. The second material model avagain and temperature dependent
parallel network (or PN) model developed as a usaterial subroutine (VUMAT) that
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interfaced with Abaqus—Explicit code. This modelsveieveloped by Veryst Engineering
Needham Heights, MA, USA and provided to McMastena@rsity for the present study.
Detailed description of the material models is juled in sub—section 4.3.

4.1.1 Two Dimension Model

4.1.1.1 FE Model Formulation

The experimental 180° peel test was simulated &itBD plane strain FE model in
Abaqus—Explicit code. This was considered a redsenzhoice because the test sample
dimension in the width direction was consideralalgger than in the thickness direction,
with load being applied in the length direction.Ww&ver, some FE simulations were also
carried out with a 3D model to ensure that the efatrain approximation was
satisfactory. In practical terms, the plane—stfinmodel offered considerable saving in
computational time and resources. As stated irptegious chapter, two different SMP
film thicknesses were utilized in the experimentngle—layer and four—layer
configurations of films. The purpose of the fougdaconfiguration was to minimize the
plastic deformation of the peel arm during the.t€insequently, both single—layer and
four—layer FE models of peel tests were develofgés FE models consisted of three
zones comprising of the SMP film (or adherend),esille and the steel substrate, as

shown in Figure 4.1.
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Steel
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Figure 4.1. Geometry of 2D FE model of 180° peetleidor single—layer PLSM
laminate.

The steel substrate was constrained along the ledgewhile a horizontal displacement
boundary condition was applied at the free edgthefpeel arm having an initial radius
Ro such that it was bent inwards simulating the 1888lipg. The peel arm had an inner
radius of 0.5 mm for single layer PLSM and 4 mm foe four—layer PLSM model
similar to experimental peeling tests. The samehntgse was used for both single layer
and four—layer FE models. The adhesive bond betweerSMP adherend and the SS
substrate was represented by a single layer ofdé 2 cohesive elements in Abaqus.
The width of the cohesive elements representingtiinesive layer thickness was 10 um.
In general, quadrilateral elements have been fdangrovide more accurate results in
comparison to triangular elements [26]. The adietager for the single PLSM models
was meshed with plane strain four node quadrilbeanents across the 50 mm overlap
of bond and the peel arm. The adherend layer h#dckness of 0.2 mm and it was
meshed with 6 layers of elements having a lengtiedsion of 20 um. However, for the
four—layer model, same element with a larger lemtgtension of 50 um and 10 layers of
elements were utilized. Hence, the mesh was kepe riige in the case of single layer
adherend as it was found to be more prone to eledistortions under extremely large
plastic strains. The steel substrate had a thickoé$.6 mm and was meshed with a
single layer of plane strain quadrilateral elemédrasing the same length dimension as
the elements in the adherend. The steel substrasenat expected to experience large

deformation and hence a coarse mesh was adequtiteugh a horizontal force acted on
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the peel arm end, it was kept unconstrained irvéngcal direction. This allowed the peel
arm to adjust its curvature as was the case dihie@xperimental procedure. The model
predicted peel force showed a prominent initialkpgathe four—layer test. This was a
consequence of the change in the curvature, opeleéarm at the start of the simulation
as its radius changed to a smaller radius R frgmaR shown in Figure 4.2. Since the
initial peel arm radius was dependent on the theskrof the adherend, an increase in the
adherend thickness resulted in an increase inntieagsity of the peak. This phenomenon
is demonstrated in Figure 4.3 in the form of peeté versus displacement traces for 1, 2,
3 and 4 layer SMP steel laminates peel tests haw@eg arm radii of 0.5 mm, 1.5 mm, 3
mm and 4 mm respectively.

(@) (b)

Figure 4.2. Change in the peel arm curvature duhed-E analysis for single layer SMP
— SS laminates at 20 mm/min cross head speedifja) (b) during peeling.
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Peel Force

(N/mm)
» o~ o~ A —
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Figure 4.3. Peel force versus displacement ploSfdP — SS laminates with different
thickness. Tests simulated at room temperature avigst speed of 3 mm/min.

The process zone lengthy,Las described earlier in Chapter 2, Section 8.4itical in
determining the size of cohesive element. It waslisted by Hermes [42] by taking into
account the interface and adhesive propertiesuaimg) the expression below:

_EGyc
L= ES

[4.1]

where Gc is the energy release rate for mode 1 fractii'¢s E /(1 + )) is the plane
strain elastic modulus for the adhesive (where H arare Young’s modulus and
Poisson’s ratio respectively), and T is the maxinsirass in the cohesive element. Based
on the interface strength and adhesive propersed in the work of Hermes, the process
zone size was found to be 44 um from Equation Bifferent suggestions have been
provided in the literature with regard to the numbikelements for the process zone. For
example, Mi et al. [43] and Falk et al. [44] haatgggested using 2 elements and 2 to 5
elements for the process zone respectively. Aratitey approach was followed in the
present work to determine the correct number oksiMe elements in the process zone.

Therefore, three different models consisting o2 And 4 elements for the process zone
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were analyzed to assess the magnitude of peel fuedeirbations (oscillations in the
steady state peel force as seen in Figure 4.3). perturbations decreased with an
increase in the number of elements. (see Tablewhile the peel force remained the
same. Based on the study four cohesive elementswged in the cohesive zone.

Table 4.1. Magnitude of perturbations in peel faxteoom temperature in single layer
SMP - steel laminates as a function of number bEsive elements in the process zone

length.
Number of cohesive elements in  SD of perturbations
process zone length N/mm
1 0.2285
2 0.1212
4 0.1133

For peel test simulations at 50°C, the same gegmadundary conditions, and FE mesh
parameters were used as for room temperature gionga In addition, temperature
boundary condition was applied to the adherend omlyp the assumption that the
substrate properties were unaffectedAbaqus, the properties of the cohesive elements
used for the adhesive layer did not have the ctapaeci change spontaneously with
temperature. Hence, the fracture energy for dan@géhe cohesive elements was
adjusted at 50°C such that the FE peel force wagiaement with the experimental peel

force.

4.1.1.2 Cohesive Traction Separation Law

In a peel test, the crack is expected to propaghirg a path through the cohesive
elements that follow the traction—separation respasfinduced stress. A simple bilinear
traction separation law was used as shown in Figude[45]. Within the irreversible

region 2, the damage variable increases from zera final value of one when the

element is completely damaged and removed.
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Figure 4.4. A two—stage bilinear traction—separataav (a) In one dimension with stage
1 consisting of reversible plastically damaged bedraand stage 2 with irreversible
damage [38] (b) in three dimension representingadgin normal, in plane shear and out

of plane shear directions.

The normal stress experienced by a cohesive eleimaeses to f as crack tip normal
displacement increases tg’ and thereafter decreases to zero. Fracture wasnassto
initiate in the cohesive layer according to quaids, (quadratic normal stress damage)

criterion as follows [45],

2 2 2
GIN + GIN + GN =1 4.3]
n S t
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where {, 5, t; are the traction stresses on the cohesive eleméimé normal, shear along

the local 1 direction and shear along the locak@ation respectively.

t0, &, ¥ are the peak traction stresses on the cohesiveeatewhen the deformation is
purely normal to the interface, purely in sheamgldhe local 1 direction and purely in

shear along the local 2 direction respectively.

The stiffness of the interface.Ks given by the slope of region 1 in Figure 4.4tlodé
traction— separation curve. This can be expressed a

Ke=EN [4.3]

where E and t are elastic modulus and thicknesth@fadhesive layer respectively.
During damage evolution, represented by region 2hef traction—separation curve in
Figure 4.4, the stress is related to the critit@lss as follows:

P @
where D is the damag€, is the critical stress ands the actual stress.

The fracture energy in mode 1 and mode 2 can berrdeted by the area under the

traction separation curve for the normal or sh@actons.
+s. Tywvx [4.4]

The maximum traction for mode 2 fracture of 1 Mfea,input into Abaqus, was obtained
from single joint lap shear test. However, corsgparation for complete damage of the
cohesive elements was obtained using a trial-ano—analysis. Therefore, peel test
simulation was executed starting with an extremstyall displacement and slowly
increased it until the FE peel force was in agregmath the experimental peel force (1.2

N/mm) at 20 mm/min, as shown in Table 4.2.
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Table 4.2. Effect of crack—separation distance Brpéel force.

Displacement FE Peel Force
(um) at 20 mm/min speed
(N/mm)
10 0.332
50 0.39
100 0.5
200 0.64
400 1.2

The total fracture energy was taken as the sunh edthkacture energies in each of the

three directions as follows.
Gc=Giet Goc + G [4.5]
Table 4.3 lists all the material parameters usethduhe peel test.

Table 4.3. Material parameters used in peelingsiestilations obtained experimentally
and literature.

Material Parameters Adhesive Adherend Steel Substra
Density [90] 1013 kg/m 1250 kg/ni 8000 kg/nf
Elastic Modulus 360KPa Varying with strain 210 GPa
Poisson Ratio ) N/A 0.49 0.3
Maximum Stress for 1 MPa N/A N/A
damage ()
Stiffness of cohesive 20 MPa N/A N/A
elements (K)
Displacement for damage 0.4 mm N/A N/A
()
Specific Heat capacity [89] N/A 1600 J/Kg K N/A
Conductivity [89] N/A 0.2 W/mK N/A
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4.1.2 3D Peel Test Model

A 3D peel test model was developed with separatekilfor the steel substrate, adhesive
and the adherend. The free arm of the adherendreymssented by a separate arched
section as shown in Figure 4.5.

Steel

Adherend
Substrat

Adhesive

Figure 4.5. Geometry of 3D FE model of single—lgyeel test.

The boundary conditions for the 3D peel test sitnte were identical to the earlier 2D
peel test. The lower surface of the steel substma® constrained in all directions. A
horizontal displacement was applied to the peel @arenable it to move inwards similar
to the 2D FE simulation. An Abaqus Dynamic Explisilver that accounts for large
displacement analysis, material non—linearity, aofhtand the above traction—separation
law were used to simulate the 3D peel test. Theald layer was meshed with 6 node
linear triangular prism elements. The triangul@netnts were used in order to reduce the
computation time for the simulation. The adheremgt of the single layer and the four—
layer models were meshed with 5 layers and 10 $agktriangular elements respectively.

The adhesive layer was meshed with a single lafyBDccohesive elements, each having
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a length of 20 um and width and thickness dimensioRO um and 10 um respectively.
The substrate with a thickness of 0.6 mm was meshidud a single layer of brick
elements, having length and width dimension offarh and 0.1 mm respectively. The
nodes at the steel- adhesive interface were attagdiag tie constraints. Hence, the three
separate blocks acted as a single unit with craokamgation along the cohesive layer.
The 3D FE analysis was run using the linear visxsiel material model for the adherend
SMP film. A bilinear traction—separation responsaswmplemented for the cohesive
element damage behavior as described earlier #02EhFE model.

4.2 Material Models

Polymers are typically viscoelastic in their medbahbehavior. The term viscoelastic
implies that the material exhibits elastic and scous behavior under applied load. The
viscoelastic materials are usually representechbplogical models composed of springs
and dashpots. The springs are typically lineartiela®mponents whereas the dashpots
are the viscous components. A parallel and/or i@seombination of these elements (or
both) can be used to model a viscoelastic mateatasfactorily in many cases. In this

work, three different polymeric rheological modelere considered, as described below.

4.2.1 Linear Viscoelastic Model

This model was represented using the generalizeduMglh model that is an advanced
rheological model used to predict the mechanichbi®r of linear viscoelastic materials.
This model was proposed to overcome the shortcanwoigthe Maxwell model to
represent the complex behavior of materials. Theegdised Maxwell model, already

available in Abaqus—Explicit FE code, consists aspaing element in parallel with n
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number of Maxwell elements (Figure 4.6). The sprelgment is responsible for the
elastic (or equilibrium or time—independent) resgmnwhereas the time dependent

response is modeled using the Maxwell elementsualiel.

1t M

[ ]
[ ]
o & o

Figure 4.6. Mechanical analog of generalized Makweldel showing n spring and
dashpot elements in parallel with an elastic eldrf#8i. 1 is the shear modulus of tH i
spring element and is the viscosity of thé'idashpot element.

The generalized Maxwell model assumes that thestesponse of a material at a given
time can be taken as the sum of the individuakstresponses from a given number of
applied strains. The model is expressed in a séies for the uniaxial tension case as

follows:

YZ [ §;"ZJ abc [4.6]
The relation can also be expressed in an integral &s:

. f, 3ef
:d),'d & [4.7]

Equation [4.7] is known as Boltzmann integral whesteess is dependent on two

variables, the time dependent modulus and straémckl the modulus is independent of
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stress, and the strain, which is dependent on dangd, is also independent of stress but

varies with time.

f hf
d ),gd Z-& [4.8]

The total stress of the material is the sum ofdéeatoric and volumetric parts and can
be represented in the integral form as [26]:

3if
3T

;) $+d & k),@d & [4.9]

where

J is the material compliance, e andare the deviatoric and volumetric parts of strains
G(t) and K(t) are shear and bulk modulus functioespectively, t and denote the
current and past times respectively,

| is the identity matrix,
and eqis the stress in the spring element.

In the present work, a linear hyperelastic viscatedanodel supported by commercial FE
software program Abaqus has been u3ée spring elements in the model are governed
by neo—Hookean hyperelastic constitutive law. Ttiairs energy density and stress for

the neo—Hookean material aepressed as:

« I mn @1 oml P [4.10]

. 3q _ 1
- g =rGs t_N [411]

where U, K and (= l/lp) are instantaneous shear modulus, instantanedkisrimdulus
of the material, and stretch ratio of the polymed direction respectively. The symbols
(= L+

invariant of the material, and total volumetricioatespectively. The Prony series has

+ 49, and J = V/\ represent the effective stretch ratio, first stnet

been used to relate the shear and bulk modulustimth The total shear modulus of the
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material is determined by the summation of thewiadial shear modulus of each of the

Maxwell elements as shown by the following expressi

+ +6 uly viw [4.12]

X
Yz

@ @ ufp| -viw yl [4.13]

z

Where Gand K are the shear modulus and bulk modulus of fHdadxwell element and

i Is the relaxation time for the same Maxwell elemé&tso G and K are the shear and
bulk modulus of the spring element in the geneealimMaxwell model. By combining
Egns. 4.7 and 4.8 with Eqn.4.4, the stress respohteg material can be obtained as a
function of strain and time. The experimental degquired in order to determine the
Prony constants, iGK; and , can be obtained from stress relaxation experigiéerie
hyperelastic part of the deformation can be captwsing uniaxial tension tests. The
model is able to capture the temperature dependehdhe polymer. The William—
Landel-Ferry (WLF) equation, as expressed belovg wsed to model the temperature
shift factor.

Cy(T-Tyg)

Log ar = Co+ T-Tg

[4.14]

where factor ais the shift of the viscoelastic response as ciepelaxation (plotted
against time) to the left with an increase in terapge. The symbols T and, &re the
current and reference temperatures respectivety,Gaand G are constants assumed to
be 20 and 100 respectively, for polyurethane [4@E linear viscoelastic model is unable
to capture the strain rate sensitivity of the patymHence, a non-linear viscoelastic
model, described in the next sub—section, was deresl in the present work to describe

the SMP polymeric behavior in the FE models.
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4.2.2 Poly—Network (PN) Model

Linear viscoelastic behavior is generally exhibibgdmaterials that are subjected to small
deformations at low strain rates. The linear visastec model is not fully capable of
modeling the behavior of ‘real’ polymers. Non-lineaodels have been developed in
viscoelasticity to overcome the shortcomings of stendard linear models. The non—
linear models assume that the stress varies as:

YZ )1z Yz —y 3 [4.15]
In Eqn. [4.15], the stress depends on two factohe first factor is the modulus that
varies with time and strain. The second factorhis $train. In this work a non-linear
viscoelastic model, referred to as Parallel Netw@kPN) model, developed by Veryst
Engineering and implemented as a user materialostibe for Abaqus, has been used.
The mechanical analog for the PN model is showRigure 4.7. It has two networks in
parallel, the first is a spring element and theosdcnetwork consists of viscoelastic or
Maxwell element. All spring elements in the anategresent neo—Hookean hyperelastic

model.

Figure 4.7. Parallel Network Model having two netis Network A has a spring
element and network B has a spring and dashpotesieim series [48].

The total stress in the non—linear PN model is mivg the addition of the stresses in the
two networks (A and B) as shown below[48]:

68



Y €.,. D+, T H [4.16]
f. f+

The viscous deformation of network B is obtainemhgs strain dependent flow rule. The

flow rule is vital in providing the strain rate s#ivity to the material [48].

% S e [4.17]
where mx = - . my$ .. The symbols mmand represent initial and final
strain constant and shear resistance of the miatesigectively. Also,

% _ S<ee [4.18]

where the shear stress in network B is given by,

A
L @11

By integrating Eqn. 4.18, the axial stretch in nmtevB can be obtained as a function of

time.

The material constants required by the PN modelpgt }m; and mare obtained from
uniaxial tensile experiments. The non-linear PN ehad able to correctly model the
effect of strain rate on the SMP. Additionallyjstalso a temperature sensitive material
model. The total stress in the PN network is medibby a scaling factor for simulation at
elevated temperatu°C. The scaling factor, f, can be expressed as,

- [4.20]
where

g is a material constant (a negative valug)= 23°C, and are reference and test
temperatures respectively.
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4.2.3SMP Model

A shape recovery material represented by a stariuhe@r viscoelastic model along with
an additional slip element, initially developed ¥&ng et al. [5], was used in the form of
an Abaqus user material subroutine (or VUMAT) amcbrporated in the FE simulations
of thermo—mechanical cycling experiments. The saethdviscoelastic model (SLV) is a
three—element model having a spring in parallehvat Maxwell element. The stress—

strain behavior of this model is described by thving Equation:
- - = [4.21]

where is the strain, is the stress, E is the stiffness, pu is the visga@nd is the

retardation time.

However, the SLV model on its own is unable to déscthe irrecoverable strain
component of the SMP material especially at lowgeratures. In order to overcome this
limitation a slip element is added to the SLV netwim parallel to the spring element, as
shown in Figure 4.8. This slip element, representimternal friction, accounts for the
irrecoverable strain remaining in the SMP due ip sl the polymeric network that may
occur on decoupling of cross links at low tempeegibelow . This slip occurs when
the strain exceeds a certain critical valu&he model considers that at temperaturgs T
20°C, when the micro—Brownian motions are enableel material is able to recover the
strain. Hence, the internal friction is assumed/Vew at high temperatures and very high

at temperatures below.T
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Figure 4.8. SLV model with the slip element usedejaresent the SMP [5].

The stress — strain relationship of the SMP mdter@lel is given by

- = == [4.22]

In addition, if the thermal expansion of the matkrs also considered, Equation 4.22
transforms to the following Equation:

- :_ 'm% ™K [4.23]

The material model considers the shape recovettyegpolymer essentially to be
functions of the modulus (E), recoverable straji=( — ), decay time () and viscosity

(). These parameters are temperature dependeatr@magdsumed to vary with

temperature as follows:

E = Eexp {a[T/T - 1]} [4.24]

M = pyexp {alTyT - 11} [4.25]

= gexp {-a[Ty/T - 1]} [4.26]

= gexpfa [TJT- 1]} [4.27]
where

Eg Mg, gand gare storage modulus, viscosity, recoverable stem, retardation time

respectively. Parameters, a,, a, a are the slopes of following dependent variables
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storage, viscosity, recovery strain and retardatione versus temperature curves
respectively (dependent variables in log scaleg Gieep relaxation experiments provide
recovery strain and retardation time for the SMR glrticular temperature. A series of
such tests were used to obtain strain versus teyerplots and retardation time versus
temperature plots. Parametersaad awere similarly determined from the slopes of the
recovery strain versus temperature plots and ratiard time versus temperature plots
respectively. In addition the plots were also use@xtract parameterg and 4 at the
temperature corresponding tg. Bimilarly the storage modulus versus temperaploe
obtained from DMA multi frequency tests (refer tabsection 3.7.4) provides the
parameter grom the slope of the curve and alsg Ehe parametersgiand @ has been

used from literature for polyurethane [49].

To utilize the SMP model, the values of the abowestants obtained experimentally for
the SMP film are shown in Table 4.4.

Table 4.4. Material Parameters used in thermo—nmechlecycling.

Material Parameters Value
-8 0.25
au 44.2
a 0.8
a 2.5
Eq 28 MPa
Hg 14 GPa.s
q 0.95
q 1320 sec
11.6 x 100 K™

In summary, the parameters required by the comisgtunaterial models are obtained

from the experiments as enumerated in Table 4.5.
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Table 4.5. Experimental results and their usagelbitaining material parameters for FE
constitutive material models.

Experimental Test

FE — material mod

el Data Extracted

Material parametel
determined

Uniaxial Tensile

linear viscoelastic

stress versus strair]

initial shear and bulk

Test model/ non linear relation modulus used to
viscoelastic model determine strain
energy
Stress—Relaxation| linear viscoelastic | stress versus time| shear modulus, bulk|
Test model/ non linear | relation on holding modulus and

viscoelastic model

at constant strain

retardation time of a
maxwell element

Creep—Recovery

shape memory

recoverable strain

g (recoverable strain

Test model versus temperature atTy), a,
relation, retardation ¢(retardation time at
time versus Ty, a
temperature relation
DMA Multi shape memory storage modulus Eg &

Frequency Test

model

Versus temperature

relation

4.3 Film Wrinkling Studies

A 3D FE model was also developed in Abaqus—Exptisimulate the film wrinkling

experiments on pre—strained single-layer PLSMs. nMlirng was observed as a
consequence of the release of residual stressdutting of the adherend across the width
at the center line. These experiments have beetrided earlier in Chapter 3. In the
model simulations, pre—strained and cut PLSM wé#oavad to relax and the debonding
and wrinkling of the SMP was observed. Two difféarBhSM models (with narrow and
wide widths of PLSM test samples) were developedhehaving three separate zones
having cross sections of 80 mm20 mm and 60 mm30 mm respectively, representing
the SMP, adhesive and steel substrate. The thisky@ameter with reference to the three
layers in the two PLSM models was kept identicahwialues of 0.2 mm, 0.01 mm and

0.6 mm for film, adhesive and substrate respegtivieigure 4.9 shows the geometry of
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the wide PLSM model (60 mm 30 mm). The SMP layer was modeled using two
separate sections initially bonded to each otheh sbat they behaved as a single unit.
After the stretching step, the bond was deactivabedimulate a ‘cut’ to the polymer
layer.

Adhesive Steel
Substrat

Figure 4.9. Geometry of 3D FE model of film wrinidj simulation for wide PLSM.

The steel substrate and SMP layers were mesheg eigint—node linear brick element in
Abaqus. A single layer of brick elements havingagth and width dimensions 50 mm
and 50 mm respectively was used to mesh the SM#.|&he substrate was meshed with
two layers of brick elements having a length andtivdimensions of 50 mm and 50 mm
respectively. The sandwiched adhesive layer wasetewith a single layer of 8 node 3D
cohesive elements having thickness of 10 pum angtheand width of 20 um and 20 um
respectively. The nodes at the interface of thel steadhesive and SMP-adhesive layers
respectively were joined using tie constraints. Tiee constraints are used to attach
adjoining elements belonging to separate parts.célethe overlapping nodes of the
adjoining elements move together. This functioggbtovides the flexibility to model a

unified structure using two or more types of geaiast

The PN material model was used to represent the &iherend layer in the laminate as

it was found to provide better results for peelt tesnulations. The cohesive zone
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parameters were same as the ones used for pesinegations (see section 4.2.1.1). The
laminate was stretched along the length directtomfone end while the other end was
constrained in all directions. After the requisg&ain was achieved, the load was
removed and the bond joining the two sections ef3IMP was deactivated. The PLSM

was allowed to relax in this condition as the SMim Started to recover and de—bond.
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Chapter 5

Results and Discussion

This Chapter presents the results of thermo—mechlhoharacterization tests that show
the mechanistic behavior of the SMP films utilizedhe present study. This is followed

by results from the study of interfacial characiges of the SMP film — metal laminate

system usingl80 peel tests. The SMP film and SMP-based metal—paiylaminate
characterization tests and methodologies have klesaribed earlier in Chapter 3. In
addition, finite element model descriptions andwation methodologies for some of the
lab—based experiments have been presented in Chdpt®&oth experiments and
numerical results from FE simulations of the tests presented in this chapter as well as

a discussion of the most significant results indbetext of the proposed objectives.

5.1 Thermo-Mechanical Behavior of SMP Film

The thermo—mechanical characterization tests donéhe SMPs included the uniaxial
tensile test, stress relaxation tests, creep regaests and DMA tests for modulus—
temperature relationship. The experimental tesa das been used as input to general
purpose FE program, Abaqus—Explicit. Experimentatadwere curve—fitted within
Abaqus to obtain the parameters for the materiaflehoased to represent the SMP’s

viscoelastic and shape recovery behavior.
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5.1.1 Tensile Test

5.1.1.1 Single Layer Film

Figure 5.1 a) shows the engineering stress—stnaimes of SMP film tested at room
temperature at three different speeds until rupttexeral characteristics of film behavior
can be noted. First, the elastic modulus in genecitased as the flow curve moved to
high stress levels with an increase in test spe&sl.discussed in Chapter two,
thermoplastic polyurethane SMP microstructure «dssiof hard and soft domains
blended together in the polymer matrix. The harthdo is responsible for the stiffness
and dimensional stability whereas the soft domauegythe elastomeric character. The
initial elastic portion of the stress — strain aireferred to as the equilibrium stage is due
to the soft segments. This region is followed byistoplastic or non—equilibrium stage
that is strain dependent. A clear transition betwelastic and viscoplastic region can be
noted for 20 mm/min and 10 mm/min crosshead spea¢owever, for very low speeds
such as 3 mm/min, not much demarcation was foundidsn the two stages. This
phenomenon can be attributed to the relaxatioh@fktastic behavior of the hard domain
at low strain rates[16]. Differences in stressistl@havior are observed between discrete
uniaxial tensile tests in Figure 5. 1 b). The stadddeviation of recorded stresses
between three such tensile test runs is shownguar€&i5.1 c). The standard deviation of
stresses is observed to increase as the expenragresses or as strain increases. During
the initial phase of the experiment or during thyeibrium stage the standard deviation
is just above 0.1 MPa, thereafter the standardatiem rises quickly as the SMP
becomes viscoplastic. The standard deviation betwlee discrete runs at the end of the
tensile test under the strains nearing 140% wasdntat be almost 1.2 MPa. Hence, the

stress-strain behavior is more consistent at Iatramns (uptil 60%).
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Figure 5.1. a) Engineering stress versus straivesuior single layer SMP film test tested
at room temperature for 3 different test speed$03nd 20 mm/min. b) Stress — Strain
behavior for single layer SMP at 3 mm/min and rdemperature. c) Variation of
standard deviation of uniaxial stress for discrates at 3 mm/min with the progress of

experiment.

Table 5.1. Cross—head speed effect on ultimatess&efailure for single layer SMP.

Cross—head Speed

Final Stress at failure

Final Strain at failure

Modulus in the

(mm/min) (MPa) elastic region
(MPa’
3 16.4 1.66 20
10 17 15 50
20 21 1.37 112.5
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There is a definite increase in tensile stresailtre with increase in strain rate during the
tensile test. Additionally, it was noted that thatarial ruptures at lower strains as the
strain rate increases.

As observed in Figure 5.1 the SMP showed a veryelalongation before fracture at
room temperature. At a cross—head speed of 3 mmimeirSMP was capable of over
160% engineering strain. The stress—strain curesvetl a strong dependence on strain
rate typical of viscoelastic materials. The fastee stretching the more the stress

required.

Stress—strain curves were also obtained at 50°Grder to understand the effect of
temperature on flow behavior of the SMP. It is olied from Figure 5.2 that the stress —
strain behavior undergoes a significant changdaE5The stress at 80% strain is below
2.5% at 50°C whereas in the case of room temperahg strain is almost 5%. The
material appears to lose its elastic nature andrhecmore viscoplastic at higher
temperatures. The viscoplastic behavior may be tduelastic slip and breakage of
hydrogen bonds in the hard domain. It can be iatethat at higher temperatures physical

and chemical changes occur in the hard domainibaotitrg to a viscoplastic response.
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Figure 5.2. Engineering stress—strain curves foglsilayer SMP at room temperature
and 50°C tested at a cross—head speed of 3 mm/min.

5.1.1.2 Four-Layer Laminate

As noted earlier in Chapter 3, a four—layer lamenatis made from SMP films using an
inter—layer adhesive. Engineering stress—strairvesurfor this laminate from room
temperature tests are shown below in Figure 5.3t $peeds identical to the case of
single—layer SMP film tests were utilized to makeéigect comparison of results from
single—layer and four—layer tests. The generaldgen terms of shape of the curves and
their upward movement to larger stresses withdpsed are similar to the case of single
layer SMPs.
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Figure 5.3. Stress—strain curve for four—layer SN laminate at room temperature for
3, 10 and 20 mm/min cross—head speeds.

Table 5.2. Effect of cross—head speed on ultimagss and strain at failure for four—layer

SMP.
Cross—head Speed Final Stress at failure Final Strain at Modulus in the
(mm/min) (MPa) failure elastic region
(MPa)
3 3.5 1.62 6.67
10 3.8 15 11.6
20 4.25 1.43 50

The stress—strain curve for four—layer SMP film ilagte has an “S” shape similar to the
single layer SMP. The initial part or equilibriurtage has a characteristic high stiffness,
this is followed by a viscoplastic stage whereia #hiffness drops and finally hardening

occurs leading to film rupture. Similar to the da¢pyer SMP an increase in the elastic
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modulus is observed with strain rate. In additidre maximum tensile stress at failure
increases marginally with increase in the strabe.rahe final strain at failure for both

single and four—layer SMP films is almost identical

A comparison of stress—strain curves for singleslaand four—layer SMP film composite
is shown below in Figure 5.4. The maximum stressegailure for four—layer film
laminate is much lower than for the single—layénfalthough the maximum strains at
failure are nearly identical (see Figure 5.4(a)¢nkk, there is a remarkable drop in the
stiffness in comparison to the single layer SMfilThe onset of the viscoplastic phase
is earlier in the case of four layered SMP (seeauféd.4(b)). Also the strain hardening
stage is not as pronounced as the single layer. fiince the four—layer SMP film
composite consists of four layers of SMP film ahceée layers of adhesive, its modulus E
can be related to the moduli of the single—layerPSiim and adhesive using the iso—
strain rule of mixture [50]. Figure 5.5 shows tlieess — strain behavior of the four layer
SMP composite using the iso—strain rule of mixtukecomparison of single layer and

four—layer SMP film laminate properties is presdriteTable 5.3.

Single Layer 20 mm/min
Four Layer 20 mm/min
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Figure 5.4. Engineering stress — strain behaviairajle—layer and four—layer SMP film
laminate at 20 mm/min cross—head speed and rooperature, (a) entire curve up to
fracture, (b) expanded early portion of the curyefo 10% strain.
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Figure 5.5. Theoretical stress — strain plot farflayer SMP at room temperature based
on rule of mixture compared with experimental plot.
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Table 5.3. A comparison of single layer and fouyetasSMP film laminate properties.

Laminate type Stress at rupture Strain at Modulus of elastic region
(MPa) rupture (MPa)
Single layer 21.3 1.37 1125
Four—layer 412 1.43 50

For completeness, the expressions and the assummpéissociated with the rule of
mixture are presented below. Considering the fateng on the composite as the sum of

the forces acting on the SMP layers and adhesyegdaone obtains:
1§ .8, 1 S [5.1]

where A, A and A, are the cross—sectional areas of the composite, Bly¥ts and
adhesive layers respectively; &d E, are the elastic moduli of the SMP film and the

adhesive respectively,

If W is the common width of the layers, and N is tlumber of layers of film, A A;and

A can be expressed as,

Ai=N.hk W

Aa=(N - 1).h.W

A=(N-1).hW + N.h.W

where h and Rare the thickness of the SMP film and the adhdsiyer respectively.
Substituting the above expressions in Eqn. 5.1 om&ins:

_ EaN( H+1)-1)
T ONH+1)-1 [5.2]

where = E/E; and H = ifh, -0.2/0.26 = 0.77. The adhesive has a standard tsskaf
0.13 mm. When two SMP layers are joined the adkesiapplied on each of the facing

surfaces and hence the thickness of the adhesieeitn0.26 mm.
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Lastly, is the Krenchel correction factor for the SMP fimd is assumed as 1 initially.

Substituting equal to 1 in Egn. 5.2, one obtains:

nW7¢ &n vy

& [5.3]

Shear modulus G of the adhesive has been giverR@sKPa in the literature [51].
Assuming the adhesive to be viscoelastic with  gh bulk modulus, and hence with

a Poisson’s ratio of 0.5, the elastic modulus efallhesivé , can be expressed as,
- 21+ =360kPa [5.4]

Using E = 112.5 MPa as the modulus for the elastic portbrstress—strain curve of
single layer SMP film for a test speed of 20 mm/rand = 1, the corresponding
modulus of the four layer SMP using Equation 5.8swbtained as 57 MPa which is 14%
greater than the experimentally determined modidesice, the stiffness of the four layer
composite SMP was found to be lower than that ebepleasing the rule of mixture. Thus,
it may be deduced that the SMP polymeric chains naybe oriented along the same
direction in the laminate as the chains in the ailiee If we assume that the chains in the
two layers are at 90° to each other, then the cbore factor = 0.5 has to be used in
Equation 5.3. Figure 5.5 uses this correction t@miokthe theoretical stress strain plot for
four layer SMP composite. It is to be noted thattlle—of—mixture calculation for elastic
moduli of 4—layer film laminate is based on isoastrassumption and does not include
any strain rate term for the adhesive. Adhesivaishedulus data dependence on strain
rate has not been reported in reference [51]. Thesive is highly viscous in nature and
as the strain dependence is characteristic of thsti®@ component in viscoelastic
materials, it should be safe to assume the adhdsiveave shear modulus that is

independent of strain rate.

The stress—strain curves of four—layer SMP filmitaate at room temperature and 50°C
are compared in Figure 5.6 for tests at 3 mm/mime Tour—layer curve at 50°C was

characterized by the absence of the elastic stegis, the case in single layer SMP film.
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The material appeared to behave in a viscoplastionar at higher temperatures and
hence the viscous response is pronounced. Therewasrease in stiffness of the four
layered SMP at 50°C.

Crosshead Speed 3 mm/min at Room temperature
Crosshead Speed 3 mm/min at 50 C
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Figure 5.6. Engineering stress—strain curves forflayer SMP laminate film room
temperature and at 50°C for tests conducted aiss€head speed of 3 mm/min.

As discussed in Chapter two, the TPUs are madd bard and soft segments. The hard
segments are a result of reaction between shoirnt dials with diisocyanate, whereas the
soft segments are a result of reaction between tbragn diols with diisocyanate. The

hard segments provide the strength and hardneks fwolymer. At high temperatures the
physical cross links between hard blocks in they@thane SMP melt. The number of
cross links between the hard blocks depends onntblecular weight and the high

hydroxyl number of the polyols in the TPU. The effef temperature on SMP is seen in
Figure 5.7, the hard blocks melt and separate edidce the stiffness of the material. The
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material is transformed into a softer TPU with &stensile strength as compared to a

harder TPU at room temperature [52].
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Figure 5.7. Morphology of the SMP TPU when heatedamled [11] showing change in
structure of hard blocks.

5.1.2 Stress Relaxation Tests

Stress relaxation experiments were also perforntedbtain additional mechanical
properties and deformation characteristics of th#Silms for use in the FE models of
the SMP. The linear viscoelastic model for a polymwan be represented in the form of
Prony series as explained in Chapter 4. The FE cdsukqus, used in the present
modeling work to simulate peel tests, utilizes #fi@ss relaxation experimental data to
determine the prony series parameters that canseé 10 represent the modulus time
relationship of the SMP film. These tests are usefuetermine if the material exhibits
non-linearity in its viscoelastic behavior as welence, a suitable material model could
be chosen to represent the SMP in the FE simukidrvarious tests performed in this
research in order to understand the material defobom behavior observed in the

experiments.

Results from stress relaxation tests for singleedand four—layer SMP composite are
shown in Figure 5.8. Two different holding stramere considered. The stress relaxation
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plots of the single layer and four—layer SMP arens® follow similar relaxation path as
shown in Figure 5.8. The rate of stress relaxatsoa function of holding strain and is
clearly higher for larger holding strain value @026 compared to a lower value of 30%.
(see Figure 5.9 (a,b)). The stress relaxation hehdwer single and four—layer SMP
composite was largely quite similar. This form dfress—relaxation behavior is
characteristic of non—linear viscoelasticity [53[The polymeric chains tend to rearrange
themselves into a low stress state during the aglax phase. With time, the stress state
decreases as the movement of molecules relatiseg¢another increases and hence less

force is required to maintain the deformation.

Stress
(normalized) —_—

Time (sec)

Figure 5.8. Normalized stress versus time plosfogle and four—layer SMP composite
at 100% holding strain.
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Figure 5.9. Normalized stress versus time plo{&ifour—layer SMP composite at two
different holding strains, and (b) single layer S&tRwo different holding strains.

To observe the effect of initial stress on stretsxation behavior, tests were carried out
at different maximum stress levels at room tempeeat23°C) as shown below in Figure
5.10. A logarithmic plot of stress versus time shdwa largely linear response with slope

90



(i.e., rate of decay) increasing with an increase énntfaximum stress as well as with

higher stress initial values.

log of stress —~— — ]
(Mpa) — !

log of time (sec)

Figure 5.10. Stress relaxation behavior at logestal different maximum stress levels at
room temperature.

A comparison of stress relaxation curves at roomperature and 50°C for the single
layer SMP is shown in Figure 5.11. At high temperas, the relaxation behavior of the
SMP was less pronounced than at room temperatdreerperatures above, Viscous
mechanisms are highly active in the polymer. Therhture of the stress relaxation curve
at 50°C suggests that the SMP transforms from &hhigrystalline material at room
temperature to an exceedingly amorphous or rubsitg at 50°C [54]. The low stress
relaxation at higher temperature also signifieskénochains and linking points and an
overall loss of rigidity of the material. For areal elastic material the relaxation curve is
horizontal. The relaxation stress for the SMP isembed to drop from almost 15% at
23°C to just over 2% at 50°C. Hence, it has losstnad its crystalline structure at this
stage. At higher temperatures, the relaxation stissexpected to drop further and

approach the horizontal position.
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Figure 5.11. Normalized stress versus time plosiogle—layer SMP film at 50°C and
room temperature.

5.1.3 Storage Modulus and § Measurements

The glass transition temperaturg df the SMP was determined using the tan delta
parameter (ratio of the loss modulus to storageutus)l measured using the DMA and
was found to be in the range 58°C-60°C (discorynin the storage modulus and
temperature plot in Figure 5.12)3 was also measured using the differential scanning
calorimeter by noting the point when the materiabvgs a change in heat capacity.
Dynamic Scanning Calorimetry (DSC) provided thei the range 48°C-54°C. Hence,
the glass transition temperature range lies betwl@6G—-60°C. Since the glass transition
temperature of the soft segments for polyurethad® $%as been recorded below room
temperature [55] theglobserved should coincide with that of hard segmdntaddition,
the storage moduluss&f the SMP was determined in the temperature ré@xg®0°C.
There is a gradual decrease in the storage modulhhigemperature from 5°C to 80°C as

seen in Figure 5.12.
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Figure 5.12. Variation in SMP film storage moduwhigh temperature using DMA.

The storage modulus—temperature relationship revibat the SMP has a low steady
elastic stiffness above 80°C, when the materiail@tshamorphous behavior. It is also
evident that below 5°C, the increase in stiffnesgradual and the material is crystalline
in that condition. Under this condition, the SMReipected to have high shape fixity and
ideal to retain a temporary shape. It is to be chdiv@t in the literature a wide variety of
polyurethanes having a range of ffom -30°C to 120°C have been reported. The
manufacturer can adjust the glass transition teatpex and modulus depending on the
isocyanate reaction resulting in the creation afitend soft segments. It was generally
found that the modulus increased as temperaturefuvtser decreased below 0°C for

polyurethane, however, it would depend on the cation.

5.2 Shape Memory Behavior and Temperature
Dependence

As described earlier in Chapter two, SMPs are &blecover their original shape after

being plastically distorted. The SMP used in thiglg belongs to the polyurethane series
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and is highly thermo—-responsive. Polyurethanesllyswark with two segments wherein
one is elastic and the other has a stiffness thaewy with temperature. One of the
segments is capable of forming molecular switchéhk the other segment network at
certain temperature range. When the temperatwaleasge the transition temperature these

switches become flexible allowing the polymer clsaim relax.

It is highly desired that the SMP be able to sastagh and low temperature thermal
cycling without undergoing deterioration. In thiesis the effect of thermo—mechanical
cycling in the temperature range 15°C—-60°C has heesstigated. A user subroutine

originally developed by Yang et al [24] has beeredusn the FE-based thermo-—
mechanical model to study the shape recovery. Yangdel utilizes an additional slip

element with a standard linear viscoelastic modekpresent the SMP. The slip element
accounts for the internal friction and has a lavgkie at low temperatures when the
micro—Brownian motion of molecular chains is regtd. The model requires the creep
recoverable strain at temperatures above and biblevransition temperature in order to

calculate the shape recovery.

5.2.1 Creep Recovery

Creep recovery tests are used to formulate the émtypre dependent shape recovery
characteristic of the polymer. Creep tests inva@wanstant tensile load (or stress) that is
instantaneously applied to the polymeric materal d certain period of time and then
removed. In the present work, tests were conduatetifferent temperatures in the range
10°C — 70°C and different pre—strains. Irrecoveratitain of the SMP at temperatures
between 10°C and 70°C was measured from the cesery tests. Figures 5.13 and
5.14 show the creep recovery test results obtafrmd SMP films up to maximum
strains of 20% and 40% between the temperaturds°a and 70°C.
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Figure 5.13. Creep followed by strain recovery MFSfilm for maximum strains in the
range 37%—42% at different temperatures.
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Figure 5.14. Creep followed by strain recovery3diP for maximum strain in the range
20%-25% at different temperatures.

It is seen that the irrecoverable strain increasethe temperature increases from 35°C to
59°C (Ty). The creep relaxation behavior can be divided ino stages. In the first stage,
the strain recovery shows a sharp drop on unloaftingll cases, followed by a slower
time dependent recovery. As temperature incredsesstrain recovery is negligible
during the later stage. This phenomenon can hiéwttd to the plastic deformation in the
viscous portion of the SMP at higher temperatu@gsep recovery tests were also carried
out on the SMP between 10°C and 22°C. However, invithis temperature range,
stresses were greater than the allowable loadsliofithe DMA machine. Therefore, the
SMP film could only be deformed to a maximum straatue of 10%, corresponding to
the load limit of DMA machine. Due to this consirigithe irrecoverable strains were
determined at 5% and 10% maximum strains only wefademperatures (Figures 5.15 a

and b). It was seen that at 22°C the material lis tthrecover 100% of its strain. It is to
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be noted that this is not evident in Figure 5.14&mhthe data is shown only up to 600
seconds. The recoverable strain continued to deereayond 600 seconds and a strain of
zero was achieved after 5 hrs, at 22°C. As tempexatas decreased below 22°C the
irrecoverable strain increased, probably due to riwgion of polymer chains being
restricted i e., interlocking). SMPs are characterized by neh{soon the hard segments
that act like switches [56]. Below the transiticemiperatures these switches become
active and lock the movement of adjoining soft segts, as illustrated in Figure 5.16
below [56].

Strain %

Time (sec)

(@)

Strain % . _K "%
\ l%

'Y

Time (sec)

(b)

Figure 5.15. Creep followed by strain recovery3diP below room temperature for
maximum strain in the range (a) 4866 at temperatures (b) 9%3% at temperatures.
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Figure 5.16. Alternating structure of SMP Polyueatle with HS (hard segment) SS (soft
segment) [56].

The irrecoverable strain versus the total straipliag during the tests for the SMP at
temperatures above and below the Tg (59°C) are showigure 5.17. The data suggests
that irrecoverable strain tends to be non-lineprlyportional to the total applied strain.
However, at low strains there was almost 100% rstracovery especially at room

temperature.
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Figure 5.17. Irrecoverable strain for SMP at deéfgrtemperatures below and above the
Ty (shown by green line).
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The SMP contains soft segments that exhibit gu3t below room temperature [56]. The
100% strain recovery of the SMP at 22°C may betduemperature being above thg T
of the soft segments and hence the net points beadpactive. Below 15°C, the SMP
shows irrecoverable strain after relaxation. Herice,material shows a transition phase
around room temperature wherein the SMP demonstratamplete self-recovery
behavior. Above 35°C, the SMP has high irrecoveraditain, which shows a slight
decrease above,TIt can be deduced that the deformations in teeo&lastic component
of the SMP is pronounced at temperatures above,36MZh cannot be recovered. The
shape recovery behavior of the SMP is almost 100%o0@am temperature and then
decreases at higher temperatures as the matecaimes amorphous and changes occur
in the polymer chain lengths. At low temperatutes lbcking between segments prevents
shape recovery [56].

5.2.2 Thermo—Mechanical Cycling of SMP Film

The SMP film was subjected to thermo—mechanicalimyaising the DMA equipment
described earlier in Chapter 3, sub—section 3.® dyctle consisted of four steps. The
effect of applied strain during the thermo—mechalnaycling on strain recovery in the
temperature range 15°C — 40°C is shown in Figui® & (also see Table 5.4). It was
observed that the SMP recovered fully at an appiectimum strain of 7% but had an
incomplete shape recovery behavior for applied maxn strains of 18% and 23%. The
SMP can be programmed to take a temporary shape/d&l°C (shape fixity) due to very
low strain recovery. However, in the temperatunegea20 — 40° C, the rate of strain
recovery (or shape recovery) was high. Repeatabiéists were also conducted for
thermomechanical cycling. There DMA apparatus wsasl limited in its capacity to start
heating the chamber instantly after the cooling.sRue to this factor, deviations in the

thermo mechanical cycling curves are noticed as/sho Figure 5.18 b).
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Figure 5.18. Strain versus temperature curve fmblo—mechanical cycling in the
temperature range 15°C — 40°C (a) for differenximam strains (b) Repeatability tests
for 12 % maximum strains.

Table 5.4. Applied strain and irrecoverable stfainthermo—mechanical cycling between

15°C - 40°C.
Total applied strain 7% 18 % 23%
Irrecoverable strain 0% 7.3% 12.5%
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Figure 5.19 shows the thermo—mechanical cyclinthéntemperature range 15°C — 60°C
for different maximum applied strains (also seel@&dh5). In comparison to the former
thermo—mechanical cycling, a lower strain recovsmybserved, as the strain—temperature
response on reheating is flatter. It can be dedubatl the SMP has a transition
temperature in the range 20°C — 30°C where polyomains relax and the material
recovers any prior deformation. This transition penature seems to coincide with the T
of soft segments that are reported below room teatype= for polyurethane [55]. As the
temperature reaches thgof the hard segments the viscous mechanisms aneylagtive

in the SMP. In addition, breakage of hydrogen bogdiccurs that may prevent the SMP
from recovering its original shape at higher terapaes [56].

I\
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\
- | =—=50% Max Strain
!

Strain %
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Figure 5.19. Strain versus temperature curve femtios—mechanical cycling in the
temperature range 15°C — 60°C for different maxinsfrains.

Table 5.5. Applied Strain and Irrecoverable StfamSMP thermo—mechanical cycling
between 15°C — 60°C.

Total applied strain 5% 21 % 41%
Irrecoverable strain 3.6 9.2 24.5

A three dimensional FE model was developed to siteithe thermo—mechanical cycling
test for a specimen geometry with a thin rectangséstion representing the SMP film.

FE code Abaqus—Standard with a user subroutine (UM#corporating the SMP
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material behavior was used for the analysis. The sgbroutine was intended to model
the shape recovery behavior in the temperatureerdgg £ ° C. The SMP block was
stretched along the length direction at high terapee (40°C), as shown in Figure 5.20
a, followed by a stress hold as the temperatureracisced to 15°C (Figure 5.20 b). The
strains in the film after the stretching step aseneen 17%—-18%. This was followed by
unloading at the reduced temperature as showrgur&i5.20 c¢) and finally heating to the
initial temperature. The strains were observedeirease slightly in the film (around 1%)
at the end of step 3. This shape of the SMP wasidered as a temporary shape wherein
the polymer was unable to regain its initial shapainloading. However, the polymer did
not demonstrate perfect shape fixing as it showsahal degree of strain recovery at low
temperatures. The shape of a perfect shape fixaignmal has been shown in Chapter 2,
section 2.2. Figure 5.20 d) shows the shape ofStkié after the thermo—mechanical
cycling was completed when the polymer tended ¢over its original shape. The strain
recovery was measured after the final step aloagahgth direction. Final strains in the
film were found to be between 5.3%-5.9%. As thaistrecovery was not 100% the SMP

can be categorized as non—ideal with incompletpeshecovery.
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Figure 5.20. FE model showing SMP, (a)at the enghadixial loading step at 40°C, (b)
on being cooled till 15°C, (c) SMP unloaded at 1586d (d) SMP after unloading and
strain recovery on heating to 40°C.

The constantgsee Chapter 4, subsection 4.3.3), required asteriasdgparameter to the
SMP model, was determined from the slope of theag® modulus (log scale) versus
temperature curve as shown below in Figure 5.2tarReters aand a were similarly
determined from the slopes of the recovery strarsws temperature (Figure 5.22) and
retardation time versus temperature plots respagtifFigure 5.23), obtained from the
creep relaxation experiments. Parametgrwas obtained from the literature for
polyurethane [49].
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Figure 5.21. Storage modulus (log scale) versupeéeature plot for SMP.
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Figure 5.22. Recoverable strain (log scale) vetsogperature plot for SMP.
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Figure 5.23. Decay time (log scale) versus tempezgilot for SMP.

Figure 5.24 shows the FE results of SMP thermo—am@chl cycling along with
experimental data for the temperature range 154D°C. The shape recovery obtained
using the standard linear viscoelastic material @hoid generally similar to the
experimentally observed recovery in the temperatargge 15°C — 40°C. The model
predicted irrecoverable strain of about 5.6%, ai@atlose to the experimental value of
8%. However, subtle differences in the strain recgwcurve on re—heating cycle can be
noted between the model and experiments. The FE 8Mfno—mechanical cycling
results show that strain recovery follows the ekpental results closely from 15°C-
22°C. However, the experimental results shows atgreate of recovery as temperature
increases further from 22°C-30°C in comparison e fE results. Finally, the
experimental rate of strain recovery decreases fBTC—40°C. In contrast to the
experimental strain recovery path, the FE resuitsvsa uniform strain recovery curve
from 15°C — 40°C. The SMP material model assumesniform relation between
polymer properties and temperature of the form:

o Q & W
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where B is the SMP property atgTand C is constant. However, the actual variatibn o
material properties was not uniform for the completmperature range 15°C — 40°C, but
can be best described in three stages 15°C — 22°C, - 30°C and 30°C — 40°C.

|
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Strain % \\

—Experimental
FE

Temperature °C

Figure 5.24. Temperature—displacement curves Mitefelement model in comparison
with experimental readings between 15°C-40°C.

5.3 Film Peeling Characteristics of SMP Film —
Steel Laminates

The following section presents the results andyambf peel tests on SMP-SS laminates
and corresponding FE simulations. These tests w@mnducted at room temperature and
at a higher temperature and experimental and mugefiethodologies were presented in
Chapter 3 and 4 respectively. It is observed that3MP transforms to an amorphous
state as temperatures approach theénce 50°C was chosen for conducting peel tests to
study the effect of SMP condition on peel force.olahfferent FE material models were
used with reference to the SMP and their capadslitior predicting the interfacial
strength of the SMP — SS laminates have been askess
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5.3.1 Peel Force at Room Temperature

5.3.1.1 Single Layer

Peel force was determined for single layer SMP-é®8rlate system using 180° peel test
at room temperature. The role of lamination pressur peel strength is also analyzed for
single layer SMP — SS laminates as shown in Figu?& a). It was observed that an
increase in lamination pressure from 1 to 5 MPailtesn an increase in peel force.
Hence, at low lamination pressure the strength hef faminates was inferior. This
phenomenon demonstrates that the adhesive prapeatid bond strength is highly
pressure sensitive. Principally, the bond stremgtheases with lamination pressure and
hence the best bond was obtained using 5.1 MPa.ammitude of perturbations was
found to increase with the lamination pressuresMmas expected as the adhesive may
seep into the groves on the steel surface undbBehjgressures. As a result, the peel force
required to debond the adherend was more at theegird/loreover, laminates prepared
using a very low lamination pressures (0.42 MPawsh peel force devoid of any
perturbations. Thereafter for this research a lation pressure of 5.1 MPa was
considered for all PLSMs.

Examination of the peeled specimens shows thaadhesive remnants are entirely on the
peeled film surface and none on the steel subsfsate Figure 5.25 b). This means that
the crack propagation occurs between the substradethe adhesive layer and hence
signifying an adhesive type of failure. The adhedmilure is a weaker form of failure as

it is due to the breakage of chemical bonds airtesface between the adhesive and the
adjoining material [57]. Consequently, the compled@d strength is not attained as is the

case when the bond breaks within the adhesive.
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Figure 5.25. (a) Peel force for single layered SkiRinates for different lamination
pressure at 20 mm/min and room temperature. (dp@specimen showing delamination
as a result of adhesive type of failure betweers @Btrate and adhesive.

Figure 5.26 a) shows the peel force versus dispiang plots for single layer SMP — SS
laminates recorded for three discrete peel testdwied at 20 mm/min and a lamination
pressure 5.1 MPa. The results follow the same toéndcrease in peel force till a steady
state peel force is noted by the first maxima ef ¢hrve. This maxima is noted between
20 mm — 25 mm displacement of the peel arm for gests conducted at room

temperature and 20 mm/min peel speed. This pognesents the position when the peel
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front starts moving or the interfacial crack tippagates. Also an increase in the mean
peel force is observed as the experiment progredses phenomenon is a result of
greater energy being absorbed by the elastomehieradd with an increase in length of
the peel arm being stretched.

The standard deviation with reference to the peslef for the three recorded peel tests is
shown in Figure 5.26 b). There was a minor diffeeebetween peel force recorded on
repeating identical tests and the standard dewiati@as noted to be less than 0.25 N/mm.
This variation of peel force recorded for discrigsts is expected and due to the fact that
the PLSM has been manufactured using a manual $soce
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Figure 5.26. (a) Variation of peel force for sintiger SMP—SS laminate at peel speed 20
mm/min at room temperature. (b) Standard Deviabioime peel force for discrete runs at
peel speed 20 mm/min

The FE analysis result of the 180 ° peel test fiogle layer SMP laminates is shown in
Figure 5.27. The strain contours suggest that titerdbend surface of the adherend
experiences a much higher strain nearing 45%-5096é. skrain decreases towards the
center of the adherend. The inner bend surface eadperiences high strain of around
29%-33% though lower than the outer surface. A @matpve analysis of the effect of
the ratio for maximum stress in the normal dirattio the total stresse., m = 1J/( 1ct

20) on the FE peel force was carried out, as showralrie 5.6. The symbolgcand ,in
the expression for m are tractions in mode 1 andaribdirections respectively. It should
be noted that variation in m value did not have effigct on the FE peel force (see Table
5.6) signifying that the mode 2 fracture energyetha greater role in 180 ° peeling. This
would imply that separation at the interface isyaiily a consequence of slip rather than
normal shift between the adherend and substratginen stress in the normal direction
1cwas assumed same as the inplane maximum stged$e displacement for complete
damage in the FE model was initially assumed asall svalue but later increased to 0.4
mm such that the FE peel force matched the expatah@eel force closely at room
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temperature for single layer SMP — SS laminates (Seapter 4, sub—section 4.4). The
fracture energy is the area under the tractionpars¢ion curve as described in Equation
4.4. Substituting,. = 1 MPa, as obtained from the single joint lapashest, and = 0.4
mm in Equation 4.2, ggwas determined as 0.2 N/mm. The mean peel forcéhéolinear
viscoelastic model was 14.2% lower than PN modeltfie@ same fracture energy as
observed in Table 5.7.

Table 5.6. Comparison of FE peel force with mode ratio.

Mode mix ratio, m FE peel force
(N/mm)
0.2 0.67
0.33 0.67
0.5 0.67
0.66 0.67
0.83 0.67

Table 5.7. Comparison of FE and experimental pmekfat room temperature.

Film Temp.| Experimental peel| PN model peel force| Linear viscoelastic model
Thickness| (°C) force at 3 mm/min at 3 mm/min peel force at 3 mm/min
(mm) (N/mm) (N/mm) (N/mm)
0.2 23 0.74 0.67 0.6

Figure 5.27. Peel front for single layered SMP lzae 180° Peel Test using PN model.
Plastic strains as high as 50 % observed alon§the outer—surface at the peel front.
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Figure 5.28 shows a comparison of experimental fogek versus displacement traces
with those obtained from linear viscoelastic andrRddels. Perturbations observed in the
experimental peel force are possibly due to thecefbf grooves present on the steel
substrate. The traction separation response ofdhesive zone model may also have a
bearing on the FE result perturbations as the m@dglires an increase in traction stress
on cohesive elements until a critical stress iseadd following which damage evolution

occurs accompanied by a decrease in traction sbresise element. Hence, the cohesive
elements experience an increase and decreasesutiwdf stresses. A study of the effect
of cohesive element size on peel force perturbatwas carried out and it was found that
a decrease in element size resulted in decreaperiarbations as shown in Chapter 4
subsection 4.1.1.1. The perturbations of the lingacoelastic material model are of

greater amplitude than the PN model. Thus, the Rddemnpeel force shows good

agreement with the actual peel force.

A 3D FE analysis for peel test was also run fordimgle layer SMP laminates as shown
in Figure 5.29. The 3D simulation was executed itk adherend represented by the
linear viscoelastic material model and the sametdra energy for the cohesive zone as
used for the 2D analysis. The 3D analysis resuksewn good agreement with the

experimental peel force with the exception of thigal peak.
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Figure 5.28. A comparison of peel force versus pesdlacement traces from experiment
and models for single layer SMP laminates at roemperature and 3 mm/min.

Figure 5.29. Comparison of peel forces versus degphent traces of 2D and 3D FE
analysis for single layer SMP laminates at roomperature and 3 mm/min using linear
viscoelastic material model.
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It is important to note that the peel force forgsnlayered SMP films continued to
increase during the peel test. Hence, a steady ptatl force was not obtained. In order to
better understand the reason behind this phenomermassential to refer to the energy

Equation during peeling.

As described in Chapter 2, the external energyiegpduring peeling contributes to
creation of new surfaces during the disintegratibthe adhesive layer and also change in

the potential energy of the adherend [9].
bH- b b o [5.5]

The above Equation can be expanded as follows [53]

F(1—bcos): U, + Gcb| [5.6]

The potential energy change of the system is depegnoh the area under the stress —
displacement curve of the adherend. The greatearthee the greater is théJg term, and

as a result, the greater is the peel force. It wlaserved during peel testing that on
peeling, an overlap section of lengtthe adherend undergoes an extension of almost 4
and hence the adherend undergoes very large stéstilarge strains as the adherend
experiences strain hardening the stiffness of th#> $s much greater. Large stresses
result in increase in strain energy of the matdioala certain displacement. As noted
from Equation 5.5 an increase in the terbe results in an increase in work done during

peeling.

In order to study the effect of adhesive strengthpeel force the elongation of the
polymer needed to be kept small so that the etiestrain energy Ug on the peel force

is minimal. This is accomplished by using multilegg SMP films joined by 3M pressure
sensitive adhesive. The extension of four—layendilwas found to be remarkably lower
than the single layer SMP. These four—layer filnfgsl&mninates have been used to obtain

the peel strength as explained below in sub—seéti®ni.2.
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5.3.1.2 Four Layer

As discussed in the previous section the singlerl®WvPs showed rather large elongation
(greater than 160%) in peel testing, and henceag difficult to directly determine the
effect of peel force on adhesive strength of threinate system due to changes in the
contribution of strain energy during peeling. Aget earlier in subsection 5.1.1.2, for
four layer SMP films when bonded by 3M adhesiveilextstress—strain curves that are
not as highly strain rate sensitive as the singlel SMP. In addition, the stiffness is
much lower than that of single layer. The peel déoiar single layer SMP and four—layer
SMP laminate systems at a cross—head speed of &xmrhave been compared in the
Figure 5.30. The peel force for four—layer SMP laate is slightly higher than the single
layer SMP initially. Experimental results for twepmrate peel tests for single layer SMP
have been shown in order to ensure that the difterebserved with four layer laminates
is not random. This is in agreement with the supijposthat peel force increases with
thickness [37]. However, after a displacement aftal80 mm the difference in peel force
reduces as the peel force curve of single layer &&Han upward trend. It is significant
to note that the steady state peel force for fayed laminate is almost constant. This
phenomenon can be attributed to the fact thatabhe-fayer SMP does not display a large
increase in strain energy as its peel arm is metcsted to the extent observed in the
single layer SMP. Thus, it can be argued that #rent Ug in Equation 5.5 is not
expected to vary significantly, and correspondinghe peel force is expected to be

steady.
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Figure 5.30. Experimental peel force for four la$dP — SS laminate compared with
single layer laminate at room temperature andcabss—head speed of 3 mm/min.

The perturbation or the oscillation in the peelcéorhas been found as the standard
deviation of the difference between successive fogeé values after the peel front starts
advancing during a peeling experiment. There isnanease in the magnitude of peel

force perturbations observed in the four layeredPSMSS laminates as shown in Table
5.8.

Table 5.8. A comparison of experimental peel faod perturbation in peel force for
single and four—layer SMP — SS laminates at 3 mmAnd room temperature.

Experimental pee Std. deviation of aL
Laminate type force perturbations in steady state
(N/mm) experimental peel force
(N/mm)
Single layer 0.74 0.03
Four—layer 1 0.09

The weight of the four layer SMP adherend is muddatgr than the single layer and

hence may have an effect on the amplitude of tintiations. Another possible reason
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could be the increase in trapped air bubbles inditileesive layer during lamination
process. The presence of air bubbles serve as woitle adhesive matrix that help in the
decreasing the effective bond thickness. In addlitstress concentration at the air bubbles
may serve to decrease the fracture strength. Henhdg,easier for the crack line to
propagate through the adhesive at points where timésroscopic flaws exist resulting in
an intermittent drop in peel force. It is obsentkdt the peel force is recorded after an
initial displacement of the peel arm. This is doehe slack in the peel arm for four layer
SMP laminates at the start of the test as obsernvEyure 5.31. Later, during the passage
of the test, the peel arm becomes taut and steaighThis phenomenon causes the curve
for the four layer SMP laminates appear to shiftaas the right in comparison to the

single layer SMP laminate.

(@) (b)

Figure 5.31. A photograph of four—layer SMP lam&sadluring 180° Peel test, (a) at the
start of the test, (b) when steady state peel fisroceached.

Images of peeled specimens show that the adhesiygesent on both the film and
substrate (Figure 5.32). Hence, cohesive failungrasninent in four layered SMP — SS

laminates. This type of failure is due to crackpagation along the plane of the carrier
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cloth or the weakest plane in an effective bond.[3he cohesive failure is found to be
much stronger than the adhesive type. The incrieapeel arm thickness influences the

hydrostatic stress effects on the adhesive lay&hwinay affect its yielding.

Figure 5.32. Four—layer SMP laminate specimen aketing showing adhesive on the
substrate (and not on the film), indicative of cailie type of failure.

Figures 5.33 and 5.34 show the FE model of fouera§MP laminate system being
peeled. The same element types and meshing paramedethe single layer SMP
laminates model were utilized in these simulatioRE. analysis results from linear
viscoelastic and PN models for four—layer SMP lates in the form of peel force versus
displacement traces are shown below in Figure 513 outer bend surface of the
adherend experiences maximum strain approximathyden 45% — 50% similar to the
single layer SMP laminate. The strain decreasesiderably towards the central portion
of the adherend. Finally, the inner bend surfacthefadherend is observed to experience
a higher strain between 35% — 40%. The mode 2uraanergy required in the FE
model was kept the same as that for the single B laminate as shown in Table 5.9,
in order to ensure that the FE peel strength fer BN model is in agreement with
experimental readings. Hence, the adhesive strafgtie bonding is estimated to remain
constant with film thickness. The PN model and timear viscoelastic model both
provide peel strength values closer to the experiale however the peel force
perturbations obtained from the linear viscoelastiodel are much higher. The 3D
simulation was also carried out for the four lay@gvP laminates with the adherend

represented by the linear viscoelastic materialehadd the same fracture energy for the
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cohesive zone as used for the 2D analysis. Thendlysis results (Figure 5.36) were also
observed to be close to the experimental resutisveder, the initial peak in peel force is
an unwanted artifact of the 3D FE analysis. As 2Beand 3D FE simulations are in
agreement for both the single and four layer PLS3dI pests, hence two dimensional FE

analysis was used for all subsequent simulatiosiesu

Figure 5.33. Deformed SMP film configuration witlpgrimposed strain contours for
four—layer SMP — SS laminate in 180° Peel TestguBiN model.

Figure 5.34. A close—-up of peel front and straintoars for four—layer SMP laminate in
180° peel test using PN model.
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Figure 5.35. Comparison of experimental and FE rhpelel force versus displacement
traces for four—layer SMP laminates at room tentpeezand 3 mm/min cross—head
speed.
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Figure 5.36. Comparison of peel forces versus degphent traces of 2D and 3D FE
analysis for four layer SMP laminates at room terafpge and 3 mm/min cross—head
speed using linear viscoelastic material model.

Table 5.9. Effect of adherend thickness on adhesiangy.

Laminate type Film Thickness Temp. FE G
(mm) (°C) (N/mm)

Single layer 0.2 23 0.2
Four—layer 1.6 23 0.2

The results of sub—section 5.3.1.2 indicate thar-flayer SMP laminates provide a
steady and consistent peel force and suitablediosiderably decreasing the elongation of
the peel arm as compared to the single layer Sktihktes (refer to Table 5.10 below).

121



Table 5.10. Comparison of observed displacemepeef arm for single and four layer
SMP — SS laminates for 20 mm delamination of aditefeom substrate at 20 mm/min
during experiment.

Elongation of Single Layer SMP Elongation of Four Layer SMP
— SS Laminate SS Laminate

68 mm 37 mm

5.3.2 Peel Force at Elevated Temperature

5.3.2.1 Single Layer

Peel testing of single layer SMP — SS laminates alss carried out at 50°C. The SMP
film ruptured at high strain rates at 50°C and leeacvery low crosshead speed of 3
mm/min was maintained. A significant decrease ia peel strength of the laminate
system was observed at 50°C (see Figure 5.37)so®thness of the steady state peel
force curves was found by measuring the oscillationthe peel force. The standard
deviation between successive steady state peed feidings was used to quantify the
oscillations or perturbations in the recorded pbmce of a single sample. The
perturbations observed in the actual peel forceoam temperature was reduced from
0.03 N/mm to 0.007 N/mm at 50°C. These perturbatimay have been mitigated by the
removal of air bubbles in the adhesive layer ahbigemperatures. Table 5.11 compares

the standard deviation of the peel force pertuonatiat room temperature and 50°C.
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Figure 5.37. Peel force versus displacement tracsifgle layer SMP laminates at 50°C
and 3 mm/min cross—head speed.

Table 5.11. Effect of temperature on peel force @erdurbations in peel force at speed 3

mm/min.
Film thickness Temp (°C) Experimental | Std. deviation of perturbations in
(mm) peel force steady state experimental peel
(N/mm) force (N/mm)
0.2 23 0.74 0.03
0.2 50 0.167 0.007

The decrease in peel force may be understood leyrire§ to Equation 5.5, the energy
balance for peeling. If we assume that the adhesi@mgth Usdoes not change then the
decrease in peel strength may be solely attribtdgetthe change in potential energy or
strain energy Ug of the adherend. This assumption can be validatiéld the finite

element peel strength results. If the finite elemasel force is in agreement with the
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actual peel force for the same fracture energyessrohined at room temperature then the

above assumption is correct.

Peel testing at 50°C was simulated using a couptedperature—displacement finite
element model in Abaqus—Explicit code. The adhewgamdi substrate were modeled using
four node—quadrilateral thermally—coupled bilinedrsplacement and temperature
elements. Both linear viscoelastic and PN modelewenployed. The results in the form
of peel force versus displacement traces were, omgain, compared with the

experimental traces, as shown in Figure 5.38. Téwl force recorded using the PN
model is more jagged in comparison to the lineacaglastic model as a result of
possible differences in the automatic time steppisgd during the simulation. It is to be
noted that using the same fracture energy for dekion as in room temperature

simulation did not provide a good agreement withezimental observations as observed
in Table 5.12.
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Figure 5.38. Peel force versus distance tracerigieslayer SMP laminates at 50°C and 3
mm/min cross—head speed.

Table 5.12. Temperature effect on peel force amgsidn energy for single layer SMP

laminates.
Temp.| Experimental peel force at Model peel force PN FE G,
3mm/min model at 3 mm/min. (N/mm)
(N/mm) (N/mm)
23°C 0.74 0.67 0.2
50°C 0.167 0.16 0.05

The fracture energy from the peel test models wasid to be reduced at 50°C. The
decrease in peel strength is likely due to decr@asalhesion strength of the bond in

addition to a decrease in the stiffness of the SMP.
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5.3.2.2 Four—Layer

Peel testing of four—layer SMP metal laminates wlas carried out at 50°C. The peel
strength of the laminates decreased almost folwgstiim comparison to room temperature.
It is also noted that similar to the single lay@mlnates a large decrease in the peel force
perturbations is observed at higher temperaturbe. miean peel force and the standard

deviation of oscillations in the peel force arewhan Table 5.13.

Table 5.13. Effect of temperature on experimeng&ll force and perturbations in peel
force for four—layer SMP laminates at 3 mm/min.

Film thickness Temp (°C) Experimental | Std. deviation of perturbations of peel
(mm) peel force force (N/mm)
(N/mm)
1.6 23 1.1 0.09
1.6 50 0.27 0.04

The apparent reason for the decrease in peel fior@@mparison to room temperature can
be attributed to a comparative decrease in straergy on elongation at higher
temperature and possibly a loss of adhesion stiengtwas found that the adhesion
strength was reduced at 50°C from FE analysis asrshelow.

The effect of temperature on adhesive bonding betviee SMP and metal was analyzed
with a coupled temperature displacement finite eleinsimulation run at 50°C using

Abaqus explicit code. It was observed that a deeréa fracture energy for damage was
required in the model in order to ensure that the peel strength matched the
experimental results. The FE analysis results Herfour—layer SMP laminates at 50°C
are shown below in Figure 5.39 and Table 5.14. Batidels, linear viscoelastic and PN,
gave peel force for the four—layer SMP laminateselto the experimental value. Similar
to single layer PLSMs in this case also there wale@ease in bond strength at 50°C
compared to room temperature. In addition, a deer@athe peel force perturbations was
also obvious at the higher temperature. Henceceedse in bond strength was found to
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be always accompanied by a decrease in peel foeckirpations. In addition, the
perturbations in the case of linear viscoelastideh@re greater than the PN model. The
decrease in bond strength at higher temperature lpeagignifying a weakening in
chemical bonds between the adhesive and the stiestrate at the interface. Additionally
it has been noted that there is a decrease in medfl the adhesive as temperature
increases [51]. A decrease in stiffness of the sigthehas a definite effect on the fracture
strength of the bonding. It remains to enhanceRBecode for the traction separation
response using a user subroutine having a reldieiween the decrease in fracture
strength of the bond with temperature. Presentty filacture energy for failure was

adjusted as a FE analysis input to account foddueease in bond strength.

Figure 5.39. Peel force comparison between FE rsatel experimental for four—layer
SMP laminates at 50°C for cross head speed 3 mm/min
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Table 5.14. Effect of temperature on peel force astitesion energy for four—layer SMP
laminates at room temperature and cross—head gp&athm/min.

Temp. Experimental peel | PN model peel Goc
force force (N/mm)
(N/mm) (N/mm)
23°C 11 1 0.2
50°C 0.27 0.32 0.05

5.3.3 Peel Speed Effect on Peel Force

5.3.3.1 Single Layer

As the SMP films are strain rate sensitive it ipeoted that changes in peel speed will
have a significant effect on the peel strengthhef EMP metal laminates. Single layer
SMP laminates were peeled under different crosskpaéds 3, 10 and 20 mm/min at
room temperature. As observed in Figure 5.40 belba/peel strength kept increasing as
the speeds increase. It is also evident from thesststrain curves of single layer SMP
that the stiffness of the material increased adrstate increased especially in the strain
hardening stage. Hence, for a fixed displacemeitavement in strain, the area under the
stress strain curve also increased with increastrain rate. As the strain energy of the
SMP is dependent on the area under the stressackspént curve, it can be deduced that
as the strain rate increases the strain energy iatseases. It can be inferred from

Equation 5.5 that if adhesion energy were congtar an increase in the strain energy
would result in an increase in the peel force. Hmvepeel speeds may also have an

impact on the adhesion energy of the SMP metalnatai
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Figure 5.40. Experimental peel force for singleelaMP — SS laminate at room
temperature for different peel speeds.

FE models were used to study the effect of peetdpm the peel force. It was observed
that the linear viscoelastic model in Abaqus is setsitive to peel speed as observed in
Figure 5.41. In comparison, the PN model shows gogréement with the experimental
observations at varying speeds as shown in Figdi2 &nd Table 5.15 where an increase
in peel force with increasing peel speed and constdhesion energy#scan be noted.
The PN model is characterized by a strain depenstdfriess as explained in Chapter 4
subsection 4.3.2 and this influences the tetda in Equation 5.5 that contributes to the
peel force. It is noted that the FE peel force iolgt using the PN model shows large
perturbations in the initial stage. This phenomemnaaly be attributed to the bending

action of the peel arm.

129



Figure 5.41. A comparison of experimental and Hiaear viscoelastic model based peel
force—displacement trace for single layer SMP |at@a at room temperature and two
different speeds.
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Figure 5.42. A comparison of experimental and FEN-model based peel force—
displacement trace for single layer SMP laminates@m temperature and two different
speeds.

Table 5.15. A comparison of experimental and PN ehbdsed peel force for single layer
SMP laminates at room temperature and two diffepert speeds.

Peel speed Experimental peel | PN model peel Gac
(mm/min) force force(N/mm) (N/mm)
(N/mm)
3 0.74 0.67 0.2
10 0.8122 1.1 0.2
20 1.19 1.2 0.2

5.3.3.2 Four Layer

Peel tests on four—layer SMP SS laminates at varspeeds showed that the peel force
increased slightly for speeds until 20 mm/min, déinereafter remains almost constant.
This phenomenon is unlike the single—layer SMP teat@ system wherein the peel force
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keeps on increasing. It was observed that incrgasia crosshead speed during peeling
from 3 mm/min to 10 mm/min results in a small irage in peel force of 0.2 N/mm as

shown in Figure 5.43 and Table 5.16. Further irsirgathe peeling speed did not alter
the peel strength. It was observed from the ss&ai plot for four layer laminates that

the maximum stress at failure at 20 mm/min wasectosthe failure stress at 10 mm/min

(see earlier Figure 5.3). Thus, with referencehtoénergy Equation 5.5, the terrg is

not affected much with changes in the peel speed.

Figure 5.43. Experimental peel force—distance tedahfferent peel speeds for four—layer
SMP tested at room temperature.
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Table 5.16. Effect of peel speed on experimentdlRIN model predicted peel force and

adhesion energy for four—layer laminates at roampterature.

Peel speed Experimental PN model peel Goc
(mm/min) peel force force (N/mm) (N/mm)
(N/mm)
3 11 1 0.2
10 1.3 1.3 0.2
20 1.3 1.35 0.2

A comparison of experimental and PN model peeldedistance trace at two different
peel speeds for four—layer SMP at room temperasushown in Figure 5.44 (and Table
5.16) showing an increase in peel force with ppekd. The same adhesion energyds

delamination at 3mm/min and 20 mm/min is neededtlie FE model to obtain the
correct peel force. The linear viscoelastic mode¢lpforce for the four—layer SMP
laminates show nearly equal peel forces at 3 mm/mad 20 mm/min (Figure 5.45).
Hence similar to the single layer PLSMs the foyelaPLSMs peel simulations using

linear viscoelastic model is not strain rate séresit
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Figure 5.44. A comparison of experimental and PNlehpredicted peel force—
displacement traces for four layer SMP laminatesatn temperature and two different
speeds showing increase in peel force with peadpe

Figure 5.45. A comparison of experimental and linescoelastic model predicted peel
force—displacement traces for four layer SMP laneisat room temperature and two
different speeds. FE model does not capture thease in peel force expected with peel

speed.
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It is also evident that at low speeds the inteafatailure is cohesive in nature as
adhesive remnants are found on the adherend assvellibstrate peel surfaces. However,
at higher speeds the type of failure is more askess quantity of adhesive found on the
substrate is minimal. This type of failure occurshe interface between adhesive and one
of the attached surfaces. Adhesive failure is dtarestic of weaker bonding as the
failure occurs due to interfacial degradation. Themical bonds at the interface between
two discrete materials get weaker in this caseltiagun debonding. It can be deduced
that at higher peel speeds the failure observednhforfour layer PLSMs could be a mix
mode failure consisting of both the adhesive antesive failure. The characteristic of
mixed mode failure is shown in Figure 5.46. TheesiNe bond is considered to be made
up of discrete columns of adhesive. The red lineashthe path of the cohesive failure
through the middle plane (red line) as this is plene with least effective bond length.
However if the interfacial degradation occurs aleogne of the columns then the failure
occurs partially through the interface (blue limed partially through the middle plane.
As the extent of interfacial degradation increasies failure occurs primarily at the

interface.

Figure 5.46. Progression of failure from cohestvenixed mode and finally adhesive
type [39].
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The four—layer peeled specimens demonstrate mixenfaidlre as observed in Figure
5.47. The adhesive remnants appear to remain edyealong the edges of the steel
substrate for the laminates peeled at 20 mm/mimcklethe nature of the adhesive
bonding is predicted to be weaker along the cemtaalsverse region of the laminate and

stronger towards the edges.

Cohesive Mix mode

failure \ failure

A

Figure 5.47. Peeled Four layer SMP laminate spewmé5 mm/min (left) with
cohesive failure and 20 mm/min (right) showing naixeode failure.

5.4 Film Wrinkling Studies with Experiments
Involving Pre—strained Laminates

One of the objectives of this thesis was to stutydffect of large strain and subsequent
cutting of the film to release the residual stresse SMP wrinkling. The experimental

method considered in this thesis initiates streggluf the SMP-SS laminate joined by an
adhesive, hence the compressive transverse stresed in the SMP is resisted by the
bonding. In order to assist wrinkles to develop, film was cut along the width direction

in the center region. Hence, the SMP was sepamtedwo separate sections along the
centre. This step creates micro—cracks in adhdaijer along the cut edges that grow
under the biaxial stresses existing in the cemégibn. The development of micro—cracks
is accentuated due to the presence of air bubblései adhesive layer. If the stresses in

the SMP near the separated ends exceed the adrssdvgyth, debonding may be
136



achieved at certain points. In addition, if theasts are very large then wrinkles are
formed along the transverse direction. It has bieemd that the axial strain and the
aspect ratio are prime factors that influence wingk[48]. Two different aspect ratios
have been considered to study the wrinkling effect.

5.4.1 Narrow Laminates

The laminates having crosssections 80 mr20 mm were pre—strained to 10%, 20% and
35% engineering strains and then cut along theswese cross section as described in
sub—section 3.4 in Chapter 3 (also see Figure beldw). The aspect ratio of the
laminates was thus = 4. The condition of the laminate after pre—sirag and cut along
the center line in the width direction is shown kigure 5.48 a). Characteristics of
delamination and wrinkles formed in the SMP afteninate was allowed to relax under
room temperature conditions were observed and ae@lyNo delamination or shrinking
of the SMP occurred in the samples pre—strainetDéé and 20%. This suggests that a
critical axial strain value of greater than 20% weecessary for onset of wrinkling.
Wrinkles were observed in the SMP film for samples-strained at 35% along the width
direction near the cut end. These wrinkles grewize to their final shapes as shown in
figure 5.48 b). The left section of the SMP showsiplete debonding along the separated
end. The right section shows the formation of twinides with part of the SMP cut edge
still attached to the substrate.

After the SMP is cut, an axial compressive stresédb up in the SMP forcing it to
contract to its original length in the central @y This motion is opposed by the
adhesive. In addition, the SMP also experiencespcessive stresses in the width
direction during pre-straining. If the fractureestgth of the adhesive was less than the
total stress in the SMP film along the cut endsntdebonding occurs as in the case of
35% pre-strained laminate. It was further obsertred the movement of the film is
checked along the edges signifying that the adkestirength is greater along the edges of
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the laminate. Thus, the SMP experienced compressiresses in width and length
directions especially near the cut ends and wastned along the edges of the

laminate.

(@)

(b)

Figure 5.48. Single layered SMP laminate, (a) giterstraining and subsequent cutting
of the SMP film across the width at mid—lengthlod sample, (b) subjected to being cut
and then allowed to relax for 48 hours.

The FE simulation results for the pre—strained tat@ using Abaqus—Explicit has been
shown in Figures 5.49 — 5.51. The laminate wadcsteel to 35% strain along the axial
direction. Compressive stresses build along theybofl the laminate barring the
constrained ends. The adjoining horizontal rowsleiments at the centre line in the SMP
and adhesive layers along the width of the lamiaaéeseparated after the pre—straining
step to simulate the cut as shown in Figure 5.5@ [@minate was allowed to relax as a
simply supported plate. After the SMP is cut andoaded, multiple wrinkles are
observed along the mid—section of the cut edgelainid experimental observations.
These wrinkles were found to grow in size as oleskrin Figure 5.51b). Finally,

complete debonding was observed of the SMP fronsuhstrate (Figure 5.51c).
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Figure 5.49. FE model of PLSM after the pre—strajrstep.

Elements
separated
on each
side of the
center line

Figure 5.50. FE model of 35% pre—strained laminé&tze 20 mm x 80 mm and cut
along the width.
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(b)
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Figure 5.51. Model wrinkling characteristics of 3p¥e—strained and cut (narrow
laminate) after unloading at times (a) 1 min (& (c) 3 min after film cutting.
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Figure 5.51 c) shows the final wrinkled state of BMP as observed along the width
direction in the FE model when a pre—strain of 3886 applied. It is to be noted that the
model shows no wrinkling or debonding at 10% or 2§#ains. Unlike the experimental
observations, the SMP was found to completely dékalong the centerline in the FE

analysis.
5.4.2 Wide Laminates

Wider laminates of crosssection 60 mm30 mm were also studied in a similar manner
to the narrow laminates to look at the effect dfedent stress states on wrinkling and
debonding behavior. The aspect ratio of the lammawvas thus = 2. The wider
laminates were subjected to pre—strains of 10%, 20% 35% and then cut along the
cross section. They were then allowed to relax umdem temperature conditions. No
wrinkles, folds and debonding were found to formthe 10% and 20% pre—strained
samples. Hence, for the wider laminates also thigalrstrain for wrinkling was greater
than 20%. Wrinkles were observed for 35% pre—stichisamples as shown in Figure
5.52. The height of wrinkles was found to be slglgreater than the narrow samples for
the 35% pre strain. The amplitude of wrinkles iretsthed polymers has been studied to
be dependent on the axial strain and aspect tatias been predicted that the wrinkling
amplitude first increase with increase in aspetioriiom = 1.1till = 2.5 and then
decrease with further increase in aspect ratio. [A8hce, for wide laminates the wrinkle
height is expected to be greater than the narroviniaies.

In addition, it is interesting to note that the SKm on the right side of the cross section
has completely delaminated. This suggests thafrétoture strength of the adhesive has
been exceeded by the stresses in the SMP even thlerigminate edges. In the case of
the wide laminates, the length of the cut edgeestgr. Thus, a greater number of micro
cracks could get created in the adhesive alonguhedges. As a result, the probability of

delamination occurring in this test is greater.

141



Figure 5.52. Delamination of SMP laminate of sifenGm x 30 mm pre—strained to 35%,
after 48 hours elapsed time following cutting.

A FE model was also developed to represent the laiténate of size 60 mm 30 mm
0.93 mm using the same meshing parameters as icae of narrow laminate model.
The PLSMs experiences compressive transverse esrasthe end of the pre—straining.
After pre— staining to 35% strain, the adjoiningvsoof elements at the centerline were
separated as shown in Figure 5.53. The materiaktikesallowed to unload and multiple
wrinkles were observed along the width directionshswn in Figure 5.54 a). These
wrinkles are observed to grow with time and finalglamination is observed even along
the laminate edges. In addition to the wrinklingsetvations, the SMP also showed

folding along the axial direction (see Figure 5dsdow).

Elements separated on each
side of the center line

Figure 5.53. Pre—strained (35%) wide laminate arichlong the width.
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Figure 5.54. Model wrinkling characteristics of 3p¥e—strained and cut (wide laminate)
after unloading at times (a) 1 min (b) 2 min (anpB after cutting.
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It was noted that the amplitude of the wrinklesied in the SMP was found to increase
with decrease in the aspect ratio. Hence, it wéended to ascertain if this trend was
monotonic with further decrease in aspect rati¢zEAmodel of PLSM with aspect ratio

= 1, having a square cross section and using thee gzarameters as the preceding
analysis was executed to verify this. However, &ensn Figure 5.55, no wrinkles were
observed in the laminate on pre—straining to 35%ial strain followed by cutting. It

was also observed that the transverse stresseas thieroody of the laminate were tensile
in contrast to the compressive stresses observawdels with aspect ratio 2 and 4. The
transverse stresses for square, wide and narroimdées along the centerline is shown in
Figure 5.56. The wide laminates are found to eepee the largest transverse

compressive stresses and also exhibit the largasklesamplitude (see Table 5.17).

Figure 5.55. 35% Pre-strained and cut 30 mm x 30lanmmate after unloading.
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Transverse ——Square Laminate
Stress (MPa) Wide Laminate

i\,;J

Normalised Distance

—Narrow Laminate

Figure 5.56. Transverse stress contour along théhwaf the laminate after the pre—
straining step.

Table 5.17. Height of wrinkles formed on the SMihffor two laminate geometries.

Method 20mm 80mm | 30mm 60 mm
laminates ripple laminates ripple
height height
Experimental 4.2 mm 6.3 mm
FE model 2.12 mm 4.6 mm

The PN model was able to correctly simulate thenklimg behavior of the SMP on
relaxation. This confirms that the correct inputfigicture energy for damage has been
used in the adhesive layer in the FE model andtb@aPN material model is fairly well
representative of the actual SMP behavior. Howewerdebonding behavior as observed
in the FE simulation was not exactly representadivihe actual experiment. Since the FE
cohesive zone model for the adhesive was unifotnalahg the adhesive layer it was
unable to display the higher bond strength alorg bundaries as observed in the
experiment. Hence, the PN model showed that the $MPcompletely delaminates

from the substrate near the separated ends uhkkexperiment.

An elastic or viscoelastic film attached to a stdiston being stretched along the length
direction experiences tensile stresses at the ddngmds and a biaxial state of stress
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around the center region [48]. If the central reg® considered the material experiences
a transverse stress that is compressive in natuaedition to the tensile stress along the
length direction. Due to this biaxial state of sréhe material is prone to buckling if the
strains are large [58]. The amplitude and wavelemgtthe wrinkles formed in the film
are dependent on the total potential energy of nitaerial under loading. The total
potential energy in the central region of the fitamprises of the stretching energy and

the bending energy

For a film, that has a bending stiffness B attactee@ substrate with stiffness due to
stretching K then the relation between height oplétade A and width or wavelength
of the wrinkles are given as [25].
M
'GN [5.6]
If the geometry of the material is constant thea #mplitude is dependent on the

wavelength of the wrinkle.

M

A GN® * [5.7]

where W is the width of the film andis the compressive transverse displacement. Both
the ratio ~  and the material properties B and K are kept efjuialll the cases

considered in this work.

The critical strain for wrinkling has been predattéo depend on the aspect ratio.
Additionally it has been found that the wrinklingnglitude is a function of the axial
strain, aspect ratio and the thickness of the pehj#8].

A=f(, ,t) [5.8]

Hence, three different aspect ratios have beenidenmnesl. An aspect ratio two was found
to have a greater effect on wrinkling amplitudecomparison to aspect ratio four. In

addition, the PLSM with aspect ratio two was fodacexperience the largest transverse
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compressive stresses. Thus, the results obtairiad B& analysis conform to Equation
5.8.

In summary, a comprehensive analysis of the themeahanical properties of the SMP
showed that the polymer could be made to take pdesmy shape below 15°C where it
exhibited imperfect shape fixity. Additionally, thpolymer could be deformed to
extremely large strains (> 160%) and accomplish %406elf-recovery at room
temperature conditions. The shape recovery capabilireduced with increase in

temperature.

The polymer had a soft segment domain with gao room temperature and a hard
segment domain with agin the range 48 — 58°C. At temperatures nearinthd SMP is

transformed from a high stiffness, crystalline mateto an amorphous and compliant
state. Additionally, the polymer shows high creem dow shape recovery at high

temperatures.

The characterization of multilayered SMP composibésed using adhesive showed that
the stiffness reduced with thickness and the coitgpeeowed agreement with the rule of
mixture. The four layer SMP composites used inWosk showed a remarkable decrease
in elongation (almost 50%) in comparison to thegnayer SMP. This behavior was

further utilized during peel testing of the SMP I8®inates.

Interfacial analysis of SMP SS laminates were cotetliusing experimental as well as
FE methodology. Two separate material models wensidered for the SMP in the FE
analysis. It was found that the single layer PLSswed increase in bond strength with
lamination pressure. At temperatures approachingf The SMP peel testing along with
FE analysis showed that the bond strength of tHeMM_decreased to one — fourth that at
room temperature. Peel testing of four layer PLSd#ii$ not show any perceivable
difference in bond strength using FE analysis. Harrtpeel speed effects between 3
mm/min to 20 mm/min were also studied. The singleet PLSMs showed a considerable
increase in peel force in contrary to the four tageSMs that did not show much change
and can be attributed to greater strain rate seitgiof single layer SMPs. The mode of
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failure for single layer SMPs was adhesive whethast of four layer PLSMs was found
to be primarily mixed mode failure. The non-lindak material model was found to
correctly represent the temperature and strain dafgendent behavior of the SMP. In
comparison, the linear viscoelastic model was ci@palbmodeling the SMP correctly at a
constant strain rate. However only the SMP matenadiel correctly followed the shape
recovery behavior of the polymer. The SMP maternaddel was found to have
considerable similarity with the actual SMP behawetween 15°C — 40°C. The effect of
this material model on the interfacial tests rermambe explored in future work.

Finally wrinkling phenomenon was observed in the FShyer of the PLSM when
exposed to transverse stresses greater than 900oKRaminates with aspect ratio two
and greater. The amplitude of the wrinkles was fbtcndecrease with increase in aspect

ratio above two as seen in Table 5.17.
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Chapter 6

Conclusions

The following conclusions were drawn from the presesearch.

6.1 Experimental Analysis

1) Stress — strain characterization of thermoplastlyurethane SMP showed that the
material exhibits elastomeric behavior at room terafure with large elongation at break.
The SMP stiffness is highly strain rate dependent demonstrates strain hardening at
large strains. The stress strain behavior of fayel SMP composites was also studied
and it was found that the samples had much lowi#nests although maintained the same
elongation at failure as single layer SMP. Compgo§iMPs are able to achieve much
larger elongation at lower stresses as they doshotv strain hardening. At higher
temperatures, the material shows much lower sgffrteie to micro—Brownian motions of
the polymeric chains and loses its strain harderdapgacity. Stress relaxation tests
showed that the material is a non-linear viscoelgstlymer that has time dependent
modulus. Single layer SMP is found to quickly latsestiffness during stress relaxation
tests, whereas the stiffness for the four layer SMdiPposites did not decrease to a great
extent. At higher temperature, the material stggés not affected much during stress
relaxation suggesting a highly amorphous and rybsucture. Thus, the transition from
crystalline high stiffness polymer at room temperatto an amorphous and compliant

state at 50°C is evident.

Strain recovery for single layer SMP films was $&ddunder a range of temperatures

between 10°C-70°C. The SMP has almost 100% stemiavery at room temperature
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even for large applied strains as 40% as establiblyeuniaxial creep recovery tests. At
50°C the material exhibits viscous flow on loadohging creep tests and also unable to
recover its original shape after unloading sugggst loss of the original polymer
structure due to slip between polymer chains. Gndbntrary, at temperatures below
15°C the material is largely crystalline with highape fixity and low strain recovery.
Thermo—mechanical cycling of the SMP between 154D%C showed that the material
exhibited almost 100% strain recovery if maximumplegg strain is below 7%.

Thereatfter, with increase in applied strain thedaverable strain increases.

2) Study of the adhesion between the SMP and stdmdtrate was investigated in great
detail with respect to parameters as strain rataperature and adherend thickness using
the 180° peel test. Increase in the thickness efatttherend (four layer laminates) was
found to significantly decrease the plastic stramthe peel arm. The PLSMs were found
to fail in cohesive mode for four layer SMP stemhinates and in adhesive mode for
single layer laminates at room temperature. Thiglied that the PLSM demonstrate a
stronger bonding for thicker adherends. Moreovse, four layer PLSMs contrary to the
single layer SMP did not show large variation irlp@rce with increase in peel speeds
suggesting constant bond strength at varying pestds. The peel force results were also
characterized by the presence of perturbationsviea¢ highly conspicuous for PLSMs
formed under higher lamination pressures and haageng a stronger bonding between
substrate and adherend. At higher lamination presstihe adhesive is possibly able to
seep into the groves of the metal substrate arsdptheénomenon affects the peel force
perturbations. The perturbations were also fountecdigher for four layered PLSMs.
There is a marked decrease in peel force and pattans as the temperature is increased
(50°C). The adhesive properties of the PLSMs haaenkelaborately analyzed at room
temperature and 50°C, however it remains to detexrthe effect of higher temperatures
on the interfacial properties. A single adhesiveetyas been used in this thesis. Hence,
the effect of varying adhesive chemical and physicaperties as adhesive thickness,

density and stiffness on the bond strength rentaibhe understood.
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3) The experimental methodology developed to stwdykling demonstrated that the
SMPs are prone to wrinkling if made to undergodastrains as part of the PLSM system.
The wrinkles are formed perpendicular to the shiety direction. However, these
wrinkles are only formed if the compressive straateng the width of the SMP film in
the transverse direction exceed a critical valube Ttompressive stresses can be
eliminated if a small aspect ratio (L/W <= 1) fdretlaminates is used. Thus, wrinkle
amplitude is majorly dependent on the compressamsterse strains and laminate aspect
ratio. Hence controlling the geometry of the PLSM&l the transverse strains they are
made to experience can ensure that wrinkles adecatad. The wrinkling behavior of the
SMP below T is yet to be analyzed in order to provide a coteplenderstanding of the
formability of the SMP under varied temperaturedibans.

6.2 Numerical Analysis

1) FE simulation was carried out to reproducedtnain recovery behavior of the SMP
using uniaxial thermo—mechanical cycling. A shapenmmry material model that
considered material properties as stiffness, steginvery and viscosity to be temperature
dependent was incorporated in the FE analysis.FEhenodel was found to demonstrate
reasonable accuracy with respect to the strainvezgan the temperature range 15°C

of the Ty of soft domain of the SMP. However, the strain paiththe FE model was not

identical to that determined experimentally butdaded it closely.

2) Both 2D and 3D FE models were developed in Abagpplicit to simulate the 180°
peeling of the SMP from the steel substrate. Twomasse material models were used
during the analysis to represent the SMP. The fmsdel considered the SMP as a
temperature dependent linear viscoelastic polyntesreas the second model considered
the SMP as a strain and temperature dependentinearViscoelastic polymer. Though

both the linear viscoelastic and non—linear PN rheldew good accuracy for determining
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peel strength at elevated temperatures, it wasdftliat the PN model was solely able to

accurately predict the peel strength with varyitrgia rates.

It was found that the cohesive zone model had aelient capacity to reproduce the
delamination behavior during peeling. A two dimemsil FE analysis is computationally
more economical and faster than a 3D analysis. Mewyaet is of prime importance to
have the correct fracture parameters defined fer Rk analysis using experimental
procedures. The fracture energy in mode two wasdoww have critical importance
during peeling. Both material models predicted razsr@ase in the steady state peel force
perturbations with adherend thickness as observeeel experiments. Additionally both
models also predicted a decrease in perturbatidgtfisimcrease in temperature. The peel
arm plastic strains were observed to be reducethencase of four layer PLSMs in
comparison to the single layer PLSM. In additiomptedicting the correct peel strength of
the laminates, it was also intended that the FE @hedtablish a failure criterion for
peeling. The FE peeling analysis also showed sinpkel force as observed during
experimental peeling at high temperature and predicdecrease in adhesive strength

with an increase in temperature.

3) A 3D FE model was used to simulate the experiai@asts for producing wrinkling in

SMP layer for laminates. The PN model was foundeproduce the wrinkling and

delamination behavior of SMP layer of laminatese Rt analysis showed delamination
of the SMP along the cut ends. In addition, wriskieere observed in the SMP
perpendicular to the stretching direction. The EButts were not very similar to those
observed experimentally with respect to debondit@ng the laminate edges. This
discrepancy was expected as the FE model assurhethagenous cohesive zone layer
representing the adhesive between the SMP andte¢ké substrate, when in reality the
adhesive strength was greater along the laminajeseaind somewhat non—uniform along
the cross section due to the presence of trappedbudibles that may cause stress
localization. However, the same failure criterioasnfound to provide accurate results for
both the FE models and hence is reliable. The effé@spect ratio on the wrinkling

amplitude was evident in the FE analysis that destrated that for aspect ratio equal or
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less than one the transverse strains were obsé&veel tensile and did not contribute to
wrinkling. Increasing the aspect ratio to two progs wrinkles and debonding of the
SMP from the SS substrate. Further increasing sped ratio decreases the amplitude of
wrinkles formed as the transverse compressive saseare found to decrease. The FE
model can be further used for simulating wrinklingder varied temperature conditions

in the future.

6.3 Strengths And Limitations

The thesis has the following strengths.

1) The numerical model developed in this work canused for testing the stability of
PLSMs having different shapes and sizes.

2) Stability of PLSMs having different types of et®lastic adherend materials and
substrate can be predicted using the FE model.

3) It is possible to study the wrinkling behaviditioe PLSMs with simplistic experiments
and also understand the effect of temperature tiondion the SMP.

4) The research work is able to make strong cdrogis. between bond strength of
laminates and temperature of peeling till 50°C.sTimderstanding can be expanded to a

broader range of temperature with a few experimdimzings.

However, there are a few limitations of this wolkoa

1) The effect of adhesive stiffness and thicknasthe peel strength of the PLSMs needs
to be studied using different types of adhesivéss Would help understand the effect of
adhesive stiffness on the fracture strength ofléin@inate bonding. Similarly, effect of

adhesive thickness on adhesion is an unknown péeame

2) The thickness of the adherend is also criticatdlation to wrinkle formation and
remains to be studied in future research endeavors.
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3) Additionally it remains to identify the effect mperature on wrinkling of the SMP.
4) Peel testing at temperatures above 50°C is medjuo obtain a relationship between

bond energy and temperature at a fixed peel speed.

The existing research work has unveiled many facES8MP based PLSMs that would
serve as invaluable suggestions to 3M for furtlesetbpment of SMP films to be used as
coatings on automotive parts. The effect of SMIekimess, glass transition temperature,
strain rate sensitivity have a strong impact on shability and sustainability of such
PLSMs as elaborated in this work. Further, it hasrbfound that the aspect ratio of the
PLSMs affects the integrity of the laminates untigh strains. The existing research has
provided new insights into the themo—mechanicatadtaristics of SMP-SS PLSMs and
can be used by engineers to design superior SMEIFASSMs.
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Chapter 7

Future Work

The present work has shown that the strength alisy of PLSMs are highly affected

by multiple factors as adherend thickness, temperaand strains. It has also helped in
understanding how these factors influence the bsirehgth of the PLSMs. However
there are still many areas related to PLSMs thatinie be studied in order to develop a
broader understanding of such laminate systemswioald transfer as inputs to the
manufacturing processes. The effect of adhesiitneds and thickness on the peel
strength of the PLSMs needs to be studied usirfgrdiit and multilayer adhesives. This
would help understand the effect of adhesive #@ffnon the fracture strength of the
laminate bonding. Similarly, effect of adhesiveckmess on adhesion is an unknown

parameter.

The thickness of the adherend is also criticakiation to wrinkle formation and remains
to be studied in future research endeavors. Corg88ilP layers can be used to increase
the thickness of the adherend layer in the lamaidéne effect of varying adherend
thickness on the critical strain for wrinkling aglas the amplitude of wrinkles formed
in FE analysis should be further investigated. diditon, it would be interesting to
understand if a change in substrate stiffness amilium sheet or Polyenthylene has an

effect on the wrinkling formation on pre—straineiaut laminates.

Additionally it remains to identify the effect ofmperature on wrinkling of the SMP. A
new experimental approach is needed in this retieatdcould possibly test the wrinkle

formation and debonding of the SMP at differentgenatures. This can be achieved by
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pre—straining the laminates above thg fdllowed by cooling and then cutting the
adherend and allowing recovery. It is importantattalyze the effect of temperature

induced locking mechanism in the SMP on wrinkling.

Experiments have shown that the bond strengthefStHP SS laminate is non—uniform
and greater along the edges. This phenomenon sbbpglue to stress concentration
along the edges in the adhesive layer. In ordethie-E model for the laminate to be an
exact representation of the stress state, it wbal@ssential to identify the variation in
bond strength along the cross section of the lamin&his knowledge can then be
incorporated in defining a cohesive zone model wlstion—separation response varying

depending on the location of a cohesive elemem tiee edges.

One area where more analysis is required in psgehteis development of a relationship
between temperature and bond strength. Peel teatinngmperatures above 50°C is
required to obtain a relationship betweep @&d temperature at a fixed peel speed.
Finally, this relationship can be utilized in therrh of a user subroutine in order to
modify the traction separation response autom#ickdr a cohesive element in

accordance with temperature.

Lastly, the SMP constitutive material model usedhis thesis to reproduce the shape
memory behavior using thermo—mechanical cyclingasve in the temperature range
15°C of Tg. This model could be further extended to accoantafcomplete temperature

range within which the SMP is usable.
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