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Abstract

In this thesis a selected group of thermoplastic and thermosetting shape-
memory polymers were experimentally characterized. The influence of
different processing methods and the chemical structure of the shape-
memory polymers on thermal, mechanical and shape-memory properties
was analysed and discussed.

The thermomechanical conditions selected during shape-memory
cycling have a considerable influence on the shape-memory properties of
thermoplastic shape-memory polymers. The programming temperature,
the maximum stress applied, the temporary shape or the number of
cycles strongly affects the results in terms of shape recovery and
stabilization of the shape-memory properties. The influence of these
thermomechanical conditions on shape-memory properties was evaluated
by performing numerous consecutive shape-memory cycles under stress-
controlled conditions. The extent of recovery decreased when the shape-
memory polymer was subjected to consecutive cycles but this decrease
gradually slowed and finally reached steady state. We applied a
stabilization criterion to determine which thermomechanical combination
gave the best shape-memory properties over the highest number of
cycles.

Another important thermomechanical parameter that affects shape-
memory performance is the stress-holding time at high temperature. The
study of the stress-holding time required a separate investigation because

of the significant effect on the shape-memory properties. The decrease in
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shape recovery was significantly greater when a stress-holding time was
applied and degradation was accentuated when successive cycles were
performed.

Chemical structure is an important factor for thermosetting shape-
memory polymers. Their crosslinked structure usually restricts their
shape-memory properties because of their lack of deformation.
Incorporating rubbery domains that increase the length of the polymer
chains between netpoints is the most common method for enabling
thermosetting polymers to show a shape-memory effect. However, this
usually implies poor mechanical properties. In this thesis, new
thermosetting shape-memory polymers which combine high mechanical
properties and high shape-memory properties were synthesized.

Two different networks were studied: hyperbranched-modified
epoxy-based shape-memory polymers and acrylate-based shape-memory
polymers with bisphenol A-based monomers as crosslinking agents. The
implications that the structure and molecular weight of hyperbranched
polymers have on the thermal, mechanical, viscoelastic and shape-
memory properties were evaluated. They led to good shape-memory
properties and mechanical properties in terms of tensile strength at the
onset of the glass transition temperature. However, the hyperbranched
polymer content and molecular weight had to be controlled because of
their effect on network homogeneity.

In view of the excellent mechanical and shape-memory properties
shown, hyperbranched-modified epoxy-based shape-memory polymers
are good candidates for demanding mechanical applications such as
thermomechanical actuators. It is likely that in these kinds of application
the shape-memory polymer must operate under constrained conditions
(that is, against an external force or under fixed strain). Consequently, the
potential use of hyperbranched-modified epoxy-based shape-memory
polymers as actuator was fully characterized. The recovery stress and the

mechanical work generated during fully and partially constrained shape
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recovery were evaluated as a function of the maximum stress applied and
the level of constraint, respectively. The network structure of shape-
memory polymers proved to be a key factor for actuator-like applications.

Mechanical properties in terms of maximum stress and strain give
important information about the failure limits of the shape-memory
polymers when the temporary shape is programmed. However, bearing in
mind that the shape-memory polymer might not be programmed in the
same place as in which it will operate or might be stored for some time,
the shape-memory polymer should be resistant to cracks or scratches that
can damage the shape-memory effect. For this reason, the less focused
mechanical properties of shape-memory polymers were completely
characterized. Tensile testing at different temperatures, Young’s modulus,
hardness and impact testing were studied. The onset of the glass
transition temperature proved to be a desirable programming
temperature for shape-memory applications. However, it is possible that
in real applications the programming temperature cannot be adjusted at
this temperature. Therefore, we also studied the implications on the
shape-memory properties when other programming temperatures are
used.

With respect to acrylate-based shape-memory polymers, networks
synthesized from poly(ethylene glycol)-based monomers have been
widely studied for emerging SMP-based medical devices because of their
high degree of biocompatibility. The shape-memory properties of these
materials show excellent values of shape recovery, shape fixity, recovery
stress and mechanical work. However, other multifunctional monomers,
such as bisphenol A-based monomers, should be explored for more
mechanically demanding applications. The presence of aromatic rings in
the structure may lead to higher glass transition temperatures and an
increase in the mechanical properties in comparison to classical acrylate-
based shape-memory polymers. Accordingly, in this study the

implications of the chemical structure of bisphenol A-based monomers
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as crosslinking agents and various monofunctional monomers as chain
builders on the thermomechanical and shape-memory properties were
analyzed and discussed. Tensile tests and shape-memory performances
revealed shape-memory materials with good mechanical properties at
room and high temperatures and excellent shape-memory properties with
high shape-recovery and shape-fixity ratios and fast recovery velocities
under isothermal and transient temperature conditions.

The influence of the thermomechanical conditions and the
chemical structure of shape-memory polymers have been analysed and
discussed. The results show which combination of thermomechanical
parameters maximizes the shape-memory properties over the highest
number of cycles in thermoplastic shape-memory polymers. In addition,
it can be concluded that hyperbranched polymers and bisphenol-A
diacrylate-based crosslinking agents can be used to enhance the
thermomechanical and shape-memory properties of thermosetting shape-

memory polymers.
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R, Shape recovery ratio

) Section of the sample

SCE Shape-changing effect

SEM Scanning electron microscopy
SMAs Shape-memory alloys

SME Shape-memory effect

SMPs Shape-memory polymers
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Chapter I

General Introduction and Objectives

I.1. Introduction

I.1.1. Shape-memory polymers

%hape—memory polymers (SMPs) are materials that are capable of
changing their shape upon application of an external stimulus.
SMPs can be deformed to a new or temporary shape in their low
modulus state and fixed into this new shape in their high modulus state.
The temporary shape will remain stable until the application of the
external stimulus, which induces the recovery of the original shape [1].
The first appearance of the shape recovery effect was proposed by
Vernon in 1941 in a US patent [2]

memory” could resume its original shape upon heating [3]. However, it was

, in which a material with “elastic
not until the 1960s, before the terminology was being used, when
appeared the first applications of SMPs which consisted of heat
shrinkable polyethylene tubes and films [4-6]. The term “shape-memory”
was officially first used in 1984 with the development of a polynorborene
based SMP by CdF Chimie Company (France) [7]. Starting from the late
1980s the interest in SMPs has increased significantly. One of the reasons
of this trend was the discovery of segmented polyurethane SMPs by
Mitsubishi Heavy Industries Ltd. due to the versatility of urethane
chemistry and its practical potential [3,8].
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The developments in nanotechnology and biotechnology have
enabled the use of SMPs in many applications. In biomedicine, SMPs
have been applied in form of cardiovascular stents or smart sutures;
deployable structures and morphing skins are used in the aerospace field;
and the possibility of activate the shape recovery with various stimuli
(heat, electricity or magnetism) enables the introduction of SMPs as

sensors [1,9].

[ > I frans

/‘_\‘

Deforming
Original shape T<T

trans

Fixing

Shape recovery Temporary shape

- -
T>T,

Irans

Figure 1.1 Schematic representation of the shape-memory effect.

The shape-memory effect (SME) is schematically represented in
Figure I.1. The original shape of the polymer is obtained by conventional
processing techniques and the temporary shape is obtained by means of a
thermomechanical procedure. This consists of heating the polymer to a
high temperature, higher than the transition temperature of the SMP
(T,

an.

), and deforming it to the specific temporary shape. This new shape
is fixed by cooling the SMP to a low temperature, lower than T,,,. The

trans®

SMP will show its new temporary shape until an appropriate stimulus is
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applied. In the case of heat-triggered SMPs, the SME will be induced by
After the SME, the SMP shows again

its original or permanent shape and can be re-programmed to a new

reheating the SMP above its T,

temporary shape [10].
I.1.2. Shape-memory effect

SMPs are not the only materials with shape-changing capabilities. The
SME was observed for the first time in a shape-memory alloy (SMA) in
1951 in a AuCd alloy by Chang and Read [11]. The SME in SMAs is
given by the martensitic phase transition. The martensitic phase is
obtained by cooling from a high temperature austenitic phase. The
temporary shape is obtained by deforming the SMA in its martensitic
phase. Upon re-heating above the transitions temperatures, the deformed
shape will recover its initial shape. The discovery of the SME in nickel-
titanium alloys (Nitiniol®) in 1963 [12] led to a great interest toward
commercial applications due to transitions temperatures close to the
human body, superelasticity and biocompatibility of these alloys.
Compared to SMAs, SMPs possess some advantages such as lower

cost, lower density, adjustable T,

trans>

easier processing and larger recovered
deformations. SMPs can recover strains up to 200% while in SMAs is less
than 10%. However SMPs exhibit lower actuation stresses (less than 10
MPa) than SMA (around 100 MPa) and lower shape-recovery velocity
(around an order of magnitude lower, depending on the size of test
specimen).

The SME in SMPs is totally different from SMAs and relies on the

entropy elasticity. According to the Boltzmann equation:
S=k-InlV (L1)

where § is the entropy, 4 is the Boltzmann constant and W represents the

probability of a conformation, I represents the most probable
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conformation that is, the highest entropy conformation which, in the
glassy state, is given by random coiled conformation. In the glassy state
the movement of the polymer chains are highly impeded. When
increasing the temperature above the transition temperature of the
polymer, it acquires a rubber-elastic state and the molecular dynamics are
greatly enhanced. In this state the polymer can be easily deformed and
the polymer chains are aligned in the direction of the applied external
force. Therefore, the polymer goes from an equilibrium high entropy
random coil state to a non-equilibrium low entropy aligned state. If the
external force is released, the polymer springs back and recovers its
original shape. However, if the polymer is cooled down while maintaining
the external applied force, the recovery of the polymer chains is
prohibited because of the formation of reversible secondary crosslinking
points. These crosslinking points are able to fix the temporary shape
when the external force is released. This non-equilibrium low entropy
temporary shape will remain stable until the temperature surpasses the
transition temperature of the polymer. When heated above T,,, the
reversible secondary crosslinking points which fix the temporary shape
disappear and the strain energy stored during cooling is liberated. This
energy provides the polymer the driving force to recover its equilibrium

high entropy original shape.
I.1.3. Activation methods of shape-memory polymers

The SME is usually heat-triggered but can also be induced by means of
other stimuli. The SME in thermally triggered SMPs is activated by the
Joule effect from a source of heat such as air or water. However, in many
applications it is not possible to directly activate the SME with hot water
or air. In the recent years, several articles on alternative activation
methods for SMPs have been reported with the aim of eliminate external

heat sources.
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Functional fillers can be incorporated into the SMPs which can
trigger the SME by means of electrical currents or magnetic fields (Figure
1.2). The SME is indirectly induced by the Joule effect in these alternative
stimuli SMPs and the heat is produced by various methods. In the case of
electro-activated SMPs, they are filled with conductive fillers which
increase the electrical conductivity [13-15]. The electrical current passes
through the SMPs and heats up the polymer [16]. Similar behaviour is
shown in magnetically induced SMPs, which are prepared by
incorporating magnetic fillers. In these materials the SME is triggered by
inductive heating when subjected to a magnetic field [17-19].

Figure 1.2 (a) Shape-memory effect of electro-activated SMPs, from Liu ef al.
[16]. (b) Shape-memory effect magneto-activated SMPs, from Mohr ez a/. [17].

In the case of water or other solvents triggered SMPs the solvent
acts as a plasticizers which causes a reduction in the T, of the SMPs

ans

[20]. Bound water can be removed by heating above 120 °C. Solvent-
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triggered SME can also be classified as an indirectly thermal-induced
actuation method.

Light induced SMPs incorporate light sensitive molecular switches
which can fix the temporary shape and trigger the SME [21]. The main
advantage of light activated SMPs is that the SME can be activated at
room temperature by remote light activation. Light induced SMEs should

not be considered a thermal process.
I.1.4. Network structure of shape-memory polymers

Although all polymers show viscoelastic behaviour not all polymers show
shape-memory behaviour [22]. In fact, adequate network structure design
is necessary for polymeric systems to exhibit shape-memory behaviour
that is, to restore the temporary fixed deformation once reheated to the
rubbery state.

In contrast, ordinary polymers do not at all, or only to a low extent,
recover from such deformation. Elastomers show a kind of memory
effect. The polymer chains become aligned in the direction of an applied
external force and, if the external force is applied in a short period of
time, the entanglements will spring back the polymer chains and thus
recover its original shape. However, if the external force is applied during
longer time, the elastomer will show plastic irrecoverable deformation
due to a relaxation process [10].

Other materials show another different shape changing
phenomenon which is known as shape-changing effect (SCE). The SCE
refers to the ability of some materials to alter their shape when an
external stimulus is applied and return to their original shape upon
releasing of the stimulus. The difference between the SME and the SCE
relies on the energy gap between the two different shapes (Figure 1.3). If
the energy gap is approachable to zero (H’), the material recovers its
original shape upon removal of the stimulus (SCE). However if the

energy gap is high (H), the material will maintain its new shape unless a
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driving force helps to overcome the energy gap as in the case of SMPs

[23].

Shape memory effect

TN
- ~

Figure 1.3 Schematic representation of the shape-memory effect (SME) and the
shape-changing effect (SCE), from Huang ez a/ [23].

The SME results from a combination of a determined network
structure and morphology along with a thermomechanical procedure
(Section 1.1.6). The network structure of the SMPs must allow them to be
deformed and fixed into a particular shape relevant for the application
and must allow them to memorize their original shape in order to recover
the imposed deformation. In general, SMPs architecture consists of
netpoints and molecular switches. The netpoints determine the
permanent shape and can be chemical (covalent bonds) or physical
(molecular interactions, ze. entanglements, hydrogen bonding, van der
Waals forces) in nature. Chemical netpoints are formed by the reaction of
two functional groups which form a covalent bond. Physical netpoints
are obtained in polymers which have two segregated domains. In such
SMPs, the phase showing the highest thermal transition (T,,,) is known
as hard-segment and act as physical netpoints which exerts the driving
force to recover the permanent shape. Molecular switches are sensitive to

the stimulus and must be able to fix the temporary shape. In thermally-
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triggered SMPs, the transition temperature of the molecular switches
(T,

ran.

) acts as a switch which activates the SME. In phase-segregated
SMPs this phase is known as soft-segment [1].

1 3
T < T/r(l/lJ' T > T/I?IIII
2 et T > ’I;/Wllf .
Original shape ! Stretching
4 5

@

T ’I"I'll”.f T > ’I_vll'llll.f

Fixation Recovery

6
T > Tlram‘
Original shape

Figure I.4 Schematic representation of the network structure during the shape-
memory effect. Grey dots represent netpoints, black filled dots represent
secondary reversible crosslinking points, dashed hollow dots represent missing
secondary reversible crosslinking points, blue lines represents polymer chains at

T < Ty and red lines represents polymer chains at T'> T

In Figure 1.4 are represented the molecular structure of a SMP and
the SME for thermally-triggered SMPs. The molecular motion of the
SMP depends on the temperature. Below T,

trans>

the motion of the polymer

chains (blue lines) is partially impeded (1) whereas above the T, the

trans

polymer chains can move freely (red lines) (2) and can be easily deformed
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to the temporary shape (3). The temporary shape is fixed by the
formation of reversible secondary crosslinks points (black filled dots).
This reversible fixation is formed by the vitrification or crystallization of
the molecular switches, depending on whether they are amorphous or
semi-crystalline. Therefore, the transition temperature of the SMP can be
a glass transition temperature (T)) or a melting temperature (T,). The
crystallites or the glassy domains formed during cooling will prevent the
rearrangement of the polymer chains and the recovery of the applied

deformation (4). When the polymer is heated above T,

ransd

the crystallites
melt or the glassy domains become rubber (dashed hollow dots) (5) and
the permanent shape is recovered due to the driving force exercised by
the netpoints (grey dots) (6). In the case of thermoplastic SMPs, the
recovery of the permanent shape is carried out by the hard-segment and
in the case of thermosetting SMPs the recovery is carried out by the

covalent netpoints.
I.1.5. Classification of shape-memory polymers

According to Liu e# al. [3], SMPs can be classified into four different

classes depending on their chemical structure and transition temperature.

I.1.5.1. Class I: covalently crosslinked glassy thermoset

networks

This class of SMPs consists of covalently crosslinked networks with a
Class I SMPs is characterized by a
high degree of shape fixity due to the high modulus at the glassy region

glass transition temperature T, as T,,,.
and a high degree of shape recovery due to an excellent rubber elasticity
at the rubbery region and the absence of chain slippage. As an
inconvenient, it is difficult to reshape after the curing reaction because

the original shape is covalent bonded [22].
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Figure 1.5 shows the molecular mechanism of the SME of this class
of SMPs. The permanent shape is formed during the curing process of
the monomers that form the system. The temporary shape is obtained by
deforming the material above its T, facilitated by the increase in flexibility
of the polymer chains in the rubbery state and is fixed by cooling the
SMP below the T, In the glassy state, the molecular motion of the SMP
is totally impeded, preventing the energy stored to be released and the

SMP to recover its permanent shape.

Heating
(rubbery state)
=  ———
g :
. O .
g2 4« Deforming
3] /
= o i
g ! Pt .. Cooling
‘2 1 Permanent shape e Fixing o
Z P (vitrification)
g
=\
s Recovery
o —

C

Temporary shape

Figure 1.5 Molecular mechanism of the shape-memory effect of covalently
crosslinked glassy thermoset networks. Black dots represent covalent netpoints,

blue lines represent glassy domains and red lines represent rubbery domains.

Epoxy-based SMPs and acrylate-based SMPs are the most common
examples of this class of SMPs. In epoxy-based SMPs it is necessary to
incorporate rubbery domains in the network in order to increase the
distance between crosslinking points and enhance the deformability of
the SMP. The most common way to achieve this effect is by aliphatic or
aromatic amines [24-27].

From Section IV.3 to Section IV.6 are presented the investigations

on epoxy-based SMPs modified with hyperbranched polymers of
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different molecular weight, which represent a new kind of Class I SMPs
with enhanced mechanical and shape-memory properties.

Acrylate-based SMPs have attracted a lot of interest due to their
high degree of biocompatibility, which make them suitable for biomedical
applications. The primary backbone of acrylate-based shape-memory
networks are formed through free radical polymerization of crosslinking
monomers and pendant segments formed by mono-functional chain
builder monomers. Several articles can be found from the Gall research
group about the thermal and mechanical properties [28-32] and
biomedical applications [33-36] of acrylate-based SMPs.

In Section IV.7 is presented the investigation on acrylate-based
SMPs synthesized from bisphenol A-based crosslinking agents, which

lead to enhanced mechanical and shape-memory properties.

I.1.5.2. Class II: covalently crosslinked semi-crystalline

thermoset networks

The SMPs of this class are covalently crosslinked polymers with a melting

temperature T, as T,

trans*

This class is characterized by a high dependence
of the shape-memory properties on the degree of crystallinity and the
crosslinking density. As in the case of Class I SMPs, these materials
cannot be reshaped after processing due to their covalently crosslinked
nature. The shape-recovery velocity is faster than in class I SMPs due to
their first-order transition temperature (1) [3].

Figure 1.6 shows the molecular mechanism of the SME of Class 11
SMPs. The permanent shape is formed during the cure reaction and the
temporary shape is fixed by the crystallization of the crystalline domains
during the cooling process.

Semi-crystalline rubbers are the most common example of Class 11
SMPs. They have been favoured as SMPs as a result of their excellent

rheological properties, fast shape recovery and flexible modulus below

the T,

trans®

Examples of semi-crystalline rubbers include crosslinked
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polyethylene systems, with T, around 120 °C and shape recovery and
shape fixity values around 95% [37,38]; crosslinked polycyclooctene with
almost complete shape recovery and shape fixity and T,,, around 45 °C

[39]; and crosslinked ethylene-vinyl-acetate rubbers [40,41].

Il Heating
(melting)
) W= —
% « = \ i \
% ,’, 22\ S Deforming
s ! Pt > .. Cooling
2 1+ Permanent shape .- Fixing L
A -7 (crystallization)
TN
% \ Recovery Il
S K// w
R DN

Temporary shape

Figure 1.6 Molecular mechanism of the shape-memory effect of covalently
crosslinked semi-crystalline thermoset networks. Black dots represent covalent
netpoints, black lines represent crystalline domains and green lines represent

amorphous domains.

I.1.5.3. Class III: physically crosslinked glassy copolymers

The network structure of physically crosslinked SMPs are formed by, at
least, two different segregated domains. Figure 1.7 schematically
represents the molecular mechanism of Class III SMPs. The permanent
shape is provided by the physical netpoints of the hard-segment through
molecular interactions. The transition temperature of the hard-segment
(T,,,) can be either a melting temperature (1,) or a glass transition
temperature (T,). The SME is attributed to the glass transition
temperature of the amorphous soft-segments. The temporary shape is
obtained by deforming the SMP at a temperature T, < T'< T, . in which

the soft-segment is in a rubbery state, and is fixed by cooling to T'< T,
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[3,22]. The glassy domains formed during cooling prevent the
rearrangement of the polymer chains.

Class III SMPs shows lower shape-memory properties as Class I or
Class II SMPs mainly because of the absence of chemical crosslinks,
which may produce chain slippage during deforming. However their
viscoelastic properties make them suitable for several thermoplastic
processing methods and in contrast to covalently crosslinked SMPs,
when the temperature surpasses the transition temperature of the hard-

segment (T',,) the SMP flows and can be reshaped [3].

Heating
(rubbery state)
—_—

A

Deforming

~

-

I 4 .
. . Cooling
Permanent shape Pl Fixing o
- (vitrification)

.- =<

-
-

Recovery
«—

’

Cooling (vitrification)

Temporary shape

Figure 1.7 Molecular mechanism of the shape-memory effect of physically
crosslinked glassy copolymers. Grey dots represent physical netpoints, blue lines
represent glassy domains of the soft-segment, red lines represent rubbery

domains of the soft-segment and green lines represent the hard-segments.

Amorphous polyurethanes represent the majority of this class of
SMPs [42-45]. They are usually synthesized from a diisocynate as hard-
segment and a polyol as soft-segment by direct coupling of pre-
synthesized polymer blocks with a low-molecular weight junction unit, by
applying the pre-polymer method or by melt blending [46].

Some studies have reported the influence of the molecular weight

of the soft-segment and the hard-segment content [47-49]. Generally, the
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extent of shape recovery increases when the hard-segment content and
the molecular weight of the soft-segment are decreased; and the extent of
shape fixation increases when the molecular weight of the soft-segment is

increased and the hard-segment content is decreased.

I.1.5.4. Class IV: physically crosslinked semi-crystalline block

copolymers

Class IV SMPs have a very similar structure to Class III SMPs but they

have semi-crystalline switching domains and thus a melting temperature
T,as T,

Va trans®

The temporary shape is obtained by deforming the SMP at T, < T'< T,

Figure 1.8 shows the molecular mechanism of Class IV SMPs.

erin

and it is fixed due to the crystallization of the soft-segment when cooled

toT<T,
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Figure 1.8 Molecular mechanism of the shape-memory effect of physically
crosslinked semi-crystalline block copolymers. Grey dots represent physical
crosslinks, black lines represent semi-crystalline domains of the soft-segment,
green lines represent amorphous domains of the soft-segment and purple lines

represent the hard-segment.

Semi-crystalline polyurethane-based SMPs represent the most
common examples of this class of SMPs [50-52]. They are generally
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synthesized from diisocyanates as hard-segment and a polyol or polyester
as soft-segment. An average molecular weight around 2000 g/mol is
necessary in order to obtain propetly phase separation and thus the
crystallization of the switching domains [10].

One of the main disadvantages of these materials is that, although
shape-memory properties of Class III and Class IV SMPs can be tailored
to reach performance levels comparable to those of Class I and Class II
SMPs, they require shape-memory training through a minimum of 2-3
shape-memory cycles. Thus, an optimized behaviour for Class IV SMPs
is achieved after the sample has been cycled several times according to
the application requirements prior to utilization. In addition, in contrast
to covalently crosslinked SMPs, a significant irrecoverable strain generally
results from the first cycle which persists through subsequent

thermomechanical cycles [22].
I.1.6. Shape-memory cycle

The shape-memory cycle is a thermomechanical procedure used to
impose or to program a temporary shape to the SMP and to trigger the
recovery process. The most common method to perform a shape-
memory cycle is the thermomechanical tensile cyclic test. It can be carried
out with a universal testing machine equipped with a thermal chamber or
with a dynamic mechanical analyser (DMA).

The shape-memory cycle is the most important procedure to
determine the shape-memory properties of a SMP. This section presents
an overview of the most important characteristics of shape-memory
cycling. Shape-memory cycling can be divided into two modules:
programming the temporary shape and recovery of the permanent shape. In Figure
1.9 is represented a shape-memory thermomechanical cycle in a strain —
temperature — stress plot. This procedure allows obtaining the percentage
of strain fixing and strain recovery among other shape-memory

properties. The influence of the thermomechanical testing parameters is
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discussed and other procedures such as bending, torsion or compression

test are presented.

Stress

T Ty
“Mperapy, T,

recovery

Figure 1.9 Schematic representation in a three-dimensional plot of the

temporary shape creation procedure or programming.

I.1.6.1. Programming the temporary shape

The programming of the temporary shape can be carried out with a
stress-controlled or strain-controlled procedure. The difference between
them is based on whether the temporary shape is obtained by deforming
the SMP to a prescribed value of stress or strain.
The programming of the temporary shape consists of three steps:
1. Firstly, the SMP is heated to a programming temperature T,

which is usually higher than T, ,, and deformed to a determined

rans>
value of maximum stress (g,) or strain (¢,) at a certain stress or
strain rate (¢ o &), depending on whether the programming is

stress- ot strain-controlled.
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2. The SMP is cooled to a low temperature T),, which is lower

than T

trans>

while maintaining the imposed g, or ¢, in order to fix
the temporary shape. In a stress-controlled programming a
creep phenomenon may occur and the resulting deformation
may be higher than ¢, whereas in a strain-controlled
programming a stress relaxation phenomenon may occur and
the resulting stress may be lower than g,. A relatively high
cooling rate is necessary in order to avoid these phenomena. For
the sake of simplicity these two phenomena are not included in
Figure 1.9.

3. The stress applied to deform the sample (either o, or the
corresponding stress to achieve ¢,) is released. A spontaneous
recovery may occur while unloading the stress and the resulting

deformation at the end of the unloading process is ¢,.

I.1.6.2. Recovery of the permanent shape

Once the temporary shape is fixed the next step of the cycle is the
recovery of the permanent shape.

4. The SMP is heated to a recovery temperature T,,,,, which is
higher than T,

trans>

at a certain heating rate (T). The SMP may

show a certain amount of irrecoverable or permanent

deformation (¢,) at the end of the cycle. The cycle can be
repeated by simply programming the SMP again (step 1).

Once the shape-memory cycle is finished the SME can be

quantified that is, the percentage of shape fixity and shape recovery, the

switching temperature, the recovery stress or the work output. The

evaluation of the shape-memory properties is presented in Section 1.1.7.

I.1.6.3. Impact of the thermomechanical testing parameters

The shape-memory properties are greatly influenced by the

thermomechanical programming conditions such as the programming
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temperature or the maximum stress o strain applied and the
thermomechanical recovery conditions such as the heating rate or the
recovery temperature. This section presents the influence of some testing
parameters on shape-memory properties.

One of the most important programming parameters is the
programing temperature T, , which has a strong effect on the shape
recovery and shape fixity. Mohr ez al. [17] reported shape-recovery ratios
around 80% in PDC multiblock copolymers in traditional shape-memory
cycles, where the programming temperature is higher than transition
temperature of SMP. However when the programming temperature is
lower than transition temperature, the extent of recovery is around 50%.

In the case of shape fixation, when programming at 1, > T, = it shows

prog = A trans
values of around 90%; and when the programming temperature is lower
than the transition temperature, the extent of fixation is in the range of
50% to 75%.

Accordingly, a programming temperature above the transition
temperature is desired. However a number of studies reported a decrease
in the extent of recovery on increasing the programming temperature
above the transition temperature. Hu e a/. [53] and Santiago ez al. [54]
reported a descend of shape recovery when programming at T, + 25, T, +
50 and T, + 80 in the first case and when programming at T, and T, + 10
in the second case.

The maximum prescribed stress or strain imposed during the
programming of the temporary shape is another important testing
parameter with great influence on shape-memory properties. Generally
speaking, the higher is the deformation achieved during programming the
lower is the shape recovery. Hu ez al. [53] reported a decrease in shape-
recovery when applying a maximum deformation ¢, = 300% with respect
to maximum deformations of ¢, = 100% and 200% in a polyurethane

SMP. The same results were obtained by Schmidt ez /. [55], where the
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shape recovery decreased when ¢, is increased from 100% to 400% in a
polyurethane SMP.

The fatigue cycling is an important parameter for the design of
applications. It represents somehow the lifetime of the application. Some
studies reported the evolution of shape recovery and shape fixity when
the SMP is subjected to consecutive thermomechanical cycles [54,56,57].
The percentage of shape recovery decreases in each consecutive cycle due
to the accumulation of permanent or plastic deformation at the end of
each cycle. This effect is more accentuated in thermoplastic SMPs due to
possible slippage of the polymer chains. In the case of shape fixation, the
performance of various consecutive cycles does not significantly affects
the extent of fixation [54,58].

The effect of these thermomechanical parameters on a commercial
aliphatic polyether-based thermoplastic polyurethane (Tecoflex®) is
deeply studied in Chapter III. As mentioned before, consecutive cycles
cause a degradation of the shape recovery. This degradation is severe
during the first cycles and softens as the cycling advances until reaches a
steady behaviour. In Section IIL.3 is analysed how T}, and g, affect the
stabilization of the shape-memory properties with cycling. Another
important thermomechanical parameter that has a great effect on shape-
memory properties is the stress-holding time at high temperature. The
effect of this parameter is widely analysed in Section 111.4.

The recovery temperature 1), is probably the most influential

recovery

parameter on shape recovery. The T,,,,,
T

trans

has to be necessarily above the
of the SMP in order to obtain good shape recovery values. As
described in Section 1.1.2, when the temperature surpasses the transition
temperature the polymer chains acquire enough mobility to allow their
rearrangement and recovering the original shape of the SMP. Azra ¢f al.
[59] reported the extent of recovery with different T,,,s. Results

revealed poor shape-recovery ratios (less than 50%) with T, < T,,,
and around 80%-90% when T, ,,, > T,

recovery trans*
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I.1.6.4. Cold-working programming

The programming temperature for shape-memory cycling is usually
higher than the transition temperature of the SMP in order to enhance
the molecular mobility of the polymer. This thermomechanical cycle is
recognized to be potentially a difficult and expensive operation for
practical applications, in particular when large structures have to be
employed [60]. The cold-working programming represents a more
simplified method that is, deforming the material at temperature below

the transition temperature of the SMP [60,61] (Figure 1.10).

.—-—-—-—*.

Shape recovery
(Step 4): Heating
above 7, (T5T,)

Permanent shape  Programming (Step 1): Programming (Step Programming (Step
(T>T) Compression to designed 2): Stress relaxation 3): Removal of stress
pre-strain (7<T}) (T<T,) (T<T,)

Figure 1.10 Schematic representation of the thermomechanical procedure of

cold-working programming, from Li and Xu [61].

This non-conventional technique consists of deforming the
material above their yielding point in order to maintain a significant
amount of deformation after fixation. This deformation can be partially
or totally recovered when heating the SMPs above their transition
temperature. This effect is known as “reversible plasticity shape-memory effect”
[8]. The cold-working programming cannot obtain the same extent of
shape fixation than traditional, however it present some advantages such

as increased recoverable strains or higher stress capacity.

I.1.6.5. Constrained shape-memory recovery

In Section 1.1.6.2 is described the recovery process of the permanent
shape under unconstrained or free conditions. However the
programming can also be carried out under constraining conditions that

is, with a fixed strain or under a constraining stress.
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Figure 1.11 Schematic representation of the constrained recoveries: a) totally
constrained recovery and recovery stress generation; b) partially constrained
recovery and work output. The numbers correspond to: 1) deforming to
temporary shape, 2) cooling and fixing the temporary shape, 3) unloading the

stress applied and 4) heating to T, under constrained conditions.

In Figure 1.11 is schematically represented the programming under
tully constrained conditions (Figure I.11a) and under partially constrained
conditions (Figure 1.11b). In both cases, the temporary shape creation
follows the same path than the programming under free conditions

(heating to T, and cooling to T}, while maintaining the stress applied).

prog ow
In the case of programming under fully constrained conditions, the
deformation after unloading (e, is held constant while the sample is

heated to T

recovery*

In this way, the SMP generates a recovery stress ()
instead of recovery their original shape. In the case of partially
constrained recovery, the SMP is not unloaded to ¢ = 0 but it is unloaded
to a determined value of constraining stress ¢,,,. The deformation of the
SMP after partially unloading is ¢, g,,,, is held constant while the SMP is
heated to T

recovery*

Under these conditions the SMP generates mechanical

work which can be calculated according to Equation 1.2:
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W (k—ﬂ) = 1.2)

m

The deformation of the SMP after the recovery process is ¢,

I.1.6.6. Isothermal temperature shape-memory recovery

In the majority of publications on SMPs, the recovery of the permanent
shape is carried out with a determined heating rate to the recovery
temperature. This is presumably because most applications investigated
in the literature require highly reproducible shape fixity and shape
recovery, or high recovery stresses [59]. However, in some applications,
usually biomedical applications, a precise control of the recovery
temperature is preferred over high shape recovery in order to avoid tissue
damage. With this aim, some research studies on the SME under
isothermal temperature recovery conditions can be found in the literature
[59,62-64].

The shape-memory properties are strongly influenced by T, and

T Generally speaking, the higher the T, the higher shape recovery

remzr‘eg" remveg"

and the faster shape-recovery velocity. For programming temperatures
T, <T, In the

e e the shape recovery is more rapid than with T, , > T,
case of constrained recovery, the recovery stress shows a maximum as a

prog trans®

function of time when the material is programmed T,

e < T, whereas

when programmed at T,,

towards the level defined by the rubbery modulus.

> Tg leads to monotonic stress relaxation

I.1.6.7. Bending, compression and torsion shape-memory

tests

Although shape-memory tensile testing are the most common method
for the quantification of the SME, other procedures for programming the
temporary shape, ze. bending, compression and torsion test can be found

in the literature.
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The bending shape-memory cycles present some advantages in
comparison to tensile tests such as simpler sample and test preparation
and many applications involve bending [1]. However the maximum
deformation in bending test is much lower than in tensile test. Bending
shape-memory cycles can be carried out as simply bending test or as
three-point bending test. In a bending test the temporary shape is
obtaining by bending the SMP to an angle # and the shape recovery is
monitored in terms of the deformation angle as a function of temperature
[26,65,60]. Gall et al. [33] used a three-point flexural configuration to
study shape-memory properties of acrylate-based SMPs under free and
constrained conditions (Figure 1.12). Three-point flexural tests allow
reasonable stress/strain levels in the sample for the temperature range

spanning from the glassy to rubbery state.

Force

Figure I.12 Schematic representation of the three-point flexural test, from Gall
et al. [33].

Torsion and compression tests are less used procedures because of
the complexity of the equipment necessary to implement the experiment.
Diani e al. [67] designed a torsion device for testing shape-memory
properties at large deformations (Figure 1.13a). The mechanical device

was designed to apply torsional loading to rectangular specimens and
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further monitor their torsion angle recovery through video capture and
quantified by image analysis when heated. Westbrook ez /. [68] presented
an improved testing system for thermomechanical cycling in compression
(Figure 1.13b) which provides faster temperature response and a more
uniform sample temperature distribution with respect to existing systems.
When characterizing materials with low thermal conductivity, such as
polymer compression samples, classic equipments lead to large variations
between the measured air temperature and the temperature of the sample.
That paper presented an improved system design for thermal
management in uniaxial compression experiments that significantly
reduces the temperature difference between the air in the chamber and
within the sample so that the sample temperature can be assumed to be

near that of the reported temperatures.
a)

- ,
Q g ] -

e P{}

- b)

44— Main body

Figure 1.13 a) Torsion device, from Diani ¢# a/l. [67]. b) Experimental setup for

thermomechanical cycling in compression, from Westbrook ez a/. [68].
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I.1.7. Characterization of shape-memory polymers

The extent of shape fixation and shape recovery are the most important
properties for quantifying the SME. The characterization of these
properties is carried out through the thermomechanical shape-memory
cycle described in Section 1.1.6. However other characterization methods,
such as viscoelastic or thermomechanical methods, are necessary in order

to understand structure — operation relations.

I.1.7.1. Storage modulus E’and tan 6

Experimental study of temperature- and frequency-dependent properties,
such as the storage modulus E’ and tan 3, using dynamic mechanical
analysis (DMA), allows to study molecular mobility of polymeric chains
and to draw conclusions about crystallinity, molecular weight or
crosslinking density of polymer materials [69]. In addition, some studies
noted that it is possible to predict shape-memory properties from the

dynamical mechanical analysis [69-72].

-
172}
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Figure 1.14 Schematic representation of the important parameters obtained

from dynamic mechanical analysis (DMA).
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In Figure 1.14 are represented the most relevant parameters for
SMPs obtained from DMA analysis. The glass transition temperature T, is
determined from the peak of the tan & curve and the modulus at glassy
region (E’) and at rubbery region (E’) is determined directly from the
curve of the storage modulus. The sharpness of the transition can be
determined with the full width at half maximum (FWHM).

A high storage modulus at rubbery region (E’) is advantageous for
the shape recovery and the shape-recovery velocity. E’ can be tailored
through the crosslinking density of the network (in Class I and Class 11
SMPs) (v). According to the theory of rubber elasticity, E’, is related to
the crosslinking density by Equation 1.3:

E'.=3RT-gv, (1.3)

where R is the universal gas constant, T'is the temperature at which E’,
was determined, g is the density of the material and », is the crosslinking
density. SMPs with high », will provide a higher driving force during the
shape recovery [73]. Although Equation 1.3 refers to ideal rubbers and
some non-ideal factors should be considered such as physical
entanglements and non-Gaussian deformation, it gives a good correlation
between £’ and v, [72].

A high storage modulus at glassy region (E’) is advantageous for
shape fixity. Overall, a difference of two orders of magnitude between E’,
and E’, (or E’,/E’, > 100) will ensure properly shape recovery and shape
fixity [74].

The peak of the tan & curve is accepted as indicator for the glass
transition temperature of the polymer and the shape of the curve during
material relaxation can be correlated with its network structure. The peak
height is an indication of the viscous character of the material during the
relaxation and the total peak area is related to the total amount of energy
dissipated during the relaxation. Moreover, the sharpness of the

relaxation is related with the shape-recovery velocity [72]. Materials with a
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more heterogeneous network structure and a broader relaxation profile
(higher FWHM and lower tan 8 peak) have a slower relaxation process,
limiting the molecular motion and thus adversely affecting the shape

recovery process.

I.1.7.2. Mechanical properties

The characterization of the mechanical properties of SMPs is an
important stage before the operation of the SME. It is necessary to know
which are the failure limits in order to not to overcome them during the
programming of the temporary shape. For thermomechanical tensile
shape-memory cycles this is carried out by tensile stretching until failure.
The stress at break, strain at break, Young’s modulus or elastic energy
density capacity can be obtained from this experiment.

Several studies on enhanced mechanical properties of SMPs can be
found in the literature. Increasing the maximum deformation achievable
is the most widely studied feature, especially in Class I and Class II SMPs
[25,75,76]. However mechanical requirements of SMPs go beyond the
showing of high values for stress and strain at break. Some SMP
applications like biomedical applications (z.e. cardiovascular stents, smart
sutures) may require the material to operate in a conditioned
environment. Thus it is necessary to know the implications of the
environment on shape-memory properties [77]. Other mechanical
property that might be interesting for the design of shape-memory
applications is the impact strength or hardness [78,79]. Bearing in mind
other applications such as thermomechanical actuators or self-deployable
structures, it is likely the SMPs may operate in an aggressive mechanically
demanding environment. Some applications may require the temporary
shape to be programmed at a different site from the one in which it will
operate. High impact strength may be desirable in order to avoid cracks
produced during shipping which can damage the shape-memory

behaviour of the material. In Section IV.6 is presented a complete
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characterization of these mechanical properties in a series of
thermosetting SMPs, including the Young’s modulus, impact strength

and hardness evaluation.

I.1.7.3. Shape-recovery ratio

The shape-recovery ratio (R) quantifies the ability of SMPs to recover the
imposed deformation during the programming of the temporary shape
ot, in other words, the ability of the SMPs to memorize their permanent
shape. Two expressions of K have been reported. The first one, reported
by Tobushi e al. [80] is expressed in Equation 1.4 in accordance to

notation in Figure 1.9:

Q) = 5N
£ (N) = £,(N = 1)

R,(N) = 100 1.4

This ratio compares the deformation recovered during the Nth
cycle ¢,(N) — ¢,(N) with the deformation recovered during the previous
cycle ¢,(N) — &,(N — 1). The drawback of this definition is that it does not
give a full picture of the material capability. Usually, in studies where
Tobushi’s ratio is used, the permanent strain following the shape-memory
cycle increases from cycle 1 to 10. Tobushi’s shape-recovery ratio
indicates a recovery performance which begins low and increases toward
100% as the cycling is continued. This increase may lead to believe that
the material recovery is improving while it is simply stabilizing to a
constant state of performance which is comprised of a lower magnitude
of strain recovered than in the first shape-memory cycle [81].

The second one, reported by Lendlein and Kelch [10] is expressed
in Equation L.5:

::gm(bq) __éf(bq)

+ 100 L5
en(N) )

R,(N)
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This ratio compares the deformation recovered during the Nth
cycle ¢,(N) — ¢,(N) with the maximum prescribed deformation applied
¢,(N). The shape-recovery ratio defined in Equation 1.5 uses the original
pre-deformed configuration as the reference value, and therefore
provides a measure of the performance of the material in reference to its
original state when cycled multiple times [81]. This parameter has been
adopted for the shape-memory performances realized during the

realization of this thesis.

I.1.7.4. Shape-fixity ratio

The shape-fixity ratio quantifies the ability of SMPs to fix the temporary
shape and it is calculated according to Equation (1.6):

&N
&,(N)

R,N) = - 100 (L.0o)

I.1.7.5. Shape-recovery velocity

Another important parameter is the velocity at which SMPs recover their
original shape (I7). Rousseau and Xie [82] described the 17, as a
percentage of recovery per unit time accomplished by a SMP in the
temperature window where 10-90% recovery is accomplished between

the corresponding temperatures T, and T,,, (Equation 1.7).

17, (%/min) =

08 Rre, (JT) a

Togy, = Ty, \dt
More recently, another way to calculate 17, was described by our

research group [83] as the relation of a 15% to 85% of strain recovered

between the corresponding time 7, and £, (Equation 1.8):
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(gre£,75% - 579[,85%) <100

Erec,15%

(1.8)

Vr 4/ min)= At59,-g50,

I.1.7.6. Switching temperature

The switching temperature (1) is the temperature at which the shape
recovery is initiated. T, can be determined as the inflexion point of the

recovery curve in a temperature — strain axis (Figure 1.15). T is related to

the T, of the SMP, however it is necessary to differentiate it from T,
because some conditions may affect the temperature at which the SME is
activated, such as the T}, [34].
i [ i i e i i S e i e e i
v3
u '
k=
<
B
n
Ep |t
T/Il]]’

Temperature

Figure 1.15 Schematic representation of the determination of the switching
temperature Tj, in temperature — strain axis. The numbers correspond to: 1)
deforming to temporary shape, 2) cooling and fixing the temporary shape, 3)
unloading the stress applied and 4) heating to Tuer.

I.1.7.7. Recovery stress

The energy stored after the fixation of the temporary shape can be used

to generate recovery stress o,. The methodology for recovery stress

rect

generation was described in Section 1.1.6.5. The recovery stress
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generation can be monitored as a function of temperature. o,
progressively increases as the temperature increases until it reaches a
maximum at a determined temperature known as T .

Many factors affect the recovery stress generation. On one hand,
the recovery stress is strongly dependent on the applied
thermomechanical conditions of the programming. In a constrained
recovery, the energy stored during fixation is released in form of recovery
stress. Thus a higher applied deformation during programming will lead
to a higher entropy gain during recovery and higher recovery stress [85].
T, can also affect the recovery stress generation. That is, deforming the
SMP at different T,,,s will require different amount of energy, even if the

P
SMP is deformed to the same g, or ¢, and thus different recovery
stresses [8]. Allowing the SMP to undergo some molecular relaxation
leads to a lower recovery stress generation [86]. Therefore, limiting the
loss of energy both during fixation and recovery leads to better results in
the recovery stress generation.

On the other hand, the molecular structure of the SMP plays an
important role on the recovery stress. Various studies have explored ways
to enhance the recovery stress by increasing the rubbery modulus of the
SMP. This have been accomplished by increasing the crosslinking density
of the SMP [32] or reinforce the SMP with fillers [85].

In addition to crosslinking density, network homogeneity also plays
an important role in recovery stress generation. The influence of both
parameters as well as the maximum stress applied during programming
on the recovery stress generation is presented in Section IV.5, in which a
series of thermosetting SMPs are subjected to totally and partially

constrained shape recovery.

I.1.7.8. Work output

Neither unconstrained nor fully constrained conditions are likely to be

realized for the majority of SMP applications. It is more probable that in
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actual service, the SMP will be partially constrained, meaning that the
material will be allowed to recover under an applied stress below the
maximum stress required for programming the temporary shape [31].
The methodology of partially constrained shape recovery was described
in Section 1.1.6.5. Under these conditions, the SMP will recover part of
the deformation stored under a constraining stress and thus will generate
mechanical work according to Equation 1.2.

The majority of studies have investigated the SME under free or
totally constrained conditions. However, just a few research studies have
investigated the work output generated by SMPs when the shape
recovery is performed under partially constrained conditions. Lakhera e#
al. [31] quantified the recoverable work and the efficiency of the recovery
process in (meth)acrylate-based shape-memory thermosets. Results
obtained showed that the maximum work output scaled with the
magnitude of the rubbery modulus but the efficiency was similar for all
materials for the same programming temperature. The authors observed
that to obtain highest efficiency from the SMP, samples should be
allowed to recover approximately half the initial deformation under
constraining stress. Kolesov e¢# a/. [87] measured the mechanical work
generated by release of the stored energy and resulting stress during
shape recovery under 0.1 or 0.2 MPa applied load in short-chain
branched polyethylenes. The work generated by the programmed
specimen during recovery slightly increased with crosslinking density,
despite the substantial increase in programming stress. Rapp and Baier
[88] introduced an experimental procedure to determine the work output
using closed-loop force controlled thermo-mechanical cycling. This study
discovered that for moderate maximum strains, the performance of SMP
actuators in compression is better than in tension because of the
superposition of the thermal expansion and the SME.

With the aim of contributing to the knowledge of this understudied

area, in Section IV.5 is presented a complete study of partially
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constrained recovery and mechanical work generation in thermosetting
SMPs.

I.1.8. Multi shape-memory effect

Multi shape-memory effect is based on multiphase polymer network
structures with at least two phase-separated domains. These domains are
associated to individual transition temperatures (Ts or T,s). Upon

cooling below T,

trans

of a specific domain, this domain solidifies forming
physical crosslinks. As these additional crosslinks dominate the covalent

netpoints below T,

transd

they enable the temporary fixation of an elastic
deformation, which can be recovered by reheating [89]. Accordingly, in
addition to the original shape, multi shape-memory polymers can exhibit
more than one temporary shape.

The coexistence of two thermal transitions in a single polymer is
not uncommon. For instance, semicrystalline polymers typically possess
an amorphous phase (thus a glass transition) in addition to their
crystalline phase [8]. Some examples of triple and multi shape-memory
polymers can be found in the literature [90-92].

Figure 1.16 shows a schematic representation of the operation of a
triple shape-memory polymer. While the original shape C is determined
by the covalent netpoints during polymer network formation, shapes B
and A are fixed by physical crosslinks created in a thermomechanical
process. The shape B is determined by the highest transition temperature
T,

‘rans, B>

while the second highest transition temperature T, , is associated
to shape A. During the thermomechanical procedure to program the

temporary shapes, the polymer is heated to T,,, > T, . ; and is deformed

igh

to shape B. Physical crosslinks related to T,,, ; are formed when the

trans,

material is cooled under external stress to a temperature T <T<

trans, A
T

traj

w5 Shape B is obtained after releasing the external stress. Shape A is
<T<T,

trans,B

created subsequently by deformation of shape B at T,

rans, A
< Tlm

and cooling to T,

ow

.1 under external stress and successive release of
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it. Reheating to a temperature T, , , < T < T, . the polymer recovers

trans,

shape B and consequent heating to T),,

results in shape C [89].

Tb{gl] > Ttmm,B ’T/ran.r,A <T< ’Tlran.r,B
—~
Deforming Fixing shape B
Original shape C
I;wmA <T< I;me ka < I;wmA
[ I N N
Temporary shape B Deforming ' Fixing shape A
])ranxﬁ <T< ’T/mm,B
7~ A Il' \“ A
Temporary shape A ceovery
Thlgh > TIram,B

Temporary shape B Recovery

Original shape C

Figure 1.16 Schematic representation of the operation of a triple shape-memory

polymer.

I.1.9. Shape-memory polymers applications

Since their discovery, many applications have been designed based on the
unique characteristics of SMPs. Excellent articles and reviews about

SMPs applications can be found in the literature [93-95]. In the following
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section only the most representative and featured applications described

in the literature are presented.

I.1.9.1. Biomedical applications

SMPs have been promoted for biomedical applications due to their
potential in minimal invasive surgery, the possibility of combine many
functionalities such as biodegradability or drug release and the easiness

which they can be adapted to a singular patient [1].

t=10sec

t=60sec | t=100sec

Figure I1.17 Photo sequence of the deployment of the SMP cardiovascular stent,
from Yakacki et al. [34]. The deployment took place in 18 Fr. catheter in a 37 °C
water bath.

One of the most interesting SMP biomedical applications is
intravascular stents. Expandable vascular stents are devices used to
expand blood vessels in the treatment of arterial stenosis. Most of the
vascular stents are metallic and are deployed by balloon expansion or self-
expansion. The advantages of using SMPs stents instead of classic metal
stents are increased biocompatibility and biodegradability, lower cost and
the possibility of be deployed at body temperature. Yakacki es al. [34]
published the characterization of unconstrained recovery of SMP stents

of thermosetting methacrylates (Figure 1.17). They studied shape recovery
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as a function of T, crosslinking density and geometrical perforation
which can be independently tailored. The time for full deployment and
shape fixity was found to be highly dependent on T, crosslinking density
and T,,,.
Baer ¢ al. [96] reported a laser-activated thermoplastic polyurethane
SMP stent. The stent did not full deploy under flow conditions due to
convective cooling, however this research has important implications in
terms of photothermal activation and avoiding tissue damage.

Smart sutures may facilitate the manipulation of surgical sutures in
order to prevent necrosis of the surrounding tissue when the force is too
strong or the formation of hernia when the force is too weak. The
temporary shape is obtained by elongating the fiber under controlled
of the fiber (which

is close to body temperature), the suture will shrink and tighten the knot,

stress. When the temperature is raised above the T,

rans

applying an optimal force (Figure 1.18) [97].

Figure 1.18 Photo sequence of the recovery process of a thermoplastic shape-
memory polymer fiber for smart sutures, from Lendlein and Langer [97]. The

photo series shows how the knot tightened in 20 seconds when heated to 40°C.



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

I. General Introduction and Objectives 37

Another interesting application is actuators for clot removing.
Patients who have suffered a thrombotic stroke should be immediately
treated in order to prevent irreparable cell damage or event death. SMPs
for clot-removal devices are a promising alternative of pharmaceutical
clot removing treatment for stroke patients. Small ¢# a/. [98] developed a
intravascular device to mechanically retrieve thrombus using a laser-
activated polyurethane-based SMP (Figure 1.19). The device is delivered
through a catheter distal in its temporary shape, which is a straight rod, in
the thrombotic vascular occlusion. Then the SME is activated by laser
heating and the device returns to its original shape in form of corkscrew.

By retracting the device the thrombus is captured and removed.

Figure 1.19 Depiction of the intravascular laser-activated SMP device used in
thrombectomy, from Small ez a/. [98]. a) The actuator is coupled to an optical
fiber in its straight rod temporary shape; b) the actuator is transformed in its
corkscrew original shape by laser heating; c) the actuator is retracted to remove

the thrombus.

I.1.9.2. Aerospace applications

SMPs are also good candidates for future aerospace applications.
Structures and devices made from these materials present some
advantages in front of the classic ones: lower weight, lower cost and take
up less space in the spacecraft because can be packaged in their reduced
volume temporary shape and can be deployed under a variety of stimulus
[94]. The variety of devices reported for aerospace applications are
numerous for this reason in this section only a representative part of

them are described, including hinges, boom and antennas.
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Hinges are used as driving devices in the deployment of deployable
structures. Traditionally it was carried out by steel tape spring hinges.
However, they show some disadvantages such as large shock effect and
complexity. SMP and SMP-composite hinges are increasingly applied in
deployable structures in order to reduce the moving parts [94]. Lan ez al.
[99] developed a carbon fiber reinforced SMP composite hinge (Figure
1.20). The hinge was subjected to 140° bending angle and showed almost

-.

Figure I.20 Photo sequence of the deployment of the SMP composite hinger,

complete recovery in approximately 100s.

from Land et al. [99]. The storage angle was 140° and it took 100s for whole
deployment at 80 °C.

Booms are used in satellites and spacecrafts to deploy solar arrays,
antennas or other supporting instruments once they have reached their
destiny. Researches have explored the replacement of traditional booms
for SMP and SMP-composites booms. They possess simpler structure
because do not have mechanical devices, less weight and can support big
payloads. The Composite Technology Development Inc. (CDT)
developed a SMP-composite extendable boom to support a micro-

propulsion attitude control system in micro-satellite (Figure 1.21) [100].
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The longerons of the boom are programmed in a “z shape’ and once in

orbit, a series of resistor heaters trigger the SME and deploy the boom.

(b)

Figure I1.21 Deployment of a SMP composite boom, from Campbell e a/. [100].

a) SMP composite boom and b) partially deployed solar array supported by the
SMP composite boom.

Antennas are one of the most important parts in a satellite or
spacecraft because allows the communication with the Farth. Many
researchers have investigated novel types of structure which satisfy a
correct deployment. The antenna can be stowed in the spacecraft and
then deployed to finally hold the surface of the antenna. Harrys
Corporation developed a solid surface deployable reflector called Flexible
Precision Reflector (FPR) (Figure 1.22) [101].

(@) (b)

Figure 1.22 SMP composite reflector, from Keller ef a/. [101]. a) Pre-deformed

shape and b) recovered shape.
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I.1.9.3. Other applications

SMPs are also attractive materials for textile applications. The SME can
be wused to control the breathability and waterproofness and
windproofness [102-104]. SMPs for breathable fabrics have a T, and a
change of permeability around human body temperature. When the body
temperature is above the T, the molecular free volume of the film
increases and enables the transfer of heat and vapor through perspiration.
When the body temperature is below the T, the molecular free volume
decreases and prevents air and water molecules from passing through.

Thus the SMP can help in maintaining a stable body temperature [95].

Figure 1.23 Photo sequence of the shape-memory cycle of a
poly(cyclooctene) /1,4-bis(a-cyano-4-octadecyloxystytyl)-2,5-dimethoxybenzene
SMP, from Kunzelman ez a/ [105]. a) Deforming, b) fixing and cooling, c)

unloading and d) recovery.
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The stimuli sensitiveness gives to SMPs the ability to respond to
environmental changes such as an increase in temperature. Thus the SME
can be used for sensor-like applications. Kunzelman e a/. [105] reported a
SMP with built-in temperature sensing capabilities by incorporating a
fluorescent dye into the poly(cyclooctene) (PCO) crosslinked network
(Figure 1.23). Exposure of the SMP to temperatures above the melting
temperature leads to dissolution of the dye molecules causing a
pronounced change of their absorption and fluorescence colour. The
aggregate absorption and emission are restored upon cooling below the
melting temperature due to the crystallization of the PCO. The colour is
dictated by the phase behaviour and is independent of the mechanical
state of the SMP allowing obsetving the set/release temperature of the

polymer.

= 75cm
Increasing Ty

54_06—

Figure I.24 Photo sequence of the gradient recovery behaviour of the graded
SMP, from Diotio e al. [100].

The SMP applications as temperature sensors have usually limited

to one single T,

rans

and are unable to respond to a range of operation
temperatures. Diorio ez al. [106] reported a functionally graded SMP with
a range of transition temperatures (Figure 1.24). This was achieved by

post-curing a glassy SMP in a linear temperature gradient that imposes
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different vitrification temperatures. The resulting material can respond to
a range of temperatures (from T,, to T, ) upon application of external
heating.

SMPs can also be used as packaging materials. SMPs can shrink
when being heated and are able to adapt any shape. In addition, they can
provide protection from the environment and insulation [107]. Heat-
shrinkable films and heat-shrinkable tubing are examples of this kind of

application [108,109].
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I.2. Objectives

The main objective of this thesis is to experimentally analyse the
influence of thermomechanical conditions and chemical structure on the
shape-memory performances of a selected group of thermoplastic and
thermosetting shape-memory polymers.

This general objective was achieved by setting a series of more
specific objectives.

In terms of the influence of thermomechanical cycling conditions

on shape-memory properties, our specific objectives were:

o To evaluate the impact of different thermomechanical conditions
in stress-controlled shape-memory cycling on the shape-memory

properties of thermoplastic SMPs.

. To find the thermomechanical conditions in stress-controlled
programming that stabilize the shape-memory properties of
thermoplastic shape-memory polymers in the fewest cycles while

obtaining the best mechanical properties.

The results obtained in these investigations are presented in
Chapter III.

In order to accomplish the objectives about the impact of the
chemical structure of shape-memory polymers, two different
thermosetting shape-memory networks were studied.

In terms of hyperbranched-modified epoxy-based shape-memory

polymers, our specific objectives were:

" To study the implications of the hyperbranched polymer molecular
weight and content on the thermomechanical and viscoelastic

properties of thermosetting shape-memory polymers.



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

44

I. General Introduction and Objectives

To study the shape-memory effect of hyperbranched-modified
epoxy-based shape-memory polymers under free and constrained

recovery conditions.

To evaluate the mechanical properties of hyperbranched-modified
epoxy shape-memory polymers for their potential use in

mechanically demanding shape-memory applications.

The results obtained in these investigations are presented in

Chapter IV, from Section IV.3 to Section IV.6.

In terms of acrylate-based bisphenol A-based shape-memory

polymers, our specific objectives were:

To study the thermomechanical and shape-memory properties of
acrylate-based thermosetting shape-memory polymers synthesized
from bisphenol A-based crosslinking agents and different

monofunctional monomers.

The results obtained in these investigations are described in

Chapter IV, Section IV.7.
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Chapter 11

Experimental Methods and Materials

II.1. Experimental methods

I1.1.1. Dynamic Mechanical Analysis (DMA)

ynamic mechanical analysis (DMA) involves applying a small
%oscﬂladng force to a sample and analysing the material’s response
to that force [1]. DMA can be used to study the relaxation of the polymer
chains and to determine inherent mechanical or flow properties as a
function of time and temperature.

Figure II.1 shows the basic principles of DMA. This technique
studies the viscoelastic nature of a material by applying an oscillatory

stress:
o(?) = gy * sin (w?) (IL.1)

where o is the stress as a function of time, g, is the maximum stress, « is
the frequency and #is the time.
The response of the material will show a phase lag 8 between the

applied stress and the resultant strain:
&(d) = gy sin (wi) (11.2)

where ¢, is maximum deformation and & is the phase angle.
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Material’s response

& &(t) = g, sin(wt + 8)

X

Applied stress
o(t) = o, sin(wt)

Applied stress
Measured strain

Phase lag & e—

Time

Figure II.1 Basic principles of the dynamical mechanical analysis (DMA).

Based on this discussion, a storage or elastic modulus E’ and a loss
> g

or viscous modulus E'"' can be calculated:

47]

E'= —-cosé (11.3)
€0
g .

E"= —+siné (IL.4)
)

The storage modulus E' represents the ability of the material to
return or store energy, whilst the loss modulus E" represents the ability
of the material to lose energy.

The tangent of the phase angle tan 8 is an indicator of the damping
properties of the material and the peak of tan & curve is accepted as the
glass transition temperature T, of the material although it changes with
the frequency used in the experiment. tan & is calculated as the ratio of

the loss modulus to storage modulus:
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E!!

tand = — (IL5)
E

Figure 11.2 shows a DMA analysis of a general crosslinked polymer.
Several parameters can be obtained from the DMA analysis. The storage
modulus at glassy region E', has important implications for the shape
fixation ability of the SMP and the storage modulus at rubbery region E’,
is advantageous for the shape recovery and the shape-recovery velocity.
Moreover, the ratio of glassy modulus to rubbery modulus E'/E" is an
important indicative of whether a material is going to present shape-
memory properties [2]. A ratio E'/E’, 2 100 is desired for proper shape-
memory properties. During the realization of this thesis, ', was obtained
at T, — 40 and E', was obtained at T, + 40.

10000

L0111
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Lol

100

Storage modulus E’ (MPa)

Lol
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10 ) — .
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8
(e}
W
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Figure I1.2 Viscoelastic response of a material subjected an oscillatory stress.

As mentioned before, the peak of the tan & curve is accepted as
indicator for the glass transition temperature of the polymer and the

shape of the curve is also indicative of the structure of the material: the
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peak height is an indication of the viscous character of the material
during the relaxation and the total peak area is related to the total amount
of energy dissipated during the relaxation [3]. In general, the higher and
narrower is the peak of tan 8, the more homogeneous and mobile is the
network structure. The parameter used to compare the width of the
curves of tan d in different materials is the “full width at half maximum”
(FWHM). The area of the curve of tan 6 was calculated as:

tan ¢ area = tanJ peak - FWHM (IL.6)

Another important temperature is the onset of the glass transition
temperature TgE’. This temperature can be obtained as the onset in the
storage modulus decrease during mechanical relaxation. Yakacki e a/. [4]
and Feldkamp and Rousseau [5] reported that the deformability of
acrylated-based and epoxy-based shape-memory thermosetting polymers

is greatly improved when deformed at T}".

Figure I1.3 DMA Q800 (left) and detail of the 3-point bending clamp (right).
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The DMA measurements were carried out with a DMA Q800 (TA
Instruments) at Departament de Quimica Analitica i Quimica Organica of
Universitat Rovira i 1irgili (Tarragona) equipped with a 3-point bending
clamp (Figure I1.3). Prismatic samples of 30 mm x 5.5 mm x 2.5 mm
were used for hyperbranched-modified epoxy-based shape-memory
polymers and prismatic samples of 20 mm x 2 mm x 0.5 mm were used
for acrylate-based shape-memory polymers. The experimental procedure

of sample preparation is described in the corresponding chapter.
I1.1.2. Shape-memory properties

The quantification of the shape-memory properties involves imposing a
temporary shape to the material and the recovery of the permanent shape
in a shape-memory cycle. In this thesis, three different methods for
shape-memory properties characterization were used: transient
temperature stress-controlled free recovery experiments, transient
temperature stress-controlled constrained recovery experiments and

isothermal temperature self-deploy experiments.

I1.1.2.1. Transient temperature stress-controlled free recovery

experiments

Transient temperature free recovery experiments represent the most
common procedure to study the shape-memory properties. They are
usually carried out either with a dynamical-mechanical analyser or a
universal testing machine equipped with a thermal chamber.

The programming of the temporary shape can be carried out under
stress-controlled conditions or strain-controlled conditions. The
difference between both protocols relies in imposing a maximum
prescribed stress g, or a maximum prescribed strain ¢, to the sample in
order to obtain the temporary shape. In this thesis only the stress-

controlled protocol has been used.
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In this procedure, the recovery of the original or permanent shape
is carried out under free conditions. After unloading the applied stress,
the SMP is heated to the recovery temperature T, with no restriction

and thus the sample is able to return to its original shape.

Stress (MPa)

Figure II.4 Three-dimensional representation of transient temperature stress-
controlled free recovery shape-memory performances. The numbers correspond
to: 1) deforming to temporary shape, 2) cooling and fixing the temporary shape,
3) unloading the stress applied and 4) heating to Teer.

The procedure for developing a shape-memory cycle with a stress-
controlled protocol and under free conditions consisted of various steps:
1. Equilibrate at the programming temperature: the equipment is
equilibrated at the programming temperature T, selected.
2. Isothermal step: isothermal step of 5 minutes in order to ensure

proper heat transfer to the sample.
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3. Stretching the sample: the sample is stretched to the prescribed
maximum stress ¢, at a fixed stress rate of 1 MPa/min.

4. Equilibrate at room temperature: the sample is cooled to room
temperature (~25 °C) while maintaining the stress applied in
order to fix the temporary shape.

5. Stress holding time: a stress holding time #,; is applied (if
desired).

0. Isothermal step: isothermal step of 15 minutes in order to
ensure the sample is cooled.

7. Unloading the sample: the prescribed maximum stress applied o,
is unloaded at a fixed stress rate of 1 MPa/min.

8. Isothermal step: isothermal step of 3 minutes.

9. Heating the sample: the sample is heated to the recovery
temperature T, at a fixed heating rate of 3 °C/min.

In Figure I1.4 are represented the resulting shape-memory cycle

represented in a strain-temperature-stress plot.

The stress, the temperature and the length are monitored during

the experiment (Figure IL.5). I, I, and I, and are obtained from the
experiment data (Figure I1.52) in order to calculate ¢, ¢, and ¢, The

deformation was calculated according to Equation IL.7:

Lo

{0 =~

- 100 (IL.7)

where L is the length of interest (Ze. L, I, I, etc.) and L, is the initial
length. The shape-recovery ratio R, and shape-fixity ratio R, can be

calculated as follows:

g/;/ - gp

R, (%) = - 100 (IL.8)

m

_ & L9
R/ (%) = = - 100 (I1.9)

a4
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The switching temperature T, is obtained from the inflexion point

in a temperature-length curve (Figure I1.5b).

12 : : - 25 - 90
——Stress ===Length! =——Temperature &0
10 -~ 1 ; 2 i 3 % 4 L 03
1 L 70 N
28 g <
2 ET%3
o 07 e s
¢ %o - 50 g
7 4 A Sl 40§
2 1 L 30
O T E T E T 5 T T 15 - 20
0 10 20 30 40 50 60
b) Time (min)
23
21 A
Bl
&
= 19
0
g
—
17 -
I
15 T T T T T
20 30 40 50 60 70 80

Temperature (°C)

Figure I1.5 Examples of the data obtained during a shape-memory cycle. The
numbers correspond to: 1) deforming to temporary shape, 2) cooling and fixing

the temporary shape, 3) unloading the stress applied and 4) heating to Threr.
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Figure I1.6 Example of the determination of the parameters & 15%, re85%, 115%

1359, 1159, and Tgsy, for the calculation of the shape-recovery velocity 1.

The shape-recovery velocity 17, can be calculated in two different
ways, according to Equation 11.10 and Equation II.11:

(fm, 15% — Erec,85%
Erec,15%

)-100

I, (%/min)= (L.10)

Aty59,—g59,

(8rer,75% - 5m,85%) 100
Erec,15%

(IL11)

. (%/°C)=
AT 59,-g50,

where ¢,,,5, is the deformation corresponding to a shape recovery of
15%, &,,45, is the deformation corresponding to a shape recovery of 85%
and At g5, and AT, 45, are the time interval and temperature range

between these two points. These parameters can be obtained from the
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curve of strain recovered as a function of time or temperature during the
shape recovery process (Figure 11.6).
The difference between deformations corresponding to a shape

recovery of 15% and 85%, ¢, 5, — ¢

rec,

g0 Was calculated with respect to
&..150, 10 order to avoid the influence of the maximum deformation on

rec,

the shape-recovery velocity.

Temperature

Figure II.7 Example of the creep phenomenon occurred during a stress-
controlled shape-memory cycle and the determination of I, and I, The
numbers correspond to: 1) deforming to temporaty shape, 2) cooling and fixing

the temporary shape, 3) unloading the stress applied and 4) heating to T

In a stress-controlled protocol, the fixation of the temporary shape
is carried out while a stress is applied and a creep phenomenon may
occour. Thus, the maximum length increases during the fixation of the
temporary shape (Figure 11.7). Depending on the kind of SMP tested (z.e.
thermoplastic SMPs, thermosetting SMPs) the creep phenomenon may
be misprised. In those cases in which the increase in the maximum length

is considerabe, it should be distinguished the length of the sample when
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o, 1s reached L, and the maximum length obtained during the cycle L,

and so the shape-recovery ratio can be calculated as:

L,MN) — L,(N) (I1.12)

R.(%) = - 100
LN) — Ly
and the shape-fixity ratio as:
L,N)— L, 11.13
IﬂwaD _-1%7
g”l 2

< ________________________________________________________
£
.g “ \ 1y
<
8
N
4 1
£
P - >
Temperature

Figure I1.8 Example of a shape-memory cycle applying a stress holding time 74
and the corresponding deformation & caused by a creep phenomenon. The
numbers correspond to: 1) deforming to temporaty shape, 2) cooling and fixing

the temporary shape, 3) unloading the stress applied and 4) heating to T

If a stress-holding time 7, is applied, the maximum stress applied o,
is held during a certain amount of time just before the cooling step. The

application of a 7, causes an additional deformation &, to the sample due
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to a creep phenomenon (Figure IL.8). Thus maximum deformation

obtained during programming the temporary shape can be calculated as:
(%) =g+ &, (IL.14)

Samples of ca. 20 mm x 2.5 mm x 0.5 mm were used for transient
temperature  stress-controlled free recovery procedures. ‘These
experiments were carried out with a DMA Q800 (TA Instruments)
(Figure 11.3) at Departament de Quimica Analitica i Quimica Organica of
Universitat Rovira i Virgili (Tarragona). The shape-memory cycles were
performed with a force-controlled mode and equipped with a film-

tension clamp (Figure 11.9).

Figure I1.9 Detail of the film-tension clamp of the DMA Q800
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I1.1.2.2. Transient temperature stress-controlled constrained

recovery experiments

The constrained recovery testing consists of performing the shape
recovery process under a fixed strain (fully constraint) or under a
constraining stress (partially constraint). These procedures allow
characterizing the ability of the SMP to perform recovery stress or

mechanical work, which is essential for actuator-like applications.

Fully constraining conditions
The procedure for developing a shape-memory cycle under fixed strain
conditions consisted of various steps:

1. Equilibrate at the programming temperature: the equipment is
equilibrated at the programming temperature T, selected.

2. Isothermal step: isothermal step of 5 minutes in order to ensure
proper heat transfer to the sample.

3. Stretching the sample: the sample is stretched to the prescribed
maximum stress ¢, at a fixed stress rate of 1 MPa/min.

4. Equilibrate at room temperature: the sample is cooled to room
temperature (~25 °C) while maintaining the stress applied in
order to fix the temporary shape.

5. Isothermal step: isothermal step of 15 minutes in order to
ensure the sample is cooled.

6. Unloading the sample: the prescribed maximum stress applied g,

is unloaded at a fixed stress rate of 1 MPa/min.
7. Isothermal step: isothermal step of 3 minutes.
8. Strain fixing: the deformation after unloading ¢, is fixed.

9. Heating the sample: the sample is heated to the recovery

temperature T,

ecovery

at a fixed heating rate of 3 °C min.
An example of a fully constrained recovery test is shown in Figure
I1.10. If deformation after unloading ¢, is fixed during the recovery

process, the material generates a recovery stress as the temperature
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increases. The maximum recovery stress o,

(73

as well as the corresponding

temperature T, can be obtained from the generated curve.

arec
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Figure II.10 Example of the data obtained during a fully constrained recovery
test. The numbers correspond to: 1) deforming to temporary shape, 2) cooling
and fixing the temporary shape, 3) unloading the stress applied and 4) heating to

Tremu@r while En is fixed.

Partially constraining conditions
The procedure for developing a shape-memory cycle under partially
constrained conditions consisted of the following steps:
1. Equilibrate at the programming temperature: the equipment is
equilibrated at the programming temperature T, selected.
2. Isothermal step: isothermal step of 5 minutes in order to ensure
proper heat transfer to the sample.
3. Stretching the sample: the sample is stretched to the prescribed
maximum stress g, at a fixed stress rate of 1 MPa/min.
4. Equilibrate at room temperature: the sample is cooled to room
temperature (~25 °C) while maintaining the stress applied in

order to fix the temporary shape.
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. Isothermal step: isothermal step of 15 minutes in order to

ensure the sample is cooled.

. Unloading the sample: the prescribed maximum stress applied g,

is unloaded to a determined value of constraining stress o, at a

onst

fixed stress rate of 1 MPa/min.

7. Isothermal step: isothermal step of 3 minutes.

8. Heating the sample: the sample is heated to the recovery

temperature T, at a fixed heating rate of 3 °C/min while

recovery 0-[0773‘/

is applied.

An example of a partially constrained recovery test is shown in

Figure II.11. If the maximum deformation g, is unloaded to ¢ = 0, the

recovery process takes place under free conditions. However, g, can be

partially unloaded to a determined value of constraining stress g, This

const*

value of constraining stress is held constant during the recovery process.

Stress (MPa)
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Figure IL.11 Example of the data obtained during a partially constrained

recovery test. The numbers correspond to: 1) deforming to temporary shape, 2)

cooling and fixing the temporary shape, 3) unloading to constraining stress g

and 4) heating to Trer.
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The maximum length reached L, the length after partial unload L)
and the length after partially constrained recovery I, can be obtained
from the experimental data (Figure I1.11) in order to obtain ¢, ¢,"and ¢,
(Equation II.7). The shape-recovery ratio under partially constrained

conditions can be calculated as follows:

!
&y = &
R.(%) = ——-100 (I1.15)
a
In a partially constrained recovery the SMP recovers a certain
amount of deformation against an external stress, thus the material

performs actuator work W, according to Equation 11.16:

W, (%) = Ot * (& — &) (I1.106)

The work required to program the sample LV], can be calculated as:

W, (k—ﬂ) =0, ¢, (11.17)

m

Samples of ca. 20 mm x 2.5 mm x 0.5 mm were used for transient
temperature stress-controlled constrained recovery procedures. These
experiments were carried out with a DMA Q800 (TA Instruments) at
Departament de Quimica Analitica i Quimica Organica of Universitat Rovira i
Virgili (Tarragona) (Figure 11.3). Totally and partially constrained shape-
memory cycles were performed with a force-controlled mode and

equipped with a film-tension clamp (Figure 11.9).

I1.1.2.3. Isothermal temperature self-deploy experiments

For isothermal temperature self-deploy tests prismatic rectangular
samples of ca. 30 mm X 3.75 mm X 0.75 mm were used. The samples

were immersed in a hot water bath at a temperature equal to the glass
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transition temperature of the material tested and held for 30 seconds. The
samples were deformed into ‘U’ shape (f = 180°) with a specially
designed device (Figure 11.12). The samples were immersed in cold water
(~10 °C) for 5 minutes in order to fix the ‘U’ shape. Once the ‘U’ shape
was fixed, the sample was immersed in hot water at the corresponding

recovery temperature 1,

recovery*

The angle ¢ and the time until complete

recovery ¢ were monitored (Figure I1.13).

Figure II.12 Schematic representation of the deformation into ‘U’ shape in

isothermal temperature self-deploy experiments.

Isothermal temperature self-deploy shape-memory experiments
were performed at Dipartamento di Scienza Applicata e Tecnologia of Politecnico
di Torino (Turin) with special designed equipment (Figure 11.14).
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0 T T T T
0 0.5 1 1.5 2 2.5

Time (s)

Figure I1.13 Example of the data obtained during a isothermal self-deploy

shape-memory experiment.

Figure I1.14 Equipment used for isothermal temperature self-deploy shape-

memory experiments.
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I1.1.3. Stabilization of the shape-memory properties

As mentioned in Section 1.1.6.3, shape-memory properties vary
significantly when successive thermomechanical shape-memory cycles are
performed. Particularly, the degradation of the R, is markedly in the initial
cycles and softens as the cycling advances until reaches a steady
behaviour. To determine whether a sample reached a steady behaviour
we used a stabilization criterion previously used for SMAs by some
members of our research group. This consisted of calculating the average
value and the standard deviation of R over 10 successive cycles. K, was
considered to be stable when the standard deviation value was under 2%,

and this condition was repeated for at least five consecutive values.
I1.1.4. Tensile testing

Tensile testing refers to tests in which a controlled uniaxial stress is
applied to a specimen until failure occurs [6]. In a tension test, the
opposite ends of the specimen are gripped and elongated in the direction
of the applied load. Tensile testing allows determining tensile properties
of the materials at different conditions (z.e. temperature, humidity, testing
rate).

For this thesis two different methodologies were used either for

tensile tests performed at room temperature or at high temperature.

I1.1.4.1. Tensile testing at room temperature

Figure II1.15 shows the results of a typical tensile test performed at room
temperature. The stress at break ¢, and deformation at break ¢, are
obtained when sample failure, the elastic modulus E is obtained as the
tangent of the curve in strain-stress plot and the elastic energy density is

obtained as:
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MJ 9" &
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Figure I1.15 Example of a tensile test performed at room temperature.
The size of the samples for this method was adapted from ASTM

D638 requirements, adopting a Type IV dog-bone shape (Figure 11.106).

The experiments were performed at a crosshead speed of 1 mm/min.

- 115~
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Figure II.16 Detail of the sample dimensions (in mm) according to ASTM
D638 Type IV.
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Figure II.17 Universal testing machines Zwick 1445 (left) and Instron 3366
(right).

Two different equipments were used to perform tensile testing at
room temperature (Figure I1.17). Firstly, a universal testing machine
Zwick 1445 was used at Departament d’Enginyeria Mecanica of Univeristat
Rovira i Virgili (Tarragona) and secondly, a universal testing machine
Instron 3306 was used at Dipartamento di Scienza Applicata e Tecnologia of
Politecnico di Torino (Turin).

I1.1.4.2. Tensile testing at high temperature

Figure I1.18 shows the results of a typical tensile test performed at high
temperature. The stress at break g, and deformation at break ¢, were
obtained when sample failure, the tensile modulus was obtained as the
tangent of the curve in the elastic regime and the elastic energy density

was calculated according to Equation 11.18.
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Prismatic rectangular samples of 20 mm x 2.5 mm x 0.5 were
analyzed at a force rate of 1 N/min. The strain was calculated according
to Equation I1.7.

Tensile testing at high temperature was carried out with a DMA
Q800 (TA Instruments) at Departament de Quimica Analitica i Quinrica
Onganica of Unversitat Rovira i Virgili (Tarragona). Experiments were
performed with a force-controlled mode and equipped with a film-

tension clamp (Figure 11.9).

14

—_
Do

| Stress at break g,

—_
o
1

Stress (MPa)
o

6 Tensile modulus/,/"/
. / Elastic energy density
(2) | /j,:’:’ ’ Deformation at break &,
0 1I0 2I0 3IO 4IO 5I0 6I0 70

Strain (%)

Figure II.18 Examples of a tensile test performed at high temperature.

I1.1.5. Young’s modulus determination

The Young’s or elastic modulus defines the relationship between stress
and strain in a material and can be determined as the slope of a stress-
strain curve, usually by tensile testing (as indicated in Figure II.15).
However determining the Young’s modulus in plastics by tensile testing is
complicated due to the difficulty of determining distinctly the

proportional part of the elastic deformation. This proportional part is
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more clearly observed by 3-point bending testing because the whole test
can be performed in the elastic regime. Moreover, the determination of
the Young’s modulus using 3-point bending assembly has some
advantages with respect to tensile testing, ze. easier sample preparation
and testing.

The modulus of elasticity is calculated using the slope of the force-

deflection curve in accordance with Equation I1.19:

3.

1.19
4-b-d )

E;(MPa)=

where, E, is the flexural modulus of elasticity (MPa), L. is support span
(mm), 4 is width of test beam (mm), 4 is thickness of the tested beam
(mm) and  is the slope of the initial straight-line portion of the force-
deflection curve.

In this thesis the Young’s modulus were determined using DMA
Q800 (TA Instruments) equipped with a 3-point bending clamp of 20
mm of span (Figure 11.3) at Departament de Quimica Analitica i Quimica
Onganica of Universitat Rovira i 1irgili (Tarragona). Experiments were
performed with a force-controlled mode and a force rate of 1 N/min up
to 15 N.

IL.1.6. Izod impact testing

Impact testing is used to measure the resistance to failure of a material to
a suddenly applied load, such as the impact of a moving mass [7]. In an
impact test, a specimen is struck and broken by the action of a single
blow and the energy absorbed by the specimen is measured. The Izod
testing is one of the most commonly used and has become the standard
testing procedure for comparing the impact resistances of plastics.

The modified Izod impact testing employs the pendulum principle

and the test is made on a sample supported as a cantilever. The load is
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applied in flexion by the action of the swinging pendulum, which impacts

the specimen at the bottom of its swing (Figure 11.19).

Pendulum

/

Striking edge

Figure II.19 Schematic representation of the modified Izod impact testing

instrument.

The impact strength (1) is calculated as follows:

S (k_J) _(E-Eg)-E (I1.20)

m? 100§

where E is the energy loss of the pendulum with the sample, E, is energy
loss of the pendulum with no sample (due to friction, deformation of the
supports, vibration of the testing machine, etc.), E, is the energy of the
pendulum and §'is cross section of the sample.

Impact testing was carried out at Departament d’Enginyeria Mecanica
of Universitat Rovira i Virgili (Tarragona) using a Zwick 5110 impact tester
at room temperature (Figure I1.20). Impact test were carried out
according to ASTM D4508-10 with prismatic rectangular samples of 25

mm x 15 mm x 2 mm.
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Figure I1.20 Impact tester Zwick 5110.

I1.1.7. Microhardness

Microhardness testing is used for very brittle materials where only a small
indentation may be made for testing purposes. A pyramidal diamond
point is pressed into the polished surface of the test material with a
known force for a specified time. The length of the long diagonal
produced by the indentation of a thomboidal tip can be related with the
hardness of the material [8]. The Vickers microhardness (HV) can be

calculated as follows:
HI = — (I1.21)
A

where F is the load applied to the indenter in kilograms-force, A, is the

projected area of indentation in mm”.
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Figure I1.21 Microhardness tester Wilson Wolpert 401MAV.

Microhardness testing was carried out at Departament d’Enginyeria
Mecanica of Universitat Rovira i 1irgili (Tarragona) using a Wilson Wolpert
401MAV  (Figure I1.21) according to the ASTM D1474-98(2002)

standard procedure.

I1.1.8. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a technique in which the heat
flow rate difference into a substance and a reference is measured as a
function of temperature while the sample is subjected to a controlled
temperature program [9].

The most common DSC applications are the easy and fast
determination of the glass transition temperature, melting and
crystallization temperatures, heat of fusion, heat of reactions,
characterization of thermosets and measurements of liquid crystal

transitions among others.
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In this thesis, DSC was used to determine the time necessary to
ensure the complete disappearance of any exothermic peak related to
residual crosslinking reactions and ensure the complete polymerization of
the materials.

A Mettler DSC821e equipped with a robotic arm TSO801RO
(Figure I1.22) was used for DSC analysis at Departament de Quinrica
Analitica i Quimica Organica of Universitat Rovira i 1irgili (Tarragona).

Samples of ~10 mg of weight were placed in covered aluminium pans.

Figure I1.22 Calorimeter DSC821e (left) and detail of the robotic arm TSO801
RO (right).

I1.1.9. Thermal Mechanical Analysis (TMA)

Thermomechanical analysis (TMA) measures changes in sample length or
volume as a function of temperature or time under a static or variable
load at atmospheric pressure [9]. In Figure I1.23 is shown a schematic

representation of the thermal mechanical analysis. The most important
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TMA measurements include determination of the coefficient of linear
thermal expansion (CTE) and the glass transition temperature, stress
relaxation, creep tensile properties of films and fibers, flexural properties

and volume dilatometry.

Silica discs

Furnace

I

Figure I1.23 Schematic representation of a TMA instrument.

In this thesis the TMA was used for the determination of the CTE.
Prismatic rectangular samples of 3 mm x 3 mm x 2 mm were sandwiched
between two silica discs and heated at 3 °C/min from 30 to Tg + 30 with
a contact force of 0.01 N for a first scan in order erase thermal history,
followed by a second scan at the same conditions. Figure 11.24 shows a
typical example of the determination of the CTE. The CTE at glassy
region and at rubbery region were obtained from the second scan as:

1y 1 4L
CTE (6) = Eo T (11.22)
where L, is the initial thickness at room temperature, L is the thickness at
any temperature and T'is the temperature.

The TMA analyses were catried out with a TMA/SDTA 840 at
Laboratori de Maguines i Motors Termics of Universitat Politécnica de Catalunya
(Barcelona) (Figure 11.25).
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Figure II.24 Example of a TMA analysis for the determination of the
coefficient of thermal expansion (CTE) at glassy state and at rubbery state.

Figure I1.25 TMA/SDTA 840 (left) and detail of the analysing probe (right).
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I1.1.10.Fourier Transmission Infrared Spectroscopy
(FTIR)

The basic principle of the Fourier transmission infrared spectroscopy
(FTIR) is that the IR radiation passes through the sample where it is
selectively absorbed, depending on the vibrations excited the sample, and
obtaining the absorption and transmission spectrum [10].

According to the Lambert-Beer law:
A=¢-C-L (I1.23)

the absorbance of a specimen A4 at a certain frequency is related with its
absorptivity ¢, its concentration C and with the optical pathway L.
Identifying the signals corresponding to reactive groups involved in a
curing process which disappears as the curing process advances and

monitoring them, it is possible to follow the reaction.
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Figure I1.26 Example of a IR spectrum and detail of the disappearance of a

reactive group during a curing process.
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In this thesis the FTIR was used to check the composition of the
materials provided by manufacturers and to evaluate the final conversion
of UV-curing processes. The samples for UV-curing were coated onto a
sample holder and exposed to UV-light. After 30 seconds of UV
irradiation, the sample was irradiated with IR to analyse the extent of the
reaction and then irradiated again during 30 seconds with UV-light. This
process was repeated until final conversion. The disappearance of the
peak corresponding to acrylate double bond at 1635 cm™ was monitored

and, as the IR absorbance is proportional to the monomer concentration,

the final conversion could be obtained (Figure I1.26).

Figure I1.27 FTIR Bruker Vertex 70 (a), detail of the golden gate heated single
reflection diamond ATR (b) and FTIR Thermo-Nicolet 5700 (c).
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Two different FT-IR devices were used. Firstly, a FTIR
spectrometer Bruker Vertex 70 (Figure I1.27a) with an attenuated total
reflection accessory with thermal control and a diamond crystal (Golden
Gate Heated Single Reflection Diamond ATR, Specac-Teknokroma)
(Figure I1.27b) at Laboratori de Maquines i Motors Termics of Universitat
Politécnica de Catalunya (Barcelona). Secondly, a Thermo-Nicolet 5700
FTIR (Figure 11.27c) at Dipartamento di Scienza Applicata e Tecnologia of
Politecnico di Torino (Turin).

I1.1.11.Scanning Electron Microscopy (SEM)

The principle of scanning electron microscopy (SEM) consists of an
electron beam generated by an electron cathode and electromagnetic
lenses of the column which swept across the surface of a sample (Figure
I1.28). The main signals which are generated by the interaction of the
primary electrons of the electron beam and the specimen’s bulk are
secondary electrons and backscattered electrons and furthermore X rays.
The secondary electrons come from a small layer on the surface and yield
the best resolution, which can be realized with a scanning electron
microscope. The electrons interact with the atoms that make up the
sample producing signals that contain information about the sample's
surface topography, composition, and other properties such as electrical
conductivity [11].

In this thesis, the SEM microscopy was used to analyse the surface
fracture of materials broken by impact testing at room temperature. For
standard SEM analysis, samples were coated with gold.

A microscope Jeol JSM 6400 with a resolution of 3.5 nm was used
tor SEM analyses at Servei de Recursos Cientifics i Técnics of Universitat Rovira i
Virgili (Tarragona) (Figure 11.29).
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Figure I1.28 Schematic representation of a scanning electron microscope.

Figure I1.29 SEM equipment used for obtaining fracture surface images (left)

and detail of electron emitter and samples (right).
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I1.2. Materials

I1.2.1. Tecoflex®

In Chapter III are studied the influence of different processing methods
on shape-memory properties of thermoplastic shape-memory polymers.
The material used to carry out this study was a commercial aliphatic
polyether-based thermoplastic polyurethane named Tecoflex® (Lubrizol).

There is a wide range of formulations available including clear and
filled grades. The formulation selected for this thesis is Tecoflex” EG-
72D (Figure 11.30). The technical supplied by the manufacturer is listed in
Table A.1.

The material was obtained as pellets and processed by injection
moulding with a Injector Moulder 25 (CR Clarke) (Figure 11.31) to obtain

final samples of 20 mm x 5 mm x 1.5mm.

%—NHO—CHQO—NH—E—O«CH2}0>—<§IZ—NHQCHZONH—(‘?—O(-CHZ—)-O
4 4
o ) " \o o) A
q

Figure I1.30 Chemical structure of Tecoflex® EG-72D.
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Figure I1.31 Injector Moulder 25.

I1.2.2. Epoxy-based thermosetting polymers

In Chapter IV hyperbranched modified-epoxy shape-memory polymers
are studied. These materials were prepared at Departament de Quimica
Analitica i Quimica Organica of Universitat Rovira i 17irgilr. The reactants used
to prepare the formulations for study were a diglycidyl ether of bisphenol
A Araldyte® GY 240 (Huntsman) with a weight per epoxy equivalent of
182 g/mol as base epoxy and an aliphatic diamine Jeffamine® D-400
(Huntsman) with M, = 430 g/mol and hyperbranched
poly(ethyleneimine)s Lupasol® (BASF) as crosslinking agents. Two
different types of Lupasol® were used: Lupasol® FG with M, = 800
g/mol and Lupasol® PR8515 with M, = 2000 g/mol.

The physical and chemical specifications supplied by the
manufacturer of each reactant are listed in Table A.2, Table A.3 and
Table A.4. The chemical structure and the proportion of the reactants in

each formulation are shown in the corresponding section.
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I1.2.3. Acrylate-based thermosetting polymers

In Chapter IV acrylate-based shape-memory thermosetting are studied.
These materials were synthesized at Dipartamento di Scienza Applicata e
Tecnologia of Politecnico di Torino (Turin). The reactants used to perform this
study were a diglycidyl ether of bisphenol A diacrylate Ebecryl® 605
(Allnex) (based on 75/25 w/w bisphenol A diacrylate/ tripropylene glycol
diacrylate) with M =500 g/mol and a diglycidyl ether of bisphenol A

ethoxylate diacrylate (Sigma-Aldrich) with M,= 512 g/mol as crosslinking
agents. Methyl methacrylate (Sigma-Aldrich), ethyl methacrylate (Sigma-
Aldrich) and poly(ethylene glycol) methylether methacrylate (Sigma-
Aldrich) with M, =475 g/mol were used as monofunctional chain
builders. Darocur 1173 (BASF) was used as photoinitiator.

The physical and chemical specifications supplied by the
manufacturer of each reactant are listed from Table A.5 to Table A.9.
The chemical structure and the proportion of the reactants in each

formulation are shown in the corresponding section.
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Chapter III

Thermoplastic Shape-Memory Polymers

IT1.1. Introduction

gs described in Section I1.1.4, the mechanism of thermally induced
thermoplastic shape-memory polymers is based on the formation of
a phase segregated morphology, with one phase acting as a molecular
switches and one phase acting as netpoints (Figure III.1.1). The phase

with the highest transition temperature T, or hard-segment provides

eri

mechanical strength and determines the permanent shape. The phase

with the lowest transition temperature T,

trans

or soft-segment allows the
formation of the temporary shape through the formation of secondary
reversible physical crosslinks [1]. These materials are divided into two
categories according to the thermal transition of the switching segment
on which the shape-memory effect is based that is, a melting temperature
T, or a glass transition temperature T, In the case of a melting
temperature, a relatively sharp transition in most cases is observed while
glass transitions always extend over a broad temperature range. Mixed

glass transition temperatures T,

gmix

between the glass transition of the
hard-segment and the soft-segment determining blocks may occur in the
cases where there is no sufficient phase separation between the hard-
segment and the soft-segment. Mixed glass transition temperatures can
also act as switching transitions for the thermally induced shape-memory

effect in thermoplastic SMPs [2].
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Soft-segment

<

Figure IIL.1.1 Schematic representation of the network structure of

Hard-segment

thermoplastic shape-memory polymers.

IT1.1.1. Effect of thermomechanical cyclic conditions

The relationship between shape-memory properties of thermoplastic
SMPs and the thermomechanical cyclic conditions has been widely
studied [3-6]. The resulting shape-memory properties that is, the shape-
recovery ratio R, the shape-fixity ratio R, or the switching temperature T,
are strongly influenced by the choice of test parameters like maximum
stress g, ot strain ¢, or the programming temperature T,
This chapter analyses the influence of the thermomechanical

conditions during shape memory cycling on shape-memory properties of
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a commercial aliphatic polyether-based thermoplastic polyurethane
(Tecoflex® EG-72D). The effect of these parameters is different whether
the programming is performed under stress-controlled or strain-
controlled conditions. Most of the research studies on SMPs are carried
out under strain-controlled conditions; however a stress-controlled
protocol is a more appropriate method for characterizing a SMP which
has to operate under a constant stress. The results obtained during the
realization of this study are presented in two research articles published in
Journal of Material Engineering and Performance on 2014.

The first of these articles (Section I11.3) describes the influence of
the maximum stress applied, the programming temperature and the
number of cycles performed on shape-memory properties and
stabilization of shape recovery. The shape-recovery ratio showed higher
values with lower programming temperatures and lower maximum
programming stresses. In the case of shape fixation, it was not
significantly affected by maximum stresses but it showed higher values
when the programming temperature was lower than the transition
temperature of the SMP. The switching temperature was not affected by
maximum stress but increased when the programming temperature was
increased.

It is observed that shape-memory properties can vary significantly
with successive thermomechanical cycles [3,7]. The shape-recovery ratio
decreases significantly during the first cycles until it reaches a steady
behaviour. Bearing in mind SMP applications in which multiple shape-
memory cycles have to be performed, the degradation of the shape-
memory polymers has to be controlled. Consequently, a stabilization
criterion was used in order to determine whether the shape-memory
properties reached a steady behaviour. Higher maximum prescribed
stresses and higher programming temperatures accentuated the
degradation of shape recovery with cycling. The shape fixity and the

switching temperature were not significantly affected by cycling. The
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stabilization of the shape-memory properties was achieved earlier with
lower maximum stress values and the programming temperature did not
affect the stabilization.

The results of this study give an overview of how the combination
of different thermomechanical programming parameters can affect the
shape-memory properties and the lifetime of SMP applications.

The second article (Section II1.4) describes the influence of the
stress-holding time and the temperature at which it is applied during the
programming of the temporary shape. To the best knowledge of the
authors, only the holding time under strain-controlled conditions that is,
the strain-holding time, has been studied. Tobushi ¢z a/. [8] studied the
influence of the strain-holding conditions on shape recovery and
secondary-shape forming in polyurethane-SMP films. It was confirmed in
research on the long-term characteristics of the polyurethane SMP foam
that the shape fixity and shape recovery became imperfect, and
secondary-shape forming appears, depending on the strain-holding
conditions. McClung e/ al. [9] studied the strain-holding time on a
commercial two-part epoxy-based SMP (Veriflex®). Although the testing
material was not a thermoplastic SMP, the effect of the strain-holding
time can be understood and related to thermoplastic SMPs. The authors
reported a slight decrease in the average total strain recovery and no
changes in shape fixity as the strain-holding time was increased. Based on
these results, the strain-holding time at elevated temperature causes a
stress-relaxation phenomenon on the SMP which adversely affects the
extent of shape recovery. The less time the material is given for
configurational changes to take place at elevated temperature, the less
resistance the material produces against locking in the strain and the
better total strain recovery [9].

In those research studies, the strain-holding time was in the range
of a few minutes to a few hours. The stress-holding time applied at

elevated temperature produces an increase in the maximum deformation
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due to a creep phenomenon. The study presented in Section II1.4 shows
that shape recovery decreased drastically when a stress-holding time at
high temperature was applied, even though it was applied just for a few
seconds. This degradation was more accentuated when the programming
temperature was lower than the glass transition temperature of the SMP.
The shape fixation and the switching temperature were not affected by
the stress-holding time or by cycling.

The effect of the stress-holding time has important implications for
the design of applications in which the SMP needs to work under a
constant stress. The cooling process should be as fast as possible in order
to reduce the effect of the stress-holding time. The programming of the
temporary shape might be compromised due to an increase in the
maximum deformation in each cycle when a stress-holding time is

applied.
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Effect of Different Shape-Memory Processing
Methods on the Thermomechanical Cyclic

Properties of a Shape-Memory Polyurethane

David Santiago', Francesc Ferrando', Silvia De la Flot'

'Department of Mechanical Engineering, Universitat Rovira i Virgili, Av.
Paisos Catalans 26, 43007, Tarragona (Spain)

Abstract

Shape-memory polymers are materials that are capable of changing their
shape when an external stimulus is applied. This effect is called the shape-
memory effect (SME) and takes place by means of a thermomechanical
cycle called programming. The SME depends on the thermomechanical
conditions at which programming is performed, and the influence of
these conditions differs depending on whether the programming is
performed with a strain- or stress-controlled protocol. This study focuses
on finding the thermomechanical cycling conditions in stress-controlled
programming (T, and g,) that stabilize the material in the fewest cycles
while obtaining the best mechanical and shape-memory properties over
the highest number of cycles. Using a T}, above or below, the glass
transition temperature makes a big difference in terms of shape recovery
and the maximum stress is a key factor in the stabilization of shape-

memory properties.

Keywords: Creep and stress rupture, cycling, mechanical, shape-memory polymer,
shape-memory polyurethane, stress-controlled programming, Tecoflex”

1. Introduction

Shape-memory polymers (SMPs) are materials that can be deformed and

fixed in a new or temporary shape and return to their original shape, once
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the appropriate stimulus is applied [1]. This effect is called the shape-
memory effect (SME) and can be induced by an electrical current, a
magnetic field or light [2,3], however, the most common SMPs are heat
triggered. The SME also appears in other materials like metallic alloys,
but SMPs become an excellent substitute when low density and easy
conformation are needed as well as the possibility of tailoring the
transition temperature. The main fields of applications of SMPs are
packaging, electronics, textiles, and aerospace applications [2].

The SME is not an intrinsic property of these kind of polymers. It
needs a specific molecular structure and the performance of a
thermomechanical procedure to ‘program’ the new shape and to recover
the original. The shape-memory polymer architecture consists of
netpoints, or the “hard-segment,” and switches, or the “soft-segment.”
The hard-segment determines the permanent shape and has the highest

thermal transition (T,,,), and the soft-segment allows the deformation

57’/7/) b

and the fixation of the temporary shape and has a lower thermal

transition (T,

ran.

J.- The fixation of the temporary shape occurs by the
formation of secondary reversible physical crosslinks. These crosslinks
can be formed by the vitrification or crystallization of the switching

domains, depending on their chemical nature. Therefore, T, , can be a

trans

melting temperature or a glass transition temperature. Once the

temperature exceeds T

trans>

the crystallites melt or the glassy regions
become rubber and the crosslinks, which had stabilized the temporary
shape, disappear.

The procedure for creating the temporary shape and triggering the
SME is a thermomechanical cycle called programming (Figure I11.3.1).
Programming begins by heating up the material from an elastic state to a
rubbery state, which causes a great decrease in the Young modulus [4]. At
this high temperature (T,,), the material is deformed into the temporary
shape. At this stage, the polymer chains are deformed from a high

entropy random coil state to a low entropy-aligned state [5,6]. The



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

J. Mater. Eng. Perform. 2014, 23, 2561-2566 105

material can be stretched into a prescribed value of strain (g,) or stress
(g,). The strain or stress is held constant while the material is cooled
down to a low temperature (T),). During the cooling stage, secondary
reversible crosslinks are formed due to the vitrification or crystallization
of the switching domains. Once the SMP is cooled down, the stress is
released and the temporary shape is fixed. To trigger the SME, the

material is heated up again (7,

ecover)

), allowing the recovery of the original
or permanent shape. This thermomechanical cycle can be repeated any
number of times.

The SME is strongly influenced by different cyclic conditions such
as the maximum imposed strain (¢,) or stress (g,), the programming

temperature (T,,) or the number of cycles performed [4-9]. By varying

these programming conditions, it is possible to alter shape-memory
properties of the SMP. However, the study of these parameters needs to
distinguish whether this programming is performed with a strain- or
stress-controlled protocol. In the literature, most of the works that study
the influence of the thermomechanical conditions on shape-memory
properties were performed using a strain-controlled procedure [9-11].
However, stress-controlled programming is more appropriate for
applications that require working under constant stress, such as a
thermomechanical actuator with partially impeded recovery or deployable
structures for aerospace applications.

When programming is performed with a stress-controlled protocol,
the programming temperature (T,,) and the maximum prescribed stress
(0,) applied are two of the most important parameters. Therefore, this
study focuses on finding the thermomechanical cycling conditions in

stress-controlled programming (z.e., T}, and ¢,) that stabilize the material

708

in the fewest cycles while obtaining the best mechanical and shape-

memory properties over the highest number of cycles.
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2. Materials and Experimental Method

2.1 Materials

The experiments were performed using Tecoflex” (Lubrizol, USA)
thermoplastic amorphous shape-memory polyurethane. The strip
dimensions for testing were 20 mm x 5 mm x 1.5 mm. Tecoflex” (TFX
EG-72D) was obtained by synthesizing methylene  bis(p-
cyclohexylisocyanate)  (H,,MDI), 1,4-butanediol  (1,4-BD) and
poly(tetramethylene glycol) (PTMG) [12].

2.2 Thermomechanical Characterization

Glass transition temperature (1) was measured using a DMA Q800 (TA
Instruments, USA) equipped with 3-point bending clamp. The sample
was heated from 30 to 150 °C at a heating rate of 3 °C/min and a
frequency of 1 Hz. IR measurements were carried out using a FTIR
Vertex 70 (Bruker, Germany) equipped with a Golden Gate ATR
(Specac-Teknokroma) accessory. The measurements were taken with a
range from 4000 to 600 cm’, a resolution of 2 cm™, and a scan time of 10

scans.

2.3 Determination of Shape-Memory Properties

Thermomechanical cycling was performed using a DMA Q800 (TA
Instruments) equipped with a film-tension clamp in force-controlled
mode. The shape-memory thermomechanical cycle performed is shown
in Figure I11.3.1. First, the sample is heated to T, with a heating rate of 3
K/min and then stretched into the prescribed stress (g,) at a constant
stress rate of 0.4 MPa/min. In this state, the length of the sample at g,,is
L, Once the specimen has been stretched, the next step is to cool it

down to T,

low

(30 °C), to fix the temporary shape. This process should be
done as fast as possible (5 K/min in our experiments) in order to avoid
possible non-desired creep effects. Even so, there is a little variation in

the deformation and the length of the specimen after cooling reaches L,
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After fixation, the stress is released at the same stress rate of 0.4
MPa/min. Once the sample is unloaded, the length of the sample is L,
The cycle is completed by reheating the sample to T,,,, (70 °C) at 3
K/min. A certain deformation, which the material cannot recover, is
stored and the length of the sample at the end of the cycle is I,. The time

between two consecutive cycles is three minutes.

unloading

Length

recovery

T,

recovery

Figure III.3.1 Scheme of the thermomechanical cycle performed with a stress-

controlled mode.

prog

compare the behavior of TFX EG-72D when T,,,is above and below the

prog

T, (50, 60, and 70 °C) as well as when T, ~ T, The specimens were

e
stretched using two different prescribed maximum stresses, 0.7 and 1.4

Three different T,,, were chosen in the vicinity of T, in order to

MPa. The thermomechanical programming was repeated for 25
consecutive cycles in order to analyze the influence of these parameters

and stabilization with cycling.
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The most significant parameter for quantifying shape-memory
properties is the shape-recovery ratio (R). The shape-recovery ratio is
used to quantify how well an SMP recovers its original shape [2]. There
are two significant ways to define this parameter, one defined by Tobushi
et al. [13] and the other defined by Lendlein and Kelch [2], and both of
them seem appropriate when the programming is strain-controlled.
Nevertheless, these parameters are not suitable when the programming is
performed with a stress-controlled protocol as stated by Liu ez a/. [1].
Therefore, in this work, the following shape-recovery ratio (Equation

I11.3.1) to quantify permanent shape-recovery was used.

LN - LN

0 (111.3.1)
L) =Ly

R,(N) =
where I(N) is the maximum length reached in the cycle N, [,(N) is the
length of the sample at the end of the cycle (N), and L,is the initial length
of the sample at the beginning of the programming. In a stress-controlled
procedure, the samples are stretched into a fixed g,, which means the
maximum length reached increases with each cycle. So R, compares the
elongation recovered during the Nth cycle I,(N) — L[,(N) with the
maximum elongation, I,(N) — L, reached before cooling the sample
during the Nth cycle. The shape-recovery quantification was calculated
with I,and not with I, because this variation of deformation is very low
and tends to disappear with cycling.

Shape-memory properties vary significantly with successive
thermomechanical cycles [6,8,14]. K, decreases markedly in the initial
cycles and remains stable during the following cycles. To determine
whether a sample had reached a steady behavior, the average value and
the standard deviation of R over 10 successive cycles were calculated. K,
was considered to be stable when the standard deviation value was under
2%, and this condition was repeated for at least five consecutive values.

Regardless of the number of cycles needed to reach the stability, all
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programmings were performed with N = 25 cycles (which is above the
highest stabilization cycle of any sample).

Another important property for an SMP is the ability to fix a
temporary shape [2]. The shape-fixity ratio (R) quantifies this ability. The
shape-fixity ratio (Equation II1.3.2) compares the deformation of the
sample after unloading with the maximum deformation reached in each

cycle.

I#AIJ)__I;O

A= N1,

- 100 (IIL.3.2)

Another parameter that can be affected by the thermomechanical
conditions is the switching temperature (T,). T, is the temperature at the
inflection point during the recovery stage of the length-temperature curve

(Figure II1.3.1) and it is similar to T,

trans®

The change in T, upon cycling has

also been quantified for each test condition.

3. Results and Discussion

The glass transition temperature of TFX EG-72D was measured by
means of dynamic mechanical analysis (Figure 111.3.2a). Two relaxations
occurred. The first peak of tan & at 61 °C corresponds to the glass
transition temperature of a mixed-phase formed by hard- and soft-
segments. The second relaxation occurred at 120 °C and corresponds to
the glass transition of the hard-segment [12]. The stiffness of TFX EG-
72D dramatically changes when the temperature is above the glass
transition temperature. The storage modulus E’in the glassy state is two
orders of magnitude higher than the modulus in the rubbery state. This
important difference of the mechanical properties between the glassy and
rubbery states is crucial if a polymer is going to present the SME [1].
Below the glass transition temperature, the polymer chains adopt a high
entropy random coil state. Above the glass transition temperature, the

polymer is easily deformed into a low entropy state, because the polymer
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chains acquire a more aligned state. If the SMP is cooled down while the
stress is still applied, then reversible secondary crosslinks are formed.
They can hold the deformation because the polymer is in a low entropy
state and the driving entropic forces cannot overcome the crosslinks [15].
Once temperature exceeds the T, the crosslinks disappear and the SMP
tends to a more stable high entropy state, and the polymer returns to the
original shape.

Figure I11.3.2b shows the IR spectrum of TFX EG-72D. The main
absorption bands are 3340 cm’, NH stretching; 2925 cm’, B CH2
stretching; 2853 cm”, « CH2 stretching; 1697 cm’, C=O stretching
(amide I band); 1571 cm”, CN stretching (1° amide) and NH bending
(amide II band); 1219 cm™, CN stretching (amide I1I band); 1095 cm™, C-
O-C stretching (urethane); and 778 cm’, ring puckering. The results of
the IR spectrum indicate that the composition of TFX EG-72D

corresponds with that provided by the manufacturer.

1000 - r2 0.5
k 1095
0.4 1697
@ 2925
£ 03
w g 2853
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Figure II1.3.2 (a) Storage modulus £’ and tan 8 as a function of temperature;
(b) IR spectrum of TFX EG-72D

As shown in Figure II1.3.3, the SMP shows shape-recovery ratio
degradation with cycling for both g, and all T,,. With g, = 0.7 MPa, R,
decreases drastically during the first seven cycles, and then taking on a

steady behavior with a slight decrease to the stabilization cycle (IN,) for all
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= 50 and 70 °C show an
while with T, = 60 °C,
1.4 MPa and again for all
the initial drop of R is notably higher and lasted until N = 10. From

T,

prog

The programmings performed with

stabilization is reached at N, = 25. With ¢, =
T

prop
this point to N, R, also decreases slightly. The stabilization cycles for

=50, 60, and 70 °C are N, = 22, 24, and 21, respectively.
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Figure IIL.3.3 Shape-recovery ratios upon cycling of the experiments

performed

Similar results were also reported by Schmidt ez 4/ [6], but those
were obtained with a strain-controlled procedure. This degradation of R,
is caused by the accumulation of irrecoverable strain at the end of the
cycles that the SMP cannot recover and is notably more pronounced with
0,= 1.4 MPa than with g,= 0.7 MPa. Comparing the first cycle with N,
with g, = 0.7 MPa, R, only drops a 24% for T, = 50 °C and a higher
with T, = 60 and 70 °C around 30%). However,
= 1.4 MPa this drop is higher for all T,  (36% for 50 °C and,

again, similar values for 60 and 70 °C, around 50%).

value (but similar)

when o

pa

= 1.4 MPa.
This may be related to the higher degradation of R, with higher o,. The

The stabilization cycle N, of R, is reached later with o,

Z

accumulation of irrecoverable strain grows with each cycle, thereby
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preventing steady behavior from being achieved. It seems that T, does

not strongly influence N, however stabilization is reached later with T,

= 60 °C at both g,. The reason for these results might be explained by the
programming of the SMP at T, ~ T, which may have prevented the

prog
glassy-rubbery ratio of the mixed-phase from being well established,

thereby resulting in the instability of shape-memory properties.

Comparing the values of R, between T, s, R, is higher with lower

T

prog

with 70 °C. This could be explained because the rubbery domains of the

The highest recovery values are reached with 50 °C and the lowest

mixed-phase support the fixation of the temporary shape while the glassy
domains support the recovery of the permanent shape. Therefore, when
T,, < T, the mixed-phase is in a predominantly glassy state and better
recovery is achieved [12]. Nevertheless, the programmings performed

with T, = 60 °C show unexpected R, values during the first cycle: at g, =
0.7 MPa a higher value would be expected than with T, = 70 °C; and at
= 50 °C. These results may be
caused by the possible instability of shape-memory properties in the

0, = 1.4 MPa a lower value than with T,
vicinity of T,

Figure II1.3.4 shows the shape-fixity ratios upon cycling for both
= 0.7 MPa, R, shows a notable
= 50 °C and very similar values with T, = 60 °C and

maximum o, and different T, . With g,

prog m

decrease when T,

T,, = 70 °C. R, does not seem to be affected by cycling (for all T, ) as
also described by McClung ez a/ [8], but using a strain-controlled
procedure. However, with ¢, = 1.4 MPa a different behavior can be
observed, in which R, increases notably during the first four cycles. It
seems that higher ¢, causes instability at the beginning of the
thermomechanical cycling and the fixation needs a few cycles to establish
a steady behavior. Once the SMP has passed this initial transitional
regime, the values of R, with g, = 1.4 MPa are similar to those with g,

0.7 MPa.
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Figure III.3.4 Shape-fixity ratios upon cycling of each experiment performed.

Regardless of g,, R; is higher with higher T,

e Lhis is because, as

mentioned earlier, the fixation of the temporary shape is carried out by
the rubbery domains of the mixed-phase [12]. With T, = 50 °C, which is
below the T,, the mixed-phase is predominantly in a glassy-state, and thus
R;is significantly lower than with T, = 60 and 70 °C. With T, = 70 °C,

prog prog

R;is slightly higher than with T,,, = 60 °C, because at 70 °C the mixed-

prog
phase is in a completely rubbery state while at 60 °C some glassy domains

that have not yet become rubbery may still be present.

Figure II1.3.5 shows the evolution of the switching temperature
upon cycling for both maximum g, and different T, . With g, = 0.7 MPa,
T, shows similar values for T, , = 60 °C and T,,, = 70 °C and slightly

sw prog

lower values with T, = 50 °C. T,, is not affected by cycling, however,

with ¢, = 1.4 MPa, T, increases with cycling to approximately N = 15.
From this point forward, no more changes with cycling are observed and
T, has almost the same values as with g, = 0.7 MPa. This initial increase
with g, = 1.4 MPa is similar to that shown in R, however, it seems that
switching temperature is more sensitive with higher g, because the

transitional regime is notably longer than in the case of R. A comparison
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of the values of T, between the different T, shows that T, increases

with higher T, , as mentioned by Cui ez 4/ [16].

prog
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Figure II1.3.5 Switching temperature upon cycling of each condition

An important phenomenon that takes place when the samples are
subjected to successive cycles is a progressive strain-hardening. Figure
II1.3.6 shows the strain-stress curves of the stretching stage of each
condition of testing. The deformation represented in the x axis of Figure
II1.3.6 corresponds to the amount of deformation reached in each cycle,
calculated as ¢ = (L(N) — Ly(N))/Ly(N), where I(N) is the length of the
sample reached at the prescribed stress during the cycle N and L,(N) is
the initial length of the sample at beginning of the cycle N. When
repeated thermomechanical strain-controlled cycles are carried out, there
is an increase in the maximum stress in each cycle [8,14]. However, when
the programming is performed with a stress-controlled protocol, a
progressive decrease in the strain el (deformation of the sample at g, and

T,,) with cycling is observed.
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Figure II1.3.6 Strain-stress curves of the stretching stage of the 1st, 5th, 10th,
15th, 20th, and 25th cycles of each programming performed

With g, = 0.7 MPa, the slope of the curve increases progressively
to N = 5 and from that point forward, the hardening phenomenon

saturates and the slope does not significantly change. However, with g, =
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1.4 MPa, the strain-hardening is more pronounced. The increasing of the
slopes of the curves is progressive to N = 10 and from this point to N =
20, where the hardening phenomenon saturates, the slopes increase only
slightly. This behavior of hardening saturation seems to be the same
regardless of the T, used for each g,

Strain-hardening with cycling can be related to the alignment of the
polymer chains and the accumulation of plastic deformation [17]. At first
=70 °C,

however, the decrease in the deformation in relative terms is notably

glance, it seems that the hardening is more pronounced at T,

higher at T}, = 50 °C. Comparing the deformation between the 1" cycle

and the stabilization cycle (IN), with g, = 0.7 MPa, the deformation drops
to around 49% (N, = 18), 23% (N, = 25), and 26% (IN, = 19) and with o,

= 1.4 MPa to around 70% (N, = 22), 47% (N, = 24), and 55% (N, = 21)
for T,,, = 50, 60, and 70 °C, respectively. These results may be explained

prog

by the fact that when the specimen is stretched at T,

higher accumulation of plastic deformation because the polymer chains

< T, there is a

cannot flow easily.

Conclusions

Shape-memory properties of a shape-memory polyurethane (TFX EG-
72D) programmed with a stress-controlled procedure have been
investigated. The influence of different programming conditions on
shape-recovery and the shape-fixity, switching temperature and the
stabilization over successive cycles is analyzed and discussed.

The shape-recovery ratio showed higher values with lower T}, and
lower g,. When the SMP was subjected to successive cycles, R, degraded
with cycling due to the accumulation of irrecoverable deformation.
Higher maximum prescribed stress accentuated this degradation, causing

a higher drop in R, and delaying stabilization. Higher T,  also caused a

prog
higher decrease in R, with cycling. This effect was slight in comparison

with ¢, and did not affect the stability of R, however when the SMP is
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programmed in the vicinity of T, shape-memory properties can be
instable, hindering stabilization.
With low ¢

/23

neither the shape-fixity ratio R, nor the switching
temperature T, was affected by cycling. However, with higher g,, R, and
T, became instable during the first cycles, increasingly slightly until
reaching steady behavior. Once stability was reached, R, and T, showed
> T, TFX EG-72D showed better values

< T,and T, increased with increasing T, .

similar values at each g, If T,

of fixation than T,
Another important phenomenon was observed when the SMP was
programmed over successive cycles: progressive strain-hardening. This
phenomenon was more pronounced when T, < T. When low g, was
applied, the strain-hardening saturated early, but with higher g, it was
prolonged for more cycles and the percentage of hardening was higher.
As a global conclusion for future applications that need to work in
a stress-controlled procedure over successive cycles, it would be
imperative to carefully select the most appropriate thermomechanical
conditions (Ze., g, and T,,) to ensure correct operation, as they greatly
influence the shape-recovery and stabilization of shape-memory

properties when the SMP is subjected to successive cycles.
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Influence of Holding Time on Shape Recovery in
a Polyurethane Shape-Memory Polymer
David Santiago', Francesc Ferrando', Silvia De la Flor'

'Department of Mechanical Engineering, Universitat Rovira i Virgili, Av.
Paisos Catalans 26, 43007, Tarragona (Spain)

Abstract

Shape-memory polymers have attracted a lot of interest in recent years. A
shape-memory polymer can be deformed and fixed into a temporary
shape and subsequently made to recover its original shape when a
suitable stimulus is applied. This is accomplished by means of a
thermomechanical cycle called programming. Programming can be
performed in a stress-or strain-controlled mode. The thermomechanical
conditions of the programming affect shape-memory properties
differently in each programming mode. One of the parameters which
significantly affects shape-memory properties in a stress-controlled
procedure is stress-holding time (%) at high temperature. This paper
studies how stress-holding time affects the most significant shape-
memory properties under successive thermomechanical cycles. The
experiments were conducted using two different programming
temperatures in the vicinity of the T,. The shape-recovery ratio decreased
dramatically with cycling even when the holding time was just a few
seconds, however, the impact of the stress-holding time depends on the
temperature at which it has been applied. Shape-fixity ratio and switching
temperature were also studied, but stress-holding time and successive

cycles do not seem to affect either of these factors.

Keywords: creep and stress rupture, cyclic behavior, mechanical, nondestructive

testing, polyurethane, shape-memory polymers, stress-holding time
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1. Introduction

Shape-memory polymers (SMPs) are materials that are capable of
changing shape when an external stimulus is applied. This effect is called
the shape-memory effect (SME) and it is usually thermally induced, but it
can also be induced by means of an electrical current, light, or a magnetic
field if the polymer is propetly filled [1]. SME can also appear in other
materials like metallic alloys, but SMPs are an excellent replacement in
applications where low density and easy conformation are needed as well
as the possibility of tailoring the transition temperature. The main fields
of applications of shape-memory polymers are packaging, electronics,
textiles, and biomedical and aerospace applications [1].

The SME requires a specific polymer network and a
thermomechanical procedure called programming. The shape-memory
polymer architecture consists of netpoints, or the “hard-segment”, and
switches called the “soft-segment”. The hard-segment determines the
permanent shape and has the highest thermal transition (T},,), while the
soft-segment allows the material to deform and take on a fixed temporary
shape and has a lower thermal transition (7,,,,) [1].

The thermomechanical procedure to create the temporary shape
and to trigger the recovery effect, called programming, is shown in Figure
I11.4.1a. The cycle consists of four steps: stretching the specimen to g, at

a high temperature (T,,); cooling to a low temperature (T

0l

) in order to

fix the temporary shape, maintaining o,; releasing the stress o, at T),,; and,

o m low>

finally, heating to T, (which is usually equal or greater than T, ) to

recovery prog
trigger the SME. Programming begins with heating up the material from
a glassy state to a rubbery state, which causes a great decrease in the
Young modulus [2]. At T, the material is deformed into the temporary
shape and the polymer chains are deformed from a high-entropy random
coll state to a low-entropy aligned state. The deformation is maintained

while the material is cooled down to T

low

in order to fix the temporary

shape. Fixation occurs by means of the formation of secondary reversible
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crosslinks [1]. These crosslinks are formed, depending on the nature of
the soft-segment, by the vitrification or crystallization of the switching
domains. Therefore, the transition temperature of the soft-segment (T,,,)
can be a melting temperature or a glass transition temperature. The stress
is then released and the new crosslinks that are formed are imposed on
the netpoints, which means the material remains stable in its new shape
[2]. To trigger the SME and recover the permanent shape, the material is
heated up to T, Once the temperature exceeds T,

recovery* rans>

the crystallites
melt or the glassy regions become rubber and the crosslinks which
stabilize the temporary shape disappear. The recovery force is led by the

entropy elasticity of the soft-segment, because, over the T, the soft-

transd

segment gains entropy by moving from an aligned state to a random coil

[3]-
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Figure II1.4.1 (a) Scheme of the thermomechanical cycle performed with a
stress-controlled mode under stress-holding conditions; (b) scheme of the
strain-temperature plot performed with a stress-controlled mode under stress-

holding conditions.

Several thermomechanical conditions affect shape-memory
properties during programming, such as the maximum imposed strain or

T,, ot T, ., the stretching rate

o> recover), b

stress, programming temperatures (T,

fﬁg’
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(¢ or 0), and the number of cycles performed [4-7]. However, the effects
of these parameters can differ depending on whether programming is
performed with a strain-or a stress-controlled protocol. In strain-
controlled programming, the SMP is deformed into a desired strain, while
in a stress-controlled programming, it is stretched to a prescribed stress.
Most of the studies in the literature that focus on the shape-memory
properties of SMPs are performed with strain-controlled programming.
However, if the SMP needs to work as a thermomechanical actuator, the
most appropriate programming mode is stress-controlled. In this study, a
stress-controlled protocol is used in order to improve understanding of
this kind of procedure.

One of the most significant parameters mentioned above that
affects shape-memory properties is the strain or stress-holding time.
Several authors have studied strain-holding conditions and their effect on
shape-memory properties [4,6-9]. Strain-holding time causes a decrease in
shape recovery due to stress relaxation; however, the effect of holding
stress at a high temperature has not been investigated.

Therefore, the primary objective of this paper is to analyze the
influence of stress-holding time on shape-memory properties. The effect
of different #; and the temperature at which they are applied when the
SMP is subjected to successive thermomechanical cycles is also discussed.

Stress-holding times at a high temperature can produce undesired
effects, such as overrunning the yield point or storing too much
irrecoverable deformation, even if the #; is just a few seconds. Therefore,
the proper understanding of the effect of stress-holding time would be
useful for shape-memory applications which need to work under

constant stress, such as actuators or reconfigurable structures.
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2. Material and Methods

2.1 Material

The experiments were performed using Tecoflex” (Lubrizol, USA)
thermoplastic amorphous shape-memory polyurethane. The strip
dimensions for testing were 20 mm x 5mm x 1.5 mm. Tecoflex” (TFX
EG-72D) was obtained by synthesizing methylene  bis(p-
cyclohexylisocyanate)  (H,,MDI), 1,4-butanediol  (1,4-BD), and
poly(tetramethylene glycol) (PTMG) [10].

2.2 Thermomechanical Characterization

T, was measured using a DMA Q800 (TA Instruments, USA) equipped
with a 3-point bending clamp. The sample was heated from 30 to 150 °C
at a heating rate of 3 °C/min and a frequency of 1 Hz. IR measurements
were carried out using a FTIR Vertex 70 (Bruker, Germany) equipped
with a Golden Gate ATR (Specac-Teknokroma) accessory. The
measurements were taken with a range from 4000 to 600 cm’, a

resolution of 2cm™, and a scan time of 10 scans.

2.3 Determination of Shape-Memory Properties

Thermomechanical cycling or programming was carried out using a
DMA Q800 (TA Instruments, USA) equipped with a film-tension clamp
in force-controlled mode. The shape-memory thermomechanical cycle
performed with stress-holding time (7)) is shown in Figure 111.4.1b. First,
the sample is heated to the programming high temperature (T,,). The
sample is stretched into the prescribed stress, 0,, at a constant stress rate
of 0.4 MPa/min. In this state, the deformation of the sample is el. Once
the sample is stretched, the stress-holding time, #,, is applied. This causes
an additional deformation ¢, caused by a creep phenomenon. Thus, the
total deformation is ¢, = ¢, + ¢. The next step is to fix the temporary

shape. To achieve this, the specimen is cooled to T),. During cooling,

secondary reversible crosslinks are formed by the vitrification of the soft-
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segment. Once the sample is cooled down, the stress is released at the
same stress rate of 0.4 MPa/min. After unloading, the strain of the
sample is ¢, The cycle is completed by reheating again the sample to
Ty (70 °C) at 3 °C/min. At this temperature, the physically reversible
crosslinks which fix the temporary shape disappear (the soft-segments
become rubbery again) and the material recovers its permanent shape. A
certain degree of deformation, which the material cannot recover, is
stored, and the strain at the end of the cycle is ¢, Programming is
repeated for 30 consecutive cycles. The time between two consecutive
cycles is 3 min.

The different parameters used in the experiments performed are
presented in Table I11.4.1. The number of cycles performed was N = 30
in order to study the evolution of the shape-memory properties with
cycling, and the maximum stress g, was 0.7 MPa. Two different
50 and 60 °C, in order to compare the
< T,and T,, = T, For each T,

prog prop

temperatures were chosen as T,

response of the material when T,
experiments with different %, were carried out from #; = 10 s until 4, =
120 s. The times seem short in comparison with those used in strain-
holding programming, but it is important to note that even very short

times produce significant effects in shape-memory properties.

Table ITI.4.1 Stress-holding times applied in each experiment

I;Jtog" OC tm S
50 0 10 30 60 90 120
60 0 10 30 60 90 -

The most significant parameter for quantifying how well the SMP
memorizes the permanent shape is the shape-recovery ratio (R) [1].
There are two significant ways to define this parameter, one defined by
Tobushi ef /. [11] and another defined by Lendlein and Kelch [1]. Both

of them seem appropriate when programming is strain controlled.
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However, these parameters are not suitable when programming is
performed with a stress-controlled protocol as stated by Liu ef al. [12].
Therefore, in this work, the following expression to quantify permanent

shape recovery was used (Equation I11.4.1).

gm(Tq) _-éfcbq).

100 111.4.1
&n(N) R

R,(N)=

In this ratio, the amount of deformation recovered during the Nth
cycle, ¢,(N) - ¢(IN), is compared with the deformation after the stress-
holding time ¢, (IN) of the Nth cycle (referred to as the initial length, ).

Successive thermomechanical cycles cause a degradation in the
shape-memory properties [5,9]. The accumulation of irrecoverable strain
causes a decrease in R, with cycling until it reaches a steady behavior. To
determine whether a sample had reached this steady behavior, the average
value and the standard deviation of R, over 10 successive cycles were
calculated. R was considered to be stable when the standard deviation
value was under 2% and this condition was repeated for at least five
consecutive cycles. Regardless of the number of cycles needed to reach
stability, all programmings were performed with N = 30 cycles (which is
above the highest stabilization cycle of any sample).

Another important property for an SMP is its ability to fix the
temporary shape. The shape-fixity ratio (R) quantifies this ability [1]. The
shape-fixity ratio compares the maximum deformation reached in each
cycle and the deformation of the sample once it has been unloaded. If the
specimen is subjected to stress-holding conditions, in addition to the
deformation caused by the prescribed stress, there is a certain amount of
deformation caused due to creep, as explained above. Therefore, in order
to study the fixation of the temporary shape, the shape-fixity ratio was
calculated using the maximum deformation reached in each cycle ¢,. The

shape-fixity-used ratio is presented in Equation 111.4.2.
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L,IN)—L,
Ry (%) = M - 100 (I11.4.2)
L, N) — Ly

Another parameter that can be affected by the thermomechanical
process and stress-holding time is switching temperature (T),). T, is the
temperature at the inflection point during the recovery stage of the strain-

temperature curve (Figure 111.4.1b), and it is similar to T,

trans*

The change
in T, upon cycling and stress holding is also quantified.

Ry

3. Results and Discussion

The glass transition temperature of TFX EG-72D was measured by
means of dynamic mechanical analysis (Figure II1.4.2a). Two relaxations
occurred. The first peak of tan & at 61 °C corresponds to the glass
transition temperature of a mixed phase formed by hard and soft-
segments. The second relaxation occurred at 120 °C and corresponds to
the glass transition of the hard-segment [13]. The storage modulus E’ in
the glassy state is two orders of magnitude higher than the modulus in the
rubbery state. This important difference in the mechanical properties of
the glassy and rubbery states is crucial for a polymer to present the SME
[12]. If the SMP is deformed at a high temperature and cooled down to a
low temperature under a constant strain or stress, the driving entropic
forces are not able to surpass the secondary reversible crosslinks formed
during fixation and the temporary shape remains stable [2].

Figure 111.4.2b shows the IR spectrum of TFX EG-72D. The main
absorption bands are 3340 cm’, NH stretching; 2925 cm’, 8 CH2
stretching; 2853 cm’, o CH2 stretching; 1697 cm’', C=0 stretching
(amide I band); 1571 cm”, CN stretching (1° amide) and NH bending
(amide I band); 1219 cm™, CN stretching (amide 111 band); 1095 cm™, C-
O-C stretching (urethane); and 778 cm’, ring puckering. The results of
the IR spectrum indicate that the composition of TFX EG-72D



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

J. Mater. Eng. Perform. 2014, 23, 2567-2573 131

corresponds to that provided by the manufacturer and, therefore, a

significant SME can be expected.

1000 - r2 0.5

L 1095
' ~
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100 4 v 16
) 5
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0.1 + . . . . 0 0 . SN .
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(a) (b)

Figure II1.4.2 (a) Storage modulus E’ and tan 8 as a function of temperature;
(b) IR spectrum of TFX EG-72D.

Figure 1I1.4.3 shows the deformation el (corresponding to the
strain at the prescribed stress g, without #;) and the additional
deformation ¢, added in each cycle due to the creep phenomenon that
takes places during the 7, for programming cycles at T, = 50 °C and 60
°C. ¢, 1is calculated as the percentage of deformation added at each #,; with
respect to the deformation el. With T, = 50 °C, the deformation ¢,
added is higher for longer #,. In general, ¢, is not significantly affected by
cycling, however, it seems to increase slightly with #; = 10 and 30s. With
t; = 60, 90, and 120 s, ¢, decreases slightly until approximately N = 20
and then increases slightly to N = 30. Overall, ¢, shows average values
ranging from a 40% at 7, = 10 s up to 85% at #; = 120 s.

With T,
and progressively increases from average values of around 20% with 7, =
10s up to 58% with #,; = 90 s. The deformation added with #; at 60 °C is

notably lower than at 50 °C. This is because the deformation el at 50 °C is

= 60 °C (Figure 111.4.3b), ¢, does not vary with cycling

very low in each cycle and, as ¢, is calculated in relation to ¢, a few

seconds of #; produce a notable increment in deformation. At 60 °C, the



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS:
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

INFLUENCE OF PROCESSING METHODS

132 J. Mater. Eng. Perform. 2014, 23, 2567-2573

deformation el is higher because the temperature is also higher, however,
the absolute deformation added during #; is not as significant with

respect to &,

—%— & —8—]0s ——30s —4—60s —o—90s —»—120s

T,y = 50°C T,

= 60°C
100 e

& (%)

5 10 15 20 25 30 5 10 15 20 25 30
cycle

(a)

cycle

Figure III.4.3 Evolution of deformation added (&) with cycling during the
stress-holding time (#r7) at Ty, = 50 °C (a) and Ty, = 60 °C (b).

T, and each

prog
= 50 °C, the decrease in K, with

cycling is dramatic when 7, is applied. However, this drop in K, is similar

Figure 111.4.4 shows the shape-recovery ratio for both
stress-holding time applied. With T,
for all #,. Analyzing the first cycle, when no stress-holding time is applied,
R, shows the highest value, but it is not significantly affected by #;: with
t; = 10, 30, and 120 s, R is around 85% and, with #; = 60 and 90 s, R is
around 90%. Nevertheless, when the samples are subjected to successive
cycles with or without #,, the degradation of R, is marked. Again, when 7,
= 0 s, the behavior is considerably better, with an eatly stabilization (IN, =
18) and less degradation (R, drops to 70% at N)). With #, = 10 and 30 s,
stabilization is reached later (IN, = 24 and 27, respectively) and R, drops
significantly (38 and 30% at N). It would be expected that longer #,
would result in greater degradation of R; however, with #; = 60 and 90 s,

the stable behavior is reached in almost the same cycles as with %, =10
and 30s (N, = 25 for 60 sand N, = 27 for 90 s). Moreover, the drop in K,
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is less pronounced: 44 and 51%, respectively. The behavior observed
with #; = 120 s is almost the same as with 60 s: stabilization is reached at
N, = 25, and R, is 43% at that point.

ON=1, ON=5  ON=10, AN=15, X N =30
100 100
<]
® o o ° o
80 ° . 80
4
& S @
291 » o . ; L o
= A X = A * Z x
® 4048 o X e 4] x - X
X A X
X
20 20
T,,. =50°C T, = 60°C
0 T I,r*l T T 0 T T ” & T T
010 30 60 9 120 010 30 60 90
(a) 1 (5) (b) 1 (5)

Figure III.4.4 Shape-recovery ratio (K, for each stress-holding time (7m)
corresponding to the 1st, 5th, 10th, 15th, and 30th cycle for the experiments
performed at 50 °C (a) and 60 °C (b).

These results can be explained as follows. The stress-holding time
causes an increase in deformation due to a creep phenomenon. At 50 °C,

as T

e < T, this deformation is predominantly stored as elastic energy;

so, #;; does not greatly affect R during the first cycle. However, it seems
that 7, causes degradation in K, as the SMP is subjected to successive
cycles due to a slippage of the polymer chains. This relative movement
between polymer chains causes a reconfiguration of the morphology of
the SMP. However, as T, < T, the movement of the polymer chains is
partially restricted. The fact that there is an increase in R, during cycling
with #; = 60 and 90 s compared to #; = 10 and 30 s might be explained
by the fact that, from a certain #,, the polymer chains have enough time

to adapt to their new morphology and this results in a better R. With #;
=120 s, K, decreases compared to #; = 90 s, probably because with long



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

134 J. Mater. Eng. Perform. 2014, 23, 2567-2573

t;, the slippage of the polymer chains predominates over the adaptation
to the new morphology.
With T, = 60 °C (Figure II1.4.4b), KR, also shows a dramatic

P
decrease with cycling when #; is applied. As in the case of T, =50 °C,

longer #,; does not cause a greater decrease in K, but, in this case, the
difference between #; is much less significant. Focusing on the first cycle,
without 7, R, does not present the highest value (80%) but increases
slightly with #; up to 91% with #, = 90 s. Despite this initial increase, R,
decreases drastically when the samples are subjected to successive cycles
with 7, Again, this drop is not so marked for #; = 0 s and the
stabilization is reached earlier (IN, = 24 with a R, = 55%). For higher #,,

R, exhibits a similar behavior during cycling to the case of T, = 50 °C:

with #; = 10 and 30 s, R, progressively decreases and the stabilization is
reached later (IN, = 29 for 10s and N, = 28 for 30 s), while with %, = 60
and 90 s, stabilization is reached earlier, (IN, = 24 and 206, respectively).
However, there are barely any differences in K, during cycling no matter
what #,; is applied, reaching an average value around 40% at NN, This

similar behavior of R, with cycling for all #, at T, , = 60 °C might be

prog
explained by the fact that, at this temperature, the movement of the

polymer chains is not restricted (T, ~ T,) and thus, the ability to adapt to

708

the new morphology is greater.
Comparing the behaviors observed at both temperatures, the lower

the T,

pro

with previous study by Cui ez a/. [13]. Stability is also reached earlier with
T, =50 °C than with T, = 60 °C for %; = 0 s. This could be observed in

prog
the values of R and N, with #; = 0 s. However, it seems that the #; has a

the higher the recovery with #; = Os. This result is in agreement

greater influence on R, for T,,, = 50 °C. When #; is applied, the values of

pmg
R, are very similar or even higher with T, = 60 °C than with T, = 50 °C

prg
and stability is reached in very similar cycles. This could be due to the

higher relative deformation added during 7, at 50 °C (Figure 111.4.3). Such

additional high relative deformation added causes a greater decrease in R,
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which in turn causes an increase in the irrecoverable strain that the SMP

cannot recover [10].
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Figure II1.4.5 Stretching curves for the 2nd, 5th, 10th, and 20th cycles at T,

Another important effect observed with the stress-holding time is a
progressive strain hardening of the specimens with cycling. Figure I11.4.5
shows the curves of the stretching stage of the experiments performed at
50 °C. Similar results were found for T, = 60 °C; so, those results are
not presented. The first cycle is not shown, because it is not
representative and it was used to erase the thermal history of the samples.
The specimens subjected to 7; show an initial softening as seen in N = 2.
This softening may be explained by a slippage of the polymer chains

during the stress-holding time, as mentioned above. A progressive



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

136 J. Mater. Eng. Perform. 2014, 23, 2567-2573

increase in the slope of the curve was found with cycling. This hardening
is more pronounced in the experiments subjected to stress-holding
conditions, probably caused by the progressive alignment of the polymer
chains. It seems that the magnitude of the hardening is the same for each
stress-holding time. From N = 10 forward, the strain hardening saturates,
and no further significant changes occur. This saturation can be observed

in the cycle N = 20, where the slopes are almost the same as in N = 10.

©50°C m60°C 2 50°C m60°C
100 60
S 5 X L) & ) N %
90 { & ;‘ o \“ > é\ 50 4 o X o §
~ 80 1 Y | © \
$ ¥ | 301 N
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% 20 ‘3\;
N N
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Figure IIL.4.6 (a) Average value of shape-fixity ratio (R) for every stress-
holding time (#;) and both programming temperature (Tp.,); (b) average value of
switching temperature (1,) for every stress-holding time (##) and both

programming temperature (1)

The variations of the shape-fixity ratio (R) and switching
temperature (1) with #,; were also studied and are presented in Figure
[1.4.6. Both R, and T, show no significant changes with cycling.
Therefore, the average values for N cycles of each experiment with
different stress-holding times are plotted in Figure 111.4.6. Figure I11.4.6a
shows that the stress-holding time does not affect the fixation of the
temporary shape. TFX EG-72D shows better fixation if T, , = 60 °C

prog

rather than T, = 50 °C. This might be explained by the fact that the

prog
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temporary shape is fixed by rubbery domains of the mixed phase [13] and

with T, < T, the mixed phase is predominantly in a glassy state.

Figure I11.4.6b shows the influence of 7#; in the switching

temperature. T, is not affected by either the stress-holding conditions or

s

by cycling, however, T, is slightly higher at T, = 60 °C rather than with

prog

T,,. = 50 °C. This difference could be explained by the difference in the

prog
is below or above T,

trans>

glassy-rubbery ratio of the mixed phase when T, ,

as also mentioned by Cui ¢7 al. [3].

Conclusions

In this paper, shape-memory properties of commercial shape-memory
polyurethane (TFX EG-72D) programmed with a prescribed stress and
subjected to a certain stress-holding time #; at a high temperature have
been investigated. The effect of #, on shape recovery and fixity, as well as
on the switching temperature, when the SMP is subjected to successive
cycles is discussed.

The prescribed stress was held constant during different #; at two
different programming temperatures T, = 50 and 60 °C. The maximum
deformation of each cycle increased during the #; due to a creep
phenomenon, but the relative deformation added remained virtually
unchanged with cycling. This deformation added during #;, is significantly
higher with T, = 50 °C than with T, = 60 °C in relation to the
deformation that corresponds to the prescribed stress.

t; caused considerable degradation of the shape-recovery ratio
when successive thermomechanical cycles were performed, even if 7, was
just for a few seconds. With T, = 50 °C, the degradation was less severe
with higher #,, possibly because the polymer chains were able to adapt to

prg T

60 °C, the higher molecular mobility allowed the SMP to adapt to the

the new morphology created during the creep phenomenon. With

new morphology and there were no significant differences in degradation

between the #; applied.
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The specimens subjected to #; also softened considerably during
the first cycle, and, with cycling, a progressive strain hardening of the
SMP is observed. This hardening was of the same magnitude regardless
of the #, applied.

The shape-fixity ratio and switching temperature were not affected
by either the #; or by successive cycles. However, a higher T’ resulted in
higher R;and T,

The study has demonstrated that shape recovery decreases
drastically when an SMP is subjected to stress-holding times at high

temperature. Moreover, the degradation of the recovery seems to be

more accentuated when T

g < T, Accordingly, in potential applications

where an SMP needs to work under a constant stress and over successive
cycles, it is imperative to quench the temperature as fast as possible in
order to reduce the effect of the stress-holding time and, preferably, to

use T

e OVer the glass transition temperature.
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Chapter IV

Thermosetting Shape-Memory Polymers

IV.1. Introduction

@hermosetﬁng shape-memory polymers are covalently crosslinked
materials in which the temporary shape is obtained by deforming

the SMP at a high temperature T,

prog

By reheating above T,

ransd>

and subsequently fixed by cooling the
SMP to a low temperature T,

low*

the polymer
chains between crosslinking points acquire mobility and the energy stored
during deformation is released to return the SMP to its original or
permanent shape [1].

The most common networks of thermosetting SMPs are epoxy-
based and acrylate-based shape-memory thermosets. This chapter
presents the studies made with examples of both types of networks:
hyperbranched-modified epoxy-based shape-memory polymers and
acrylate-based bisphenol A-based shape-memory polymers.

IV.1.1. Hyperbranched-modified epoxy-based shape-

memory polymers

Usually, shape-memory epoxy polymers are synthesized from epoxy
resins modified with aliphatic amines (ie. Jeffamine®). Several research
studies on mechanical and shape-memory properties of this kind of
networks can be found in the literature. Maximum deformations above

50% and shape-recovery and shape-fixity ratios in the range of 90-100%
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have been reported [2-4]. However, these networks are still lagging
behind in terms of high stress capacity (that is, high stress at break) and
the ability to generate high values of recovery stress.

In this sense, hyperbranched polymers (HBPs) are proposed to be
used as crosslinking agents for epoxy-based SMPs. HBPs are a class of
dendritic polymers which are promising polymeric modifiers that exhibit
higher solubility and lower viscosity than their linear analogues. In
addition, the large number of functional groups offers the possibility for
further modification and special applications, and the type of end groups
determines to a considerable extent the properties such as the glass
transition temperature [5].

Previous studies performed before the realization of this thesis on
curing kinetics and thermomechanical properties of epoxy resins
modified with HBPs, indicated that HBPs could be used as efficient
modifiers for epoxy thermosets [6-8]. According to these results, the
addition of HBPs in the structure of epoxy shape-memory thermosets
can be used to enhance their mechanical and shape-memory properties. It
is known that the crosslinking density of shape-memory thermosets plays
an important role on exercising driving forces for shape recovery and
generation of recovery stress [9,10]. The local concentration of
crosslinking points originated by the branched structure of HBPs (Figure
IV.1.1) may influence these magnitudes.

As far as this author knows, the only references on hyperbranched-
modified SMPs are those reported by Deka ef a/. [11] and Han e a/. [12].
Deka et al. reported a complete characterization on hyperbranched
polyurethanes modified with epoxy resins and Han e @/ reported a
preliminary study on shape-memory properties of epoxy resins modified
with up to a 10 wt. % of hyperbranched polyester. Both studies reported
good mechanical properties and the presence of shape-memory effect.
However, the implications of the hyperbranched structure on these

properties and a thorough study of the shape-memory effect has yet to be



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

IV. Thermosetting Shape-Memory Polymers 143

carried out in order to determine the viability of HBPs as modifiers for
epoxy-based SMPs.

Hyperbranched polymer

N

Figure IV.1.1 Schematic representation of the hyperbranched-modified
structure of an epoxy SMP.

With this aim, commercial hyperbranched poly(ethyleneimine)s
(Lupasol®, BASF) of different molecular weight were used as crosslinking
agents for SMPs. Thermal, mechanical and shape-memory properties of
epoxy resins modified with HBPs and a commercial polyetheramine
(Jeffamine® D400) were studied and the results obtained are presented
from Section IV.3 to Section IV.6 in four research articles.

Section IV.3 presents an article published in Journal of Polymer Science,
Part B: Polymer Physics on 2015 in which thermal, mechanical and shape-
memory properties of epoxy-based SMPs modified with low molecular
weight commercial hyperbranched poly(ethyleneimine) TLupasol® FG

were studied.
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The thermomechanical measurements showed that an increase in
the HBP content led to more heterogeneous networks with higher
crosslinking density and higher glass transition temperatures. The ratio
between the glassy modulus and the rubbery modulus, which is an
important metric of the shape-memory effect, decreased in accordance
with the increase in the crosslinking density.

Tensile testing showed excellent values of stress at break and strain
at break at room temperature, rising to 55 MPa and 5% respectively, and
specially at the onset of the glass transition temperature. As stated earlier,
several studies on shape-memory thermosetting polymers with high
maximum deformations can be found in the literature. However the
mechanical properties in terms of tensile strength still remain a limitation
in epoxy-based shape-memory thermosetting polymers. At the onset of
the glass transition temperature, the stress at break increased from 12
MPa to 15 MPa, which represents a significant enhance in stress at break
with respect to other epoxy-based SMPs. The deformation at break
decreased from 60% to 17% as the HBP content was increased. These
results can be explained by the increase in the crosslinking density.

The shape-memory performances showed high shape-recovery and
shape-fixity ratios, around 96% and 97% respectively and high values of
shape-recovery velocity rising to 22 %/min. In classical epoxy-based
SMPs that is, modified with aliphatic or aromatic diamines or with
epoxies with improved chain mobility, the crosslinking density and thus
the rubbery modulus governs the shape recovery. However, the results
proved that the network structure is also a key factor for shape-memory
properties. The shape-recovery and shape-fixity ratios and the shape-
recovery velocity slightly decreased when the HBP content was increased
because it restricted chain-conformational changes during deformation
and molecular dynamics.

All formulations studied showed high values of shape recovery and

shape fixity over a broad range of transition temperatures. Despite these
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good results, the HBP content should be controlled because of its effect
on network homogeneity.

Given the good results obtained with the low molecular weight
HBP Lupasol® FG, Section IV.4 presents a comparison between epoxy-
based SMPs modified with Lupasol® FG (800 g/mol) and one of its
higher molecular weight counterpart Lupasol® PR8515 (2000 g/mol).
This study was published in the journal Shape Memory and Superelasticity on
2016.

As mentioned before, an increase in HBP content leads to more
heterogeneous networks with higher glass transition temperatures.
However, formulations modified with the high molecular weight
Lupasol® PR8515 (which implies higher length of the branches) showed
lower glass transition temperatures and wider transitions than
formulations modified with Lupasol® FG.

Tensile tests at room temperature and at the onset of the glass
transition temperatures showed slightly lower values of stress at break
and strain at break in formulations modified with Lupasol® PR8515. The
higher crosslinking density and the presence of possible molecular
interactions in these formulations can explain these results.

As in the case of tensile strength, the shape-memory properties of
formulations modified with Tupasol® PR8515 showed slightly lower
values than in formulations modified with Lupasol® FG. As stated
before, network structure is a key factor for shape-memory properties.
The higher heterogeneity of formulations with Lupasol” PR8515 caused
higher restriction on chain-conformational changes and molecular
dynamics than formulations modified with Lupasol® FG.

While materials modified with low molecular weight Lupasol®
showed slightly better mechanical and shape-memory properties,
materials modified with high molecular weight Lupasol® had lower glass

transition temperatures.
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The results presented in Section IIT and Section IV note that HBPs
are excellent modifiers for epoxy-based SMPs. The good mechanical
properties of these materials point them as good candidates for
applications that require high mechanical solicitations, such as
thermomechanical actuators. However, SMPs probably will not operate
under free conditions in these applications that is, SMPs will operate with
a constraining stress or strain. Section IV.5 presents a study on
constrained recoveries in hyperbranched-modified SMPs and the
generation of recovery stress and mechanical work published in Journal of
Polymer Science, Part B: Polymer Physics on 2016.

Partially and fully constrained recoveries were carried out in this
study in order to quantify the recovery stress and work output generated
by epoxy-based SMPs modified with Tupasol® FG. The recovery stress
generated during fully constrained recovery increased as the maximum
stress applied during programming was increased due to the higher chain
orientation of the temporary shape, which resulted in a higher entropy
gain during the recovery stage. Although a number of studies have
reported that the crosslinking density and rubbery modulus is the most
important factor in the recovery stress generation, a compromise between
crosslinking density and network homogeneity should to be reached in
order to guarantee sufficient driving recovery forces and to allow
molecular mobility. In this way, exceptional values of recovery stress up
to 7 MPa were achieved in formulations that fulfil these requirements.

The shape recovery decreased significantly when a constraining
stress was applied. This decrease was more acute in formulations with a
higher HBP content due to their lower molecular mobility. The work
output showed a maximum when the constraining stress was around a
40% of the maximum programming stress. The descent of shape
recovery shifted the maximum work generated toward lower constraining
levels and decreased the efficiency of the process that is, the ratio of work

output to work required to program the sample. Regarding the
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mechanical work generation, the molecular mobility is probably the most
important factor. The formulations with the highest molecular mobility
showed remarkably high values of work output density of more than 750
kJ/m’.

The molecular morphology of SMPs that are intended for use as
thermomechanical actuators must be thoroughly studied to ensure both
high recovery forces and sufficient molecular mobility.

Finally, Section IV.6 presents a wide characterization of the
mechanical properties of hyperbranched-modified SMPs. Usually,
research studies on SMPs focus on the shape-memory effect of novel
materials or on the relationship between network structure and shape-
memory properties. However, minus work has been published on
mechanical properties of SMPs. The aim of this study is to provide a
characterization of the mechanical properties using less conventional
techniques in the study of SMPs that could be relevant for the design of
applications. Shape-memory properties evaluated at less favourable
programming temperatures than the onset of glass transition temperature
were also evaluated. This study has been submitted in Journal of Polymer
Science on 2016 and is currently under review.

Mechanical properties are greatly depending on the testing
temperature. Well into the glassy regime, the stress at break and strain at
break increased as the HBP content was increased. The higher presence
of hydroxyl groups in formulations with a higher HBP content and the
hyperbranched structure itself contributed to this behaviour. Well into
the rubbery regime, both the stress at break and strain at break decreased
as the HBP content was increased. The increasing crosslinking density of
formulations with a higher HBP content and the disperse nature of the
hyperbranched structure restricted molecular mobility resulting in lower
values of failure strain and caused a reduction in the stress capability of

these materials.
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At the onset of the glass transition temperature, the stress at break
increased and the strain at break decreased as the HBP content was
increased. This temperature coincides with the beginning of mechanical
relaxation and the effect of the crosslinking density was different to that
shown well above or below the glass transition temperature. An increase
in the crosslinking density resulted in a less mobile and ductile network,
leading in the macroscopic scale to a lower failure strain and a higher
stress at break. A peak in deformability and stored energy density was
observed when testing at this temperature. Thus, in terms of limit values
for programming the temporary shape, the onset of the glass transition
temperature seems to be a desirable programming temperature.

The Young’s modulus values revealed more rigid structures in
formulations with a higher HBP content and hardness testing showed
higher values in formulations with a higher DGEBA and HBP content
due to increased crosslinking density and the less presence of the
plasticizing effect of the polyetheramine flexible structure. In the case of
impact testing, increasing the polyetheramine content caused an increase
in impact strength due to the high energy dissipation upon impact
provided by its long aliphatic flexible structure. The analysis of the
surface fracture by SEM microscopy confirmed the higher rigid structure
of formulations with a higher HBP content.

It is possible that in real applications the programming temperature
cannot be adjusted at the onset of the glass transition temperature.
Therefore, the implications of using other programming temperatures on
shape-memory properties should be studied. Increasing the programming
temperature had minor effect on shape-memory properties of
formulations with low HBP content but the effect on formulations with a
higher HBP content was significant. Increasing the programming
temperature from the onset of the glass transition temperature to T, + 15

caused a significant drop in shape-memory properties of these
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formulations caused by restricted chain-conformational changes and low
driving recovery forces.

The results obtained in this study point that these materials are
available for their operation under high mechanically demanding

conditions while still showing good shape-memory properties.
IV.1.2. Acrylate-based shape-memory polymers

Acrylate-based shape-memory polymers represent an important class of
SMPs. Usually acrylate-based SMPs are formed through free radical
polymerization of a multifunctional monomer as crosslinking agent and

monofunctional monomers as chain builders (Figure IV.1.2) [13].

Crosslinking agents

— T

N

Chain builders

Figure IV.1.2 Schematic representation of the formation of an acrylate-based
SMP.

The design of emerging SMPs-based medical devices has raised the
interest in acrylate-based SMPs due to their high degree of
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biocompatibility. Consequently, several research studies on the
characterization of acrylate-based SMPs for biomedical applications can
be found in the literature, including the study of the mechanical
properties under physiological conditions, the long term storage or the
generation of recovery stress [14-16].

Besides the high degree of biocompatibility, this class of SMPs
presents some advantages derived from the UV-curing in front of
thermally cured SMPs [17].

Usually, research studies on acrylate-based shape-memory networks
use poly(ethylene glycol)-based monomers as crosslinking agents. The
shape-memory properties of these materials are excellent, with high
shape-recovery and shape-fixity ratios and high values of recovery stress
and mechanical work. However, other multifunctional monomerts should
be explored, such as bisphenol A-based monomers, for more
mechanically demanding applications. By  substituting  typical
poly(ethylene glycol)-based crosslinking agents by bisphenol A-based
monomers it is expected higher glass transition temperatures as well as an
increase in the mechanical properties due to the presence of aromatic
rings in the structure.

According to this discussion, the aim of this study is to take
advantage of the UV-curing with respect to classic thermal curing that is,
faster polymerization rates, lower energy consumption and the use of
solvent-free formulations; and to study the enhanced mechanical and
shape-memory properties of acrylate-based SMPs synthesized from
bisphenol A-based crosslinking agents.

Section IV.7 presents a research study on acrylate-based SMPs
using two different bisphenol A-based crosslinking agents (diglycidyl
ether of bisphenol A diacrylate and diglycidyl ether of bisphenol A
ethoxylate diacrylate) and different monofunctional monomers as chain

builders, including methyl methacrylate, ethyl methacrylate and
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poly(ethylene glycol) methylether methacrylate. This study was published
in the journal Macromolecules Chemistry and Physics on 2016.

The  thermomechanical ~ measurements  revealed  more
heterogeneous networks and lower glass transition temperatures in
formulations with a higher poly(ethylene glycol) methylether methacrylate
content and a lower methyl methacrylate and ethyl methacrylate content.
Formulations with diglycidyl ether of bisphenol A ethoxylate diacrylate
showed lower glass transition temperatures and more homogeneous
networks than formulations with diglycidyl ether of bisphenol A
diacrylate.

Mechanical properties at room temperature showed two different
behaviours depending on the crosslinking agent used. Formulations with
diglycidyl ether of bisphenol A ethoxylate diacrylate showed a large
plateau of plastic deformation while formulations with diglycidyl ether of
bisphenol A diacrylate barely showed plastic deformation. At the onset of
the glass transition temperature, all formulations showed stress at break
values higher than 10 MPa. Formulations with diglycidyl ether of
bisphenol A ethoxylate diacrylate showed higher failure strains than
formulations with diglycidyl ether of bisphenol A ethoxylate diacrylate
due to the presence of mobile oxyethylene units and hydrogen-bond
interactions.

Shape-memory properties showed shape-recovery and shape-fixity
ratios of around 95% and 97% respectively and very fast shape-recovery
velocities in transient temperature conditions (up to 24 %/min) and very
short recovery times in isothermal conditions (up to 1.5 s).

The results of this study pointed that acrylate-based SMPs
synthesized from bisphenol A-based crosslinking agents are promising
shape-memory materials that combine excellent mechanical and shape-

memory properties.
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Abstract

A series of shape-memory epoxy thermosets were synthesized by
crosslinking diglycidyl ether of bisphenol A with mixtures of
commercially  available  hyperbranched  poly(ethyleneimine)  and
polyetheramine. Thermal, mechanical and shape-memory properties were
studied and the effect on them of the content and structure of the
hyperbranched polymer was discussed. Measurements showed that the
glass transition temperature can be tailored from 60 °C to 117 °C
depending on the hyperbranched polymer content, and all formulations
showed an appropriate glassy/rubbery storage modulus ratio. Shape-
memory programming was carried out at Tf} given the excellent
mechanical properties of the materials, with maximum stress and failure
strain up to 15 MPa and 60%, respectively. The resulting shape-memory
behavior was excellent, with maximum shape recovery and shape fixity of
98% as well as a fast shape-recovery rate of 22 %/min. The results show
that hyperbranched poly(ethyleneimine) as a crosslinking agent can be
used to enhance mechanical and shape-memory properties with different

effects depending on the crosslinking density.

Keywords: crosslinking; hyperbranched; mechanical properties; shape memory; smart
polymers
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1. Introduction

Shape-memory polymers (SMPs) are materials that are capable of
changing shape when an external stimulus is applied. They can be
deformed and fixed in a temporary shape which is stable until such
stimulus is applied [1]. This shape-changing is called the shape-memory
effect (SME) and is usually heat-triggered, although it can also be induced
by an electrical current, magnetic field or light [1]. These smart materials
have attracted a lot of interest in recent years due to their wide range of
applications, which include self-deployable structures for aerospace
applications [2], smart fibers and fabrics for clothing [3], temperature
sensors [4], electronic devices [5], or applications for use in biomedicine
[6,7]. Other promising applications of SMPs are information carriers such
as quick response code carriers (QR codes) [8,9], bidirectional actuators
[10-12] or self-folding structures [13].

SMPs are usually classified according to their chemical nature
(thermoplastic or thermosets) and transition temperature (glass or
melting transition temperature). The most common SMPs are usually
thermoplastics due to their high ductility and easy processing, making
them suitable for a wide variety of potential applications. However, in
recent years a number of studies have reported shape-memory epoxy-
based thermosets with excellent shape-memory properties enabling the
use of SMPs in more mechanically demanding applications [14-16].

Epoxy resins are widely used in many applications (coatings,
adhesives, or matrix in composites) because of their chemical resistance,
thermal stability and good mechanical properties [16]. In a shape-memory
epoxy polymer the original or permanent shape is acquired during the
curing process due to the formation of a network with permanent,
covalent crosslinks. The temporary shape is obtained by deforming the
material at a temperature above transition temperature and subsequently
cooling it to a temperature below transition temperature. By reheating to

above transition temperature, the polymer chains between crosslinking
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points acquire more mobility and the energy stored during deformation is
released. Thus the shape-memory epoxy polymer recovers its permanent
shape.

However, the brittle behavior and low elongation at break of epoxy
resins greatly limit their use as shape-memory materials. Many studies
have focused on overcoming this limitation by choosing suitable shape-
memory thermal programs and especially through material design.
Feldkamp and Rousseau [17] studied the effect of the deformation
temperature on the ultimate failure strain and found that the maximum
deformation could be greatly enhanced by simply deforming the SMP at
the onset of the glass transition temperature. Regarding material design,
incorporating a rubbery domain within the epoxy matrix enhances the
mobility of segments between crosslinking points and improves the
ultimate failure strain. The most common crosslinking agents used to
achieve this effect are aliphatic or aromatic amines, which increase the
elongation at break while maintaining relatively elevated glass transition
temperatures. Feldkamp and Rousseau [18] also studied the effect of
chemical composition on the deformability of shape-memory epoxies
cured with different mono-and diamines. Leonardi ef a/. [19] designed an
epoxy network modified with n-dodecylamine and m-xylylenediamine
that combined chemical and physical crosslinks and resulted in great
deformations and recovery stresses.

In addition to epoxy-amine networks, there are other epoxy-based
shape-memory polymer networks to be found in the literature. Biju and
Nair [20] reported the synthesis of a shape-memory epoxy network based
on a diglycidyl ether of bisphenol A (DGEBA) cured with a pyromellitic
dianhydride for possible use in smart actuator systems. Rajendran ef al.
[21] synthesized an epoxy-cyanate system by coreacting a DGEBA,
cyanate ester and phenol telechelic poly(tetramethylene oxide) and
studied the correlation between the viscoelastic and shape-memory

properties. Wei ef al. [22] presented a new shape memory hydro-epoxy
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system made from hydro-epoxy resin, poly(propylene glycol) diclycidyl
ether (PPGDGE), and menthane diamine and studied the relationships
between the thermomechanical properties and structural changes in the
network.

Another way to obtain a more flexible network is by introducing
aliphatic diepoxides, which improve chain mobility despite the increases
in crosslinking density. Xie and Rousseau [23] described a tailoring of
glass transition temperature by modifying a DGEBA epoxy resin with
Jeffamine® and decylamine as crosslinking agents, and by replacing
DGEBA with neopentyl glycol glycidyl ether epoxy resin. Jing ef al. [24]
improved the toughness of a shape-memory epoxy resin by using
PPGDGE as a toughening agent and triethylenetetramine as a curing
agent.

Although the toughness of epoxies is greatly improved in these
kinds of networks, achieving very high maximum strains [19,24-26], the
mechanical properties in terms of tensile strength may remain a limitation
for more mechanically demanding shape-memory applications such as
mechanical actuators. Therefore, new structures need to be explored that
combine high values of tensile strength and maximum deformation above
room temperature with adequate storage modulus ratio and glass
transition temperature values.

To this end, the use of hyperbranched polymers as crosslinking
agents for epoxy-based SMPs is proposed in this study. Hyperbranched
polymers (HBPs) are a class of dendritic polymers that are promising
polymeric modifiers because of their densely branched structure, which
makes them less viscous than their linear counterparts of the same
molecular weight. They have a high concentration of surface reactive
groups that can be modified to tune their physical/chemical compatibility
to a variety of matrices and substrates [27]. Hence they have been

reported to be excellent epoxy modifiers [28,29].
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The only previous study on shape-memory epoxy resins modified
with a hyperbranched polymer is the one by Han ¢# /. [30]. They reported
that the presence of hyperbranched polyester enhanced the mechanical
properties (impact strength, elongation at break, and tensile strength)
with respect to the neat formulation, but the shape-memory properties
were only evaluated by manual bending performance. Therefore, any
implications that the presence of the HBP may have for the
thermomechanical and viscoelastic properties of the SMP still need to be
understood. In addition, the impact on shape-memory properties of the
local concentration of crosslinking points, contributed by the
heterogeneous structure of the HBP, should be studied if HBPs are going
to be used as toughening agents for shape-memory epoxies.

In this article, a family of materials with shape-memory properties
is synthetized using an epoxy resin modified with a commercial
hyperbranched poly(ethyleneimine) and an aliphatic polyetheramine as
crosslinking agents with different weight fractions of each reactant. The
kinetics and network structure of epoxy formulations containing
hyperbranched poly(ethyleneimine)s have been studied recently [31,32].
The effect of HBP structure and content on thermal, mechanical, and
shape-memory properties is experimentally analyzed and discussed in
detail. This study is carried out with the aim of processing tailored SMP
by varying the content of HBP in the epoxy matrix, adjusting the
transition temperature of the material and obtaining enhanced tensile
strength and ultimate failure strain that could lead to excellent final

shape-memory properties.

2. Experimental

2.1 Materials
DGEBA (Araldite GY 240; Huntsman) with a weight per epoxy
equivalent of 182 g/mol was used as the base epoxy resin (Figure

IV.3.12). A commercial hyperbranched poly(ethyleneimine) (Lupasol”
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FG, BASF) with M, = 800 g/mol and a ratio of
primary:secondary:tertiary amines of 1:0.82:0.53 (Figure 1V.3.1c) and an
aliphatic diamine (Jeffamine® D400; Huntsman) with M, = 430 g/mol
(Figure IV.3.1b) were used as crosslinking agents.

k/HN\/\N /\/NH\/‘

/\/NH NHy
I
N

*

Figure IV.3.1 (a) Chemical structure of DGEBA (» = 0.08); (b) chemical

structure of Jeffamine® D400 (x = 6.1); (c) chemical structure of Lupasol® FG.

Various formulations with different contents of DGEBA,
Jeffamine® D400 (D400), and Lupasol FG (L.P800) were prepared (Table
IV.3.1). The proportions of reactants in each formulation were selected
to obtain a molecular structure formed by stoichiometric DGEBA-D400
and DGEBA-LP800 networks. The sample nomenclature XD400-YLP
used in Table IV.3.1 indicates the weight fraction of stoichiometric
DGEBA-D400 (X) and DGEBA-LP800 (Y) networks.

The components were mixed manually in a glass vial and then
poured into an open mold covered with Teflon to avoid the presence of
bubbles and facilitate sample release. The samples were cured for 2 h at

120 °C in an oven and then slowly cooled to room temperature. This
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curing time was optimized on the basis of differential scanning
calorimetry, by determining the time necessary to ensure the complete
disappearance of any exothermic peak related to residual crosslinking
reactions. The samples were then polished with sandpaper to obtain

uniform final dimensions.

Table IV.3.1 Composition of the formulations studied

Sample wt.%  wt.%  wt. % D400:LP800 v,

DGEBA D400 LP800 Amine Ratio® (mol/g)
90D400-10LP  63.5 34.8 1.7 4.010 0.001915
80D400-20LP  65.7 31.0 33 1.782 0.002127
70D400-30L.P  67.9 27.1 5.0 1.040 0.002339
60D400-40LP  70.2 23.2 6.6 0.668 0.002551
50D400-50LP  72.4 19.4 8.3 0.446 0.002763
40D400-60LP  74.6 15.5 9.9 0.297 0.002975
30D400-70LP  76.8 11.6 11.6 0.191 0.003187
v, 1is the crosslinking density calculated 2 Total primary, secondary, and tertiary amine
assuming that all amine groups turn into groups present in the crosslinking agent.
crosslinks.

2.2 Thermomechanical Characterization

The thermomechanical properties were measured using a DMA Q800
(TA Instruments) equipped with a 3-point bending clamp. Prismatic
rectangular samples of about 30 x mm 5.5 x mm 2.5 mm were analyzed at
1 Hz, 0.1% strain and a heating rate of 3 °C/min. The glass transition
temperature was determined from the peak in tan 5. The values of stor-
age modulus E’ below and above glass transition were evaluated. The
onset of glass transition temperature Tf)was determined as the onset in
the storage modulus decrease during mechanical relaxation, as seen in
Figure IV.3.2a.
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Figure IV.3.2 (a) Determination of temperatures T, and T, from the results
obtained with DMA analysis; (b) scheme of the thermomechanical

programming.

2.3 Mechanical Characterization

The mechanical properties at room temperature were evaluated using an
electromechanical universal testing machine (Zwick 1445) with specially
designed grips. The size of the specimens was adapted from ASTMDG638
requirements, adopting a Type IV dog-bone shape. The experiments were
performed at a crosshead speed of 1 mm/min.

The mechanical properties at Tf were measured using a DMA
Q800 equipped with a film-tension clamp in force controlled mode.
Prismatic rectangular samples of about 20 x mm 2.5 x mm 0.5 mm were
analyzed at Y:gh’ at a force rate of 1 N/min. In both experiments, strain
was calculated as the total elongation (displacement of the cross-head)
with respect to the initial length (Equation IV.3.1).

Ly—=1,

A== — IV.3.1)
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2.4 Shape-Memory Quantification

The shape-memory properties were measured using a DMA Q800 with a
force-controlled mode and equipped with a film-tension clamp. Prismatic
rectangular samples of about 20 x mm 2.5 x mm 0.5 mm were used in
shape-memory performances. The method for creating a temporary
shape and triggering the shape-memory effect is a thermomechanical
procedure called programming (Figure IV.3.2b). This programming
consists of various steps. First the sample is heated to programming
temperature T, and deformed to a prescribed value of maximum stress
0, at 1 MPa/min. In this stage the deformation of the sample is ¢,. Once

the sample has been stretched, the next step is to cool it to below tran-

sition temperature T,

0w

(30 °C) in order to fix the temporary shape. After
fixation the stress is released at the same stress rate of 1 MPa/min. Once
the sample is unloaded, the deformation of the sample is ¢,. The shape-
memory effect is triggered by heating the sample to a temperature above
the transition temperature. The heating rate during shape recovery was 3
was T, + 10 °C to

ensure complete recovery. The amount of non-recoverable deformation

°C/min and the final recovery temperature T,
at the end of programming is ¢,.

Every sample was stretched to a determined value of stress
corresponding to 75% of the stress at break (g, = 0.75¢) in order to
perform a comparative study with the same level of load for each sample.

The programming temperature was chosen as the onset of the glass
transition temperature I:gb’ of each sample (Figure IV.3.2a). According to
Yakacki ef al. [33], a peak in the deformability of shape-memory acrylate-
based polymer can be obtained at a temperature coinciding with the onset
of glass transition temperature. Feldkamp and Rousseau [17] demonstrate
that this phenomenon is also present in epoxy-based systems.

The most significant parameters for quantifying shape-memory
properties are the shape-recovery ratio (R) and the shape-fixity ratio (R).
The shape-recovery ratio (Equation 1V.3.2) quantifies the ability of the
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SMP to recover its original shape and was calculated as the total
deformation recovered with respect to the maximum deformation

reached during the programming.

&y = &

R, (%) = — - 100 (IV.3.2)

The shape-fixity ratio, calculated from Equation IV.3.3, quantifies

the ability of the SMP to fix the temporary shape. It was computed as the
deformation after the stress was released with respect to the maximum

deformation.

gi/l
Ry (%) = = - 100 (IV.3.3)

Em

Another parameter of interest in evaluating shape-memory ability is
the shape-recovery rate (I7). This quantifies the velocity at which the
permanent shape is recovered. I/, was calculated in two different ways:
the first (Equation IV.3.4), was calculated as the time interval between
15% and 85% of strain recovered, while the second, presented in
Equation IV.3.5, was calculated as the temperature range between

deformation recovered from 15% to 85%:

<gm,75% - 5re:,85%) 100

) E s 15% s

17, (%/min) = A;i i :/ — V3
Gﬁéﬁ) 10 IV.3.5

v, (OC/rnin) = rec,15% ( N )

AT75%—85”0

where ¢, 5, 1s the deformation corresponding to a shape recovery of
15%, ¢,,,45, 1s the deformation corresponding to a shape recovery of 85%,

and At,;, g5, and AT, 5, are the time interval and temperature range
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between these two points. The difference between deformations corre-
sponding to a shape recovery of 15% and 85%, ¢, 5, — €550 WAS

calculated with respect to ¢ in order to avoid the influence of the

rec,15%

maximum deformation on 1.

3. Results and Discussion

3.1 Thermomechanical Properties

The thermomechanical properties of the formulations synthesized are
summarized in Table IV.3.2. As expected, it can be seen that the glass
transition temperature of these materials can be controlled by varying the
chemical composition of the formulation. T, shows values ranging from
60 °C to 117 °C as the LP800 content increases. A T, of 138 °C was
reported for the neat DGEBA-LP800 network [32]. Thus these epoxy
thermosets can be used in applications requiring a broad range of

transition temperatures.

Table IV.3.2 Thermomechanical data obtained by DMA: glass transition
temperature (1), onset temperature of the glass transition temperature (1,7,
storage modulus at glassy, and rubbery regions (E, and E’, respectively)

% I;E’ tan s FWHM" tan § E’, E’ BB
(°C)* (°C) peak (°C) area (MPa)'(MPa)* < ~
90D400-10LP 60 50 096 1545 14.83 2878 16 183
80D400-20LP 68 57 0.82 17.82 14.61 2880 17 166
70D400-30LP 77 63 0.71 20.29 14.41 3105 23 137
60D400-40LP 87 71 0.62 21.11 13.09 3149 29 110
50D400-50LP 96 80 0.54 2333 12.60 3110 34 91
40D400-60LP 104 88 0.50 23.66 11.83 3221 41 79
30D400-70LP 117 98 0.41 2458 10.08 2858 52 55

* Measured as the peak of tan 3. d Measured at T,—40°C.
b Full width at half maximum. ¢ Measured at T,+ 40 °C

¢ Determination as the product of tan 8 peak and FWHM

Sample
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Figure IV.3.3 Tan 8 and storage modulus E’ as a function of temperature for

all formulations.

A higher content of LP800 implies a higher crosslinking density
(Table IV.3.1) because of the higher number of reactive amine groups per
unit mass and the presence of internal branching points. This results in a
decrease in the average chain length between netpoints and a more
restricted molecular mobility, which leads to an increase in T, [34]. As can
be observed in Figure 1V.3.3 and Table 1V.3.2, an increase in LP800 also
causes a lowering and a broadening of the peak of tan 8. The shape of the
tan 6 peak during the material relaxation can be correlated with its

network structure. The peak height is an indication of the viscous
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character of the material during the relaxation and the total peak area is
related to the total amount of energy dissipated during the relaxation
which, overall, gives an idea of the mechanical damping capabilities of the
material [34]. Generally speaking, the higher and narrower the peak of tan
3, the more homogeneous and mobile the network structure [27,34].
LP800 leads to a more heterogeneous network structure due to the inher-
ently disperse nature of the hyperbranched poly(ethyleneimine) and the
presence of different types of crosslinks coming from the pre-existing
tertiary amines, reacted primary and secondary amines of LP800. The
decrease in tan & peak and area on increasing the amount of LP800 is also
indicative of a more densely crosslinked network with a restricted
mobility.

All formulations show very high values of storage modulus at the
glassy region around 3 GPa (Figure 1V.3.3 and Table 1V.3.2), which is
higher than most of the shape-memory epoxy resins found in the
literature [17-20,26,32]. The storage modulus at rubbery region E’,
increases from 16 MPa to 52 MPa as the LP800 content increases.
According to the theory of rubber elasticity, E’, is roughly proportional to
the crosslinking density and the increasing trend in rubbery modulus
(Table IV.3.2) with the crosslinking density is expected. However, on
comparing the extreme formulations, the increase in the crosslinking
density is only 60% while the increase in the apparent rubbery modulus is
more than 200%. Similar deviations were already observed in epoxy
networks modified with hyperbranched poly(ethyleneimine)s and
explained on the basis of mobility restrictions imposed by the
hyperbranched structure [28]. Given the hyperbranched structure of
LP800, with a high number of internal branching points and very short
ethylene segments within, in contrast to the long, flexible aliphatic
structure of Jeffamine®™, one can expect mobility restrictions and lower
deformability on increasing the LP800 content in the cured thermosets.

Similar departures from ideal long-chain, Gaussian behavior were
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reported previously for other epoxy-amine systems [35]. This contrasts
with the results of Xie and Rousseau [23], who showed that it could be
possible to increase the crosslinking density and at the same time
decrease the glass transition temperature and mechanical response of the
relaxed material by using a smaller and more flexible aliphatic epoxy resin
in the network structure. Their results can thus be rationalized by the
higher mobility and deformability of the flexible aliphatic epoxy in the
relaxed state, in comparison with DGEBA.

In any case, all the samples in the present work show a difference
between the storage modulus at glassy and rubbery regions of around 2
orders of magnitude. This important difference in mechanical properties
between the glassy and rubbery states is crucial if a polymer is required to
present SME [30].

3.2 Mechanical Properties

The mechanical properties at room temperature of all the formulations
are listed in Table IV.3.3. Both the stress at break and the deformation at
break at room temperature increase with increased LP800 content, from
nearly 42 MPa up to 55 MPa and from 3.5% up to neatly 5%,
respectively. The values of elastic modulus are around 1800 MPa for all
formulations. The trend of the Young modulus correlates well with the
trend of the values of the storage modulus at glassy region (Table 1V.3.2),
where there is no significant difference between the formulations. With
respect to the stress at break values, the observed tendency clearly shows
that strength increases almost linearly with increasing crosslinking density
and T, up to sample 40D400-60LP, where it reaches its highest value
(more than 55 MPa). This increase is possible up to a certain value where
the increasingly crosslinked structure with restricted mobility limits its
stress capability. Regarding the strain at break, this seems not to be
differently affected by crosslinking density, with two distinctive regions
observed: from 90D400-10LP to 60D400-20LP, with a strain value of
around 3.6%, and from 50D400-50LP to 30D400-70LP, with a strain
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value of around 5%. It follows that the increasing tensile strength and

strain result would also result in a higher energy at break.

Table IV.3.3 Tensile data at room temperature obtained by uniaxial tensile

testing: stress at break (g;), deformation at break (¢), and elastic modulus

Sample 5, (MPa) e, (%) Elastic Modulus

(MPa)
90D400-10LP 41.76 3.52 1724.2
80D400-20LP 46.68 3.59 1825.5
70D400-30LP 47.32 3.62 1820.5
60D400-40LP 48.67 3.76 1873.4
50D400-50LP 51.46 4.98 1846.5
40D400-60LP 55.37 4.96 1803.3
30D400-70LP 54.36 4.98 1958.6

Properties below the glass transition temperature depend on a
combination of factors including cohesive forces and the presence of
local mobility, but the role of crosslinking density is not always clear [37].
It is usually observed that yield and ultimate stress increase with
increasing T, and depend mainly on the difference between the test
temperature and T, [37]. It should be taken into account that, on
increasing the LP800 content, the DGEBA content also increases,
thereby increasing the number of hydroxyl groups coming from the
epoxy-amine condensation and contributing to the cohesion of the
network structure. The internal flexible structure of LLP800, with certain
but limited local mobility below the glass transition temperature [32], may
contribute to the observed behavior.

The mechanical properties evaluated at TgE are listed in Table
IV.3.4. All formulations show very high values of stress at break, around
12 MPa for 90D400-10LP, 80D400-20LP and 70D400-30LP, and values
up to 15.36 MPa (30D400-70LP) with increasing LP800 content. Tensile
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modulus reveals a more rigid network with increasing LP800 content,
which implies a decrease in strain at break: from 58% for 90D40010LP to
17% for 30D400-70LP.

Table IV.3.4 Tensile data at T, obtained by DMA: stress at break (g),
deformation at break (g), elastic energy density, tensile modulus, prescribed

stress for shape memory programming (g,) and strain corresponding to g, (£x)

Elastic Energy Tensile

Op &p . Om Em

Sample Density Modulus
(MPa) (%) 3 (MPa) (%)

MJ/m®)  (MPa)
90D400-10LP  12.72 58.09 3.7 19.62 9.54 41.95
80D400-20LP  11.67 44.69 2.6 23.76 8.75 33.51
70D400-30LP  11.47 33.82 1.9 31.05 8.60 30.21
60D400-40LP 12.31 29.52 1.8 38.82 9.23 22.36
50D400-50LP 13.31 25.96 1.7 48.23 9.98 21.12
40D400-60LP 14.29 21.34 1.5 62.35 10.71 18.46
30D400-70LP 1536 17.17 1.3 84.40 11.52 13.19

Some authors have reported high ductile shape-memory epoxy
networks with maximum deformations above 50% at onset of the glass
transition temperature (TQE), similar to formulation 90D400-10LP (¢, =
58%) [17,19,25]. It is therefore relatively easy to obtain high ductile
shape-memory epoxy networks. However, the values of stress at break
are usually too unexceptional (normally below 8 MPa) for more mechan-
ically demanding potential shape-memory applications. In this respect,
note that formulations 90D400-10LP and 80D400-20LP combine great
deformations at break (58% and 45%, respectively) with very high
stresses at break of almost 13 MPa and 12 MPa, respectively.

The tensile modulus values shown in Table IV.3.4 correlate well
with the relaxed modulus of the materials shown in Table IV.3.2.

Although the behavior of the material is not at all comparable in
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small/oscillatory and large/tensile deformation experiments, this is
consistent with the fact that TgE is a temperature at which the material is
already relaxed or has a relatively short relaxation time in comparison
with the timescale of the tensile experiment. Generally speaking, an
increase in the crosslinking density results in a less mobile and ductile
network, leading in the macroscopic scale to a lower failure strain and a
higher stress at break [34], as reported in Table IV.3.4. These results can
be explained by taking into account the internal hyperbranched structure
of LP800 with short ethylene segments within, with lower deformability
than the long, flexible Jeffamine® structure.

In Table IV.3.4, it can also be seen that by lowering the LP800
content, the elastic energy density stored before break can be increased
(with a maximum value of 3.7 MJ/m’). This stored elastic energy density
is an important metric of shape-memory behavior because it estimates an
upper boundary for recoverable elastic energy, that is, the material’s
capability to perform mechanical work against external loads in the
recovery stage. The ability of SMPs to stabilize deformed shapes and
perform mechanical work upon shape recovery is limited by the strength
and density of the bonds created during shape stabilization [38]. Hence
reducing crosslinking density helps to improve this capability. In 901D400-
10LP and 80D400-20LP, the elastic energy density reaches its highest
values (3.7 MJ/m’ and 2.6 MJ/m’). In 70D400-30LP it further decreases
down to 1.9 MJ/m’ but, at a higher LP800 content, the decrease is

gentler.

3.3 Shape-Memory Effect

In order to perform a comparative study with the same level of load for
each sample, every sample was stretched during shape-memory
programming to a prescribed maximum stress (g,) corresponding to 75%
of the stress at break (g, = 0.75¢,). Table IV.3.4 presents the prescribed

maximum stress, ¢

el

and the corresponding maximum deformation

reached, ¢

/24

for each material. Figure I1V.3.4 shows the typical three-
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dimensional representation of the complete shape-memory process. For
the sake of simplicity, only the cycles for the 90D400-10LP and 80DD400-

20LP samples are represented.
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Figure 1IV.3.4 Three-dimensional representation of shape-memory
programming of 90D400-10LP and 80D400-20LP programmed at 1,7 = 50 °C,
on = 9.54 MPa, ¢, = 41.95% and T,*' = 57 °C, g,, = 8.75 MPa, and ¢, = 33.51%,

respectively.

The average shape-recovery ratio (R) and shape-fixity ratio (R)
during three cycles were calculated when programming under these
conditions (g, and Y;E’), as plotted in Figure IV.3.5. All formulations
show shape-recovery ratio values above 93% and shape-fixity ratio values
around 97%, which demonstrates the excellent shape-memory properties
of these shape-memory epoxies even after being stretched to near 60%
(in the case of 90D400-10LP). There are hardly any cases reported in the
literature of shape-memory epoxies programmed under such notable
conditions of g, (or ¢,) and showing such excellent shape recovery and
shape fixity: R, = 96.3% and R; = 98% for 90D400-10LP and R, = 97.4%
and R, = 98% for 80D400-20LP.

Figure IV.3.5 shows the shape-recovery and shape-fixity ratios as a
function of LP800 content. The shape-recovery ratio decreases slightly

with increasing crosslinking density, from 96.3% (90D400-10LP) to
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93.4% (30D400-70LP), showing a maximum for formulation 80D400-
20LP with R, = 97.4%. The shape-fixity ratio shows values higher than
94% for all formulations, decreasing from 98% (90D400-10LP) to 94.6%
(30D400-70LP) as the LP800 content increases (Figure IV.3.5a).
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Figure IV.3.5 Shape-recovery ratio (K,) and shape-fixity ratio (R) as a function
of the content of LP800 (a) and as a function of the storage modulus ratio at

glassy and rubbery regions E’/E’, (b).

Shape-memory properties can also be correlated with ther-
momechanical properties and network structure (Figure IV.3.5b). Both
the shape-recovery and shape-fixity ratios increase as the modulus ratio
between the glassy and rubbery states increases and the glass transition
temperature decreases. The samples with the lowest storage modulus
ratio, R, and R, present the minimum values. By decreasing the L.P800
content, this ratio is widened and both ratios are increased. Rousseau and
Xie [39] rationalized the shape-recovery and shape-fixity results in terms
of spontaneous elastic recovery and/or stress trelaxation. During the
programming step, the material can be easily deformed with a significant
decrease in the entropy of the system due to chain conformation rear-
rangement and alignment and a contribution of small elastic deformation

corresponding to local chain mobility. When the applied external stress is
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released at low temperature, there is a small elastic recovery coming from
the immediate relaxation of local deformations. However, the lower
mobility of the network structure prevents chain rearrangement and
relaxation of internal stresses, balancing the conformational, entropic
recovery driving force and holding the remaining deformation. Once the
temperature exceeds the T,, the network chains gain sufficient mobility,
the internal stresses are eventually relaxed, and therefore the SMP is able
to recover its original shape and a more stable, higher entropy state. If
one bears in mind the structure of LP800 (see Figure IV.3.1¢), very short
ethylene segments between crosslinks can be found in formulations with
a lower proportion of LLP800. It is believed that the local deformation of
the internal structure of LP800 in the network [32], with short ethylene
segments within, has a lower contribution to conformational, entropic
deformation than longer D400 chains and can therefore relax
immediately after stress release. A higher amount of spontaneous elastic
recovery may be expected when the sample containing higher contents of
LP800 is unloaded, hence the lower shape-fixity ratio.

Figure IV.3.6 shows shape-recovery rate 1/, as a function of the
LP800 content (Figure 1V.3.6a) and the strain recovered during the
recovery stage (Figure IV.3.6b) for all samples. The recovery speed shows
very high values for all formulations; it is possible to obtain more than
93% of shape recovery in a few minutes and in a narrow interval of
temperatutes. It is observed that I decreases from almost 22 %/min (ot
7 %/°C) to 15 %/min (or 5 %/°C) as the LP800 content increases
(Figure IV.3.6a). It is worth noting that the temperature range between
15% and 85% of strain recovered (Figure IV.3.6b) is also widened with
increasing LP800 content: from 11.5 °C (90D400-10LP) to 17 °C
(30D400-10LP).

As the maximum deformation during stretching has no influence
on this parameter, the values and trend of 17, can be explained in

viscoelastic terms. From the DMA analysis shown in Figure IV.3.3 and
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Table 1V.3.2, it can be seen that formulations with a higher LP800

content have broader network relaxation because of the more

heterogeneous network structure. It

can be assumed that network

relaxation dynamics rather than the theoretical crosslinking density is the

key parameter governing the recovery process [40]. Consequently it will

take longer to release the stored internal stresses during the recovery

process in materials with a higher LP800 content.
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Figure IV.3.6 Shape-recovery rate 17, as a function of LP800 content (a) and

strain recovered during heating for all formulations (b).
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Conclusions

A series of hyperbranched-modified shape-memory epoxies were
synthesized using a commercial hyperbranched poly(ethyleneimine) and
an aliphatic amine as crosslinking agents. Thermal, mechanical and shape-
memory properties were systematically studied and the results were
interpreted in terms of the content and structure of the HBP.

The thermomechanical measurements showed that increasing
LP800 content led to more heterogeneous networks with higher
crosslinking density and a higher glass transition temperature. The ratio
between the glassy modulus and the rubbery modulus decreased in
accordance with the increase in crosslinking density, but deviations were
observed due to the densely crosslinked hyperbranched structure of
LP800 with short ethylene segments within.

The tensile tests at room temperature showed that an increase in
LP800 resulted in an increase in the stress at break and deformation at
break, reaching values of up to 55 MPa and 5%, respectively. At
programming temperature, the stress at break increased from 12 to 15
MPa with increasing LP800 content, but reduced deformation at break
from 60% to 17% due to an increase in the crosslinking density, The
material with the lowest LP800 content reached the highest elastic energy
density value of 3.7 MJ/m”’, an estimate of the potential of these materials
to perform mechanical work against external loads in the recovery stage.

Shape-memory performances showed high values for the shape-
recovery and shape-fixity ratios and the shape-recovery rate and
demonstrated that the network structure is a key factor for shape-
memory properties. The shape-recovery and shape-fixity ratios decrease
slightly with increasing LLP800 content because it restricted chain-
conformational changes during deformation and molecular dynamics,
adversely affecting the shape-recovery and shape-fixity ratios and the

recovery rate.
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Based on the aforementioned results, it can be concluded that
hyperbranched polymers can be used to enhance the thermal and
mechanical properties of epoxy-based SMPs while keeping excellent
shape-memory properties. However, the hyperbranched polymer content
should be controlled because of its effect on network homogeneity, the

shape-recovery and shape fixity ratios and the recovery rate.
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properties in hyperbranched epoxy shape memory
polymers
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Paisos Catalans 26, 43007 Tarragona, Spain

Abstract

A series of shape-memory epoxy polymers were synthesized using an
aliphatic amine and two different commercial hyperbranched
poly(ethyleneimine)s with different molecular weights as crosslinking
agents. Thermal, mechanical and shape-memory properties in materials
modified with different hyperbranched polymers were analyzed and
compared in order to establish the effect of the structure and the
molecular weight of the hyperbranched polymers used. The presence of
hyperbranched polymers led to more heterogeneous networks, the
crosslinking densities of which increase as the hyperbranched polymer
content increases. The transition temperatures can be tailored from 56 to
117 °C depending on the molecular weight and content of the
hyperbranched polymer. The mechanical properties showed excellent
values in all formulations at room temperature and, specially, at T(f)with
stress at break as high as 15 MPa and strain at break as high as 60%. The
shape-memory performances revealed recovery ratios around 95%, fixity
ratios around 97% and shape-recovery velocities as high as 22 %/min.
The results obtained in this study reveal that hyperbranched polymers
with different molecular weights can be used to enhance the thermal and
mechanical properties of epoxy-based SMPs while keeping excellent

shape-memory properties.
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Keywords: Shape-memory, epoxy, hyperbranched, mechanical properties, smart

materials

1. Introduction

Shape-Memory Polymers (SMPs) are a class of materials that can change
their shape when an external stimulus is applied. These polymers can be
processed to have a permanent shape by conventional techniques, and
then deformed and fixed in a new or temporary shape that can remain
stable until the stimulus is applied [1]. This shape changing is called the
Shape-Memory Effect (SME) and it is usually driven by heat. However, it
can also be driven by light, a magnetic field, or an electrical current.
These smart materials have attracted a lot of interest in recent years due
to their wide range of applications including self-deployable structures for
aerospace applications, biomedical devices or smart fiber and fabrics [2-
4].

The most common SMPs are thermoplastics because they are
extremely ductile and easy to process [5,0], and, therefore, suitable for a
wide variety of potential applications. There are also some examples of
SMP-composites with improved mechanical performance [7,8]. However,
in recent years a number of studies have reported shape-memory
thermosets with excellent mechanical and shape-memory properties, such
as epoxy-based or acrylate-based SMPs [9,10].

Epoxy resins are widely used in many applications (coatings,
adhesives or matrices in composites) because of their chemical resistance,
thermal stability and good mechanical properties [11]. However, their
brittle behavior and low elongation at break greatly limit their use as
SMPs. Many studies have focused on overcoming this limitation by
selecting suitable crosslinking agents which enhance local mobility and
deformability of the networks [12-15]. Although the toughness of epoxies
is greatly improved in such networks, the mechanical properties in terms

of tensile strength may remain a limitation. So, new kinds of shape-
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memory epoxy polymer need to be found that combine high values of
tensile strength and maximum deformation above and below the
transition temperature for more mechanically demanding applications
such as thermomechanical actuators.

Our research group recently reported the use of a low molecular
weight hyperbranched polymer as crosslinking agent for epoxy-based
SMPs [9]. The results revealed that the presence of hyperbranched
polymer led to good thermal, mechanical and shape-memory properties.
These results indicate that other hyperbranched polymers should be used
if shape-memory epoxy polymers are to be further improved. To this
end, in this study two hyperbranched polymers with different molecular
weights have been used as crosslinking agents to determine the effect of
the hyperbranched structure and molecular weight on the

thermomechanical and shape-memory properties of epoxy-based SMPs.

2. Materials and Experimental Methods

2.1 Materials

Diglycidyl ether of bisphenol A (Araldite GY 240, Huntsman) with a
weight per epoxy equivalent of 182 g/mol was used as the base epoxy
resin (Figure 1V.4.12). An aliphatic diamine (Jeffamine® D400,
Huntsman) with M, = 430 g/mol (Figure IV.4.1b) and two different
commercial hyperbranched poly(ethyleneimine)s Lupasol® FG with M, =
800 g/mol and Lupasol® PR8515 with M, = 2000 g/mol (BASF) (Figure
IV.4.1c) were used as crosslinking agents.

Various formulations with different contents of diglycidyl ether of
bisphenol A (DG), Jeffamine® D400 (D400) and Lupasol® FG (I.P FG)
or TLupasol® PR8515 (LP PR) were prepared (Table IV.4.1) as
crosslinking agents. The proportions of reactants in each formulation

were selected so that the molecular structure consisted of stoichiomettic
DG-D400 and DG-LP networks. The sample nomenclature X-Y-Z used
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in Table IV.4.1 indicates the weight fraction of stoichiometric DG-D400
(X) and DG-LP (Y) networks and the type of Lupasol® used (Z).

b) <)

HoN NH, NH, NH,
o7 X J/
*//\\N
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iN/\\/N\/'
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*

Figure IV.4.1 a) Chemical structure of DGEBA (n = 0.08); b) chemical

structure of Jeffamine® D400 (x = 6.1); ¢) chemical structure of Lupasol® FG.
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Table IV.4.1 Composition of the formulations studied

D400:LP
Sample wt.%DG ~ 0 ™7 imine v, (mol/g)’
D400  Lupasol® L.
ratio

90-10FG 635 34.8 1.7 4010 0.001915
80-20FG 657 31.0 33 1782 0.002127
70-30-FG 679 27.1 5.0 1040 0.002339
60-40-FG 702 232 6.6 0.668  0.002551
50-50-FG 724 19.4 8.3 0446 0.002763
40-60-FG 746 15.5 9.9 0297 0.002975
30.70FG 768 11.6 11.6 0.191  0.003187
90-10PR 634 34.8 1.8 3771 0.001940
80-20PR 655 31.0 35 1676 0.002176
70-30-PR 676 27.1 53 0978 0.002412
60-40PR 6.8 232 7.0 0629 0.002648
50-50PR 719 19.4 8.8 0419 0.002885
40-60-PR 740 15.5 105 0279 0.003121
30.70PR  76.1 11.6 123 0180 0.003357

a - - - . . .

Total primary, secondary and tertiary amine groups present in the crosslinking agent

v is the crosslinking density and it was calculated assuming that all amine groups turn
into crosslinks

2.2 Thermomechanical Characterization

The thermomechanical properties were measured using a DMA Q800
(TA Instruments) equipped with a 3-point bending clamp. Prismatic
rectangular samples of ca. 30 mm x 5.5 mm x 2.5 mm were analyzed at 1
Hz, 0.1% strain and a heating rate of 3 °C/min. The glass transition
temperature was determined from the peak in tan &. The values of

storage modulus E’were evaluated below and above glass transition.
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2.3 Mechanical Characterization

The mechanical properties at room temperature were evaluated using an
electromechanical universal testing machine (Zwick 1445) with specially
designed grips. The specimens were sized in accordance with
ASTMDG638 requirements and had a Type IV dog-bone shape. The
experiments were performed at a crosshead speed of 1 mm/min.

The mechanical properties at T;’ were measured using a DMA
Q800 equipped with a film-tension clamp in force-controlled mode.
Prismatic rectangular samples of ca. 20 mm x 2.5 mm x 0.5 mm were
analyzed at TgE at a force rate of IN/min. In both cases, the stress-strain
relationship was obtained by using the specifications established in
ASTMDG638.

2.4 Shape-Memory Properties

The shape-memory properties were measured using a DMA Q800 with a
force-controlled mode and equipped with a film-tension clamp. Prismatic
rectangular samples of ca. 20 mm x 2.5 mm x 0.5 mm were used in
shape-memory performances. The method used to create a temporary
shape and trigger the shape-memory effect was a thermomechanical
procedure called programming (Figure 1V.4.2). This programming
consisted of four steps. 1) First the sample was heated to programming
temperature T, and deformed to a prescribed value of maximum stress
g, at 1 MPa/min. In this stage the deformation of the sample was ¢,. 2)
The next step was to cool the sample to below transition temperature 1),
(~25 °C) so as to fix the temporary shape. 3) After fixation, the stress was
released at the same stress rate of 1 MPa/min. Once the sample had been
unloaded, the deformation of the sample was ¢,. 4) The SME was
triggered by heating the sample to a recovery temperature T, (I, + 10
°C) at a heating rate of 3 °C/min. The amount of non-recoverable

deformation at the end of programming was &y



UNIVERSITAT ROVIRA I VIRGILI
EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS

AND CHEMICAL STRUCTURE
David Manuel Santiago Abraira

Shap. Mem. Superelasticity 2016, DOI: 10.1007/s40830-016-0067-y 191

obl
2 |
5]
S
R
8’77
T
low  Te
" TCMperag,,
T
prog 7:@COV€KV

Figure IV.4.2 Scheme of the thermomechanical programming.

The programming temperature was chosen as the onset of the glass
transition temperature T,” of each sample. According to Yakacki ez al.
[16] a peak in the deformability of shape-memory acrylate-based
polymers can be obtained at a temperature coinciding with the onset of
glass transition temperature. Feldkamp and Rousseau [17] reported the
same phenomenon in epoxy-based systems.

The most significant parameters for quantifying shape-memory
properties are the shape-recovery ratio (R) and the shape-fixity ratio (R).
The shape-recovery ratio (Equation IV.4.1) quantifies the ability of the

SMP to recover its original shape and was calculated as the total
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deformation recovered with respect to the maximum deformation
reached during the programming. The shape-fixity ratio, calculated from
Equation IV.4.2, quantifies the ability of the SMP to fix the temporary
shape. It was calculated as the deformation after the stress was released

with respect to the maximum deformation.

En = &

gl{
100 (V41 R(%)=—=-100  (1V.4.2)

Em

R,(%) =

V4

Another parameter of interest in evaluating shape-memory ability is
the shape-recovery rate (I7). This quantifies the velocity at which the
permanent shape is recovered and it is calculated according to Equation
IV.4.3:

(‘97'6[,7500 - giw,85%> 100

gref, 15% (IV43)

V: 0/ min)= At150,—s50

where ¢, 5, 1s the deformation corresponding to a shape recovery of
15%, &,,.450, 1s the deformation corresponding to a shape recovery of 85%,
and 7,5, 45, 1s the time interval between these two points. The difference
between deformations corresponding to a shape recovery of 15% and
85%0, &, 150 = Enmessu WAS calculated with respect to ¢, 5, in order to avoid

the influence of the maximum deformation on 1.

3. Results and Discussion

3.1 Thermomechanical Properties

The thermomechanical properties of formulations with Lupasol® FG and
Lupasol® PR8515 are listed in Table IV.4.2. The glass transition
temperatures of these materials can be controlled by varying the chemical
composition of the formulations. T;s show values between 60 °C and 117
°C with LP FG and 56 °C and 112 °C with LP PR. Formulations with LP
PR have slightly lower Ts than formulations with LP FG. The higher
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molecular weight of Lupasol® PR8515 results in longer branches than
Lupasol” FG, and these longer branches improve the molecular motion
of the network in comparison with formulations with the lower
molecular weight counterpart. Accordingly, these materials can be used in
shape-memory applications that require a broad range of transition

temp eratures.

Table IV.4.2 Thermomechanical data obtained by DMA: glass transition
temperature (1), onset temperature of the glass transition temperature (T,
storage modulus in glassy and rubbery regions (E; and E’, respectively)

p _'I;,E’ tan 8 FWHM tan d area E’, E, FE,
(°C)' ('C) peak ('C)  (C) (MPa)'(MPa)’ E',
90-10-FG 60 50  0.96 15 14.83 2878 16 183
80-20-FG 68 57 0.82 18 14.61 2880 17 166
70-30-FG 77 63 0.71 20 14.41 3105 23 137
60-40-FG 87 71 0.62 21 13.09 3149 29 110
50-50-FG 96 80 0.54 23 12.60 3110 34 91

40-60-FG 104 88 0.50 24 11.83 3221 41 79

30-70-FG 117 98 0.41 25 10.08 2858 52 55

90-10-PR 56 48  0.98 15 15.11 3050 15 198
80-20-PR 64 55  0.78 20 15.25 3111 18 172
70-30-PR 70 60  0.62 25 15.26 3253 22 150
60-40-PR 79 65  0.57 27 15.59 3008 23 128
50-50-PR 89 73 0.50 29 14.58 3166 32 98

40-60-PR 99 78  0.38 33 12.60 2936 44 67

30-70-PR 112 89 0.34 34 11.50 2871 58 49

2 Measured as the peak of tan &

b Full Width at Half Maximum

¢determined as the product of tan & peak and FWHM
dmeasured at T, - 40

¢ measured at T, + 40

Sample
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A higher content of Lupasol” means that the crosslinking density is
also higher (Table IV.4.1) because of the higher number of reactive amine
groups per unit mass and the presence of internal branching points. This
decreases the average chain length between netpoints and restricts the
molecular mobility, which leads to an increase in T, As can be observed
in Table IV.4.2, an increase in Lupasol® also lowers and broadens the
curve of tan 8. The shape of the tan & curve can be correlated with its
network structure: the higher and narrower the shape of the curve of tan
3, the more homogeneous and mobile the network structure is [18]. The
presence of Lupasol® leads to a more heterogeneous network structure
due to the inherently disperse nature of the hyperbranched
poly(ethyleneimine) and the presence of different types of crosslinks
from the pre-existing tertiary amines and the reacted primary and
secondary amines. The longer branches of LP PR, which decrease the
transition temperature in comparison with formulations with LP FG,
increase the heterogeneity and dispersity of the networks, which have
lower and wider curves of tan 8 (Table 1V.4.2).

All formulations show very high values of storage modulus in the
glassy region around 3 GPa, which is higher than most of the shape-
memory epoxy resins found in the literature [13-15]. The storage
modulus in the rubbery region E’ increases from 16 MPa to 52 MPa as
the LP FG content increases and from 15 MPa to 58 MPa as the LP PR
content increases. According to the theory of rubber elasticity, E’ is
roughly proportional to the crosslinking density and the rubbery modulus
(Table IV.4.2) is expected to increase with the crosslinking density. Given
the hyperbranched structure of Lupasol®, which has a considerable
number of internal branching points and very short ethylene segments
within, unlike the long and flexible aliphatic structure of Jeffamine®
D400, mobility can be expected to be restricted and deformability lower

when the Lupasol® content is increased in the cured thermosets.
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3.2 Mechanical Properties
Most of the articles about shape-memory polymers found in the literature
focus on mechanical properties at high temperature so that deformations
can be high during the programing of the temporary shape. However, the
characterization of the mechanical properties at room temperature is
important for applications such as thermomechanical actuators, which
must perform recovery stress or work against an external load. Figure
IV.4.3 shows the values of stress at break and strain at break of
formulations with Lupasol® FG (Figure 1V.4.3a) and with Lupasol”
PR8515 (Figure 1V.4.3b) evaluated at T,

room*®
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Figure IV.4.3 Stress at break and strain at break of formulations with Lupasol®
FG (a) and Lupasol® PR8515 (b) evaluated at Ty

Both the stress at break and the deformation at break increase from
42 MPa to 55 MPa and from 3.5% to nearly 5.0% with LP FG and from
44 MPa to 52MPa and from 3.7% to 4.8% with LP PR. The observed
tendency for stress at break values clearly shows that strength increases
almost linearly with increasing crosslinking density and T, in both
formulations with LP FG and LP PR. The strain at break does not seem
to be affected differently by crosslinking density in formulations with L.P
FG. Two distinctive regions are observed: from 90-10-FG to 60-20-FG,
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with values of strain at break around 3.6%, and from 50-50-FG to 30-70-
FG, with values of strain at break around 5%. In formulations with LP
PR, the strain at break increases linearly from 3.6% in formulation 90-10-
PR to 5.0% in formulation 50-50-PR. From this point the strain at break
shows values around 5.0% in the other formulations. These results
suggest that the increase in the strain at break seems to be possible up to
a certain value when the increasing crosslinking density limits the
deformability of the network.

Properties below the T, depend on a combination of factors such
as cohesive forces and the presence of local mobility. Strain and stress at
break increase with increasing T, and depend mainly on the difference
between the test temperature and T, It should be taken into account that
when the Lupasol® content is increased, the DG content also inctreases
(Table IV.4.1), which increases the number of hydroxyl groups from the
epoxy-amine condensation and contributes to the cohesion of the
network structure. The internal flexible structure of Lupasol”, which has
limited local mobility below the glass transition temperature, may
contribute to the observed behavior.

Figure IV.4.4 shows the values of stress at break and strain at break
of formulations with LP FG (Figure IV.4.4a) and with LP PR (Figure
IV.4.4b) at Tgr All formulations show very high values of stress at break,
above 10 MPa in all cases and up to 15 MPa in formulation 30-70-FG.
Several studies have reported shape-memory epoxy networks with very
high deformations at break at Tgﬂ’. However, the values of stress at break
at I;JE’ in shape-memory epoxy networks are usually lower than those
reported in this paper [14,17,19].

The values of stress at break and strain at break have a more rigid
structure as Lupasol® content increases, which mean that strain at break
decreases from 58% to 17% in formulations with LP FG and from 50%
to 13% in formulations with LP PR. In general, an increase in the

crosslinking density results in a less mobile and ductile network. On the
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macroscopic scale this leads to a lower failure strain and a higher stress at
break. These results can be explained by the internal hyperbranched
structure of Lupasol® which has short ethylene segments within and is
less deformable than the long, flexible Jeffamine® D400 structure.
Overall, for both temperatures, formulations with LP PR have
values of stress at break and strain at break that are slightly lower than
formulations with LP FG. These differences may be caused by the higher
crosslinking density of formulations with LP PR and the presence of

possible molecular interactions due to the longer branches of LP PR.
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Figure IV.4.4 Stress at break and strain at break of formulations with Lupasol®
FG (a) and Lupasol® PR8515 (b) evaluated at T,/

3.3 Shape-Memory Properties

To make a comparative study with the same level of load, every sample
was stretched during the programming to a prescribed maximum stress
(0,) that was 75% of the stress at break (g, = 0.75¢,). Figure IV.4.5 shows
the shape recovery ratio and the shape fixity ratio of formulations with
Lupasol® FG (Figure 1V.4.52) and with Lupasol® PR8515 (Figure
IV.4.5b). The average shape-recovery ratio and shape-fixity ratio over
three cycles were calculated when programming under these conditions
(g, and T,%). All formulations show shape-recovery ratio values above

93% and shape-fixity ratio values around 97%, which demonstrates the
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excellent shape-memory properties of materials with both Lupasol® FG

and Lupasol® PR8515.
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Figure IV.4.5 Shape-recovery ratio (R, and shape-fixity ratio (Rf of
formulations with Lupasol® FG and (a) and with Lupasol® PR8515 (b).

The shape-recovery ratio decreases slightly as the Lupasol” content
increases in both groups of formulations: from 96.3% to 93.4% with LLP
FG and from 96.5 to 92.9% with LP PR. The maximum is for
formulations 80-20-FG and 80-20-PR with R, = 97.4% and R, = 97.5%,
respectively. The shape fixity ratio is high with both types of Lupasol”
and ranges from 98% to 94% as the Lupasol® content increases.

These results can be correlated with thermomechanical properties
and network structure. Formulations with a higher Lupasol® content have
broader network relaxation because of the more heterogeneous network
structure (Table 1V.4.2) so it is more difficult to release the stored
imposed stresses (step 1 in Figure IV.4.2) during the recovery process.
This decreases the shape-recovery ratio R. The local deformation of the
internal structure of Lupasol” in the network, which has short ethylene
segments within, has a lower contribution to conformational, entropic
deformation than longer D400 chains and can therefore relax

immediately after stress release. A higher amount of spontaneous elastic
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recovery may be expected when formulations with a higher Lupasol”
content are unloaded. In this case, shape-fixity ratios R, are lower.

As mentioned above, LP PR has longer branches than LP FG. This
means that formulations with LP PR have a more heterogeneous
structure than formulations with LP FG and have slightly lower values of
R, and R,

Figure IV.4.6 shows the shape-recovery velocity I/, of formulations
with Lupasol® FG (Figure 1V.4.6a) and Lupasol® PR8515 (Figure
IV.4.6b). It is observed that 1/, decreases as the Lupasol® content
increases. Formulations with a higher Lupasol” content have broader
network relaxation because of the more heterogeneous network structure
which hinders the recovery process. Thus, it takes longer to release the
stored internal stresses during the recovery process in materials with a
higher Lupasol® content. Formulations with LP PR have lower values of

7. due to the more heterogeneous networks than formulations with LP

FG.
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Figure IV.4.6 Shape-recovery velocity (1)) of formulations with Lupasol® FG
(a) and with Lupasol® PR8515 (b).
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Conclusions

A series of shape-memory epoxy polymers was synthesized using an
aliphatic amine and two commercial hyperbranched poly(ethyleneimine)s
with different molecular weights as crosslinking agents. The influence of
the structure of the hyperbranched polymers on the thermal, mechanical
and shape-memory properties was analyzed and discussed.

The thermomechanical measurements showed that an increase in
the Lupasol® content led to more heterogeneous networks with higher
crosslinking densities and higher Ts. Formulations with Lupasol®
PR8515 had lower Ts but wider transitions than formulations with
Lupasol” FG.

The tensile tests at room temperature showed that an increase in
the TLupasol® content resulted in an increase in the stress at break and
deformation at break, showing values around 55 MPa and 5% in both
groups of formulations. At the programming temperature Tg‘E’, the stress
at break showed excellent values above 10 MPa in all formulations and
up to 15 MPa and deformations at break of almost 60%. The higher
crosslinking density and the presence of possible molecular interactions
of formulations with Lupasol® PR8515 resulted in slightly lower values of
stress at break and strain at break than formulations with Lupasol® FG.

Shape-memory performances showed high wvalues of shape-
recovery, shape-fixity ratios and shape-recovery velocity. The shape-
memory properties were reduced when the Lupasol® content was
increased because it restricted chain-conformational changes during
deformation and molecular dynamics, which hindered the recovery and
fixity processes and decreased the recovery velocity. Formulations with
Lupasol® PR8515 presented slightly lower shape-memory properties
because they were more heterogeneously structured than formulations
with Lupasol® FG.

The results obtained show that hyperbranched polymers can be

used as crosslinking agents for epoxy-based shape-memory polymers.
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The hyperbranched polymer content and molecular weight should be
controlled. While materials with low molecular weight hyperbranched
polymers showed slightly better mechanical and shape memory
properties, materials with higher molecular weight hyperbranched
polymers had lower transition temperatures. Other mechanical properties
can be analyzed in future work to determine the effect of both types of

hyperbranched poly(ethyleneimine)s.
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Abstract

In this study a series of hyperbranched modified shape-memory polymers
were subjected to constrained shape recoveries in order to determine
their potential use as thermomechanical actuators. Materials were
synthesized from a diglycidyl ether of bisphenol A as base epoxy and a
polyetheramine and a commercial hyperbranched poly(ethyleneimine) as
crosslinker agents. Hyperbranched polymers within the structure of the
shape-memory epoxy polymers led to a more heterogeneous network that
can substantially modify mechanical properties. Thermomechanical and
mechanical properties were analysed and discussed in terms of the
content of hyperbranched polymer. Shape-memory effect was analysed
under fully and partially constrained conditions. When shape recovery
was carried out with fixed strain a recovery stress was obtained whereas
when it was carried out with a constraining stress the material performs
mechanical work. Tensile tests at Tgr showed excellent values of stress
and strain at break (up to 15 MPa and almost 60% respectively).
Constrained recovery performances revealed rapid recovery stress
generation and unusually high recovery stresses (up to 7 MPa) and
extremely high work densities (up to 750 kJ/m’). The network structure
of shape-memory polymers was found to be a key factor for actuator-like

applications. Results confirm that hyperbranched modified-epoxy shape
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memory polymers are good candidates for actuator-like shape-memory

applications.

Keywords: epoxy, hyperbranched, hyperbranched polymers, polymers, recovery stress,

shape-memory polymers, stimuli sensitive, thermosets, work ontput

1. Introduction

Shape-memory polymers (SMPs) are materials that are capable of
changing their shape upon application of an external stimulus [1]. They
can be deformed and fixed in a temporary shape and then return to their
original shape once the stimulus is applied. This effect is called the Shape-
Memory Effect (SME) and it is usually thermally induced but it can also
be induced by an electrical current, magnetic field or light [2-4]. SMPs
have attracted a lot of interest in recent years due to their use in a wide
range of applications such as self-deployable structures, temperature
sensors, electronic devices or biomedical applications [5-8].

According to Liu ez al. [9], SMPs can be classified in four different
classes depending on their chemical structure and transition temperature.
Among them, chemically crosslinked glassy thermosets (class I) have
been extensively studied due to their high recovery and fixity ratio, high
tensile modulus below the glass transition temperature and excellent
rubber elasticity above the glass transition temperature [9,10]. Epoxy-
based shape-memory thermosets are the most common examples of this
type of SMPs. Epoxy resins are widely used in many applications
(coatings, adhesives or matrices in composites) because of their chemical
resistance, thermal stability and good mechanical properties [11].
However, their brittle behaviour and low elongation at break greatly limit
their use as SMPs. Many studies have focused on overcoming this
limitation by choosing suitable programming conditions and through

material design [12-15].
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Hyperbranched polymers (HBPs) have been reported to be
excellent epoxy modifiers [16-19]. Our research group recently published
the use of HBPs as modifiers for epoxy-based shape-memory thermosets
[20]. HBPs have a densely-branched structure, which makes them less
viscous than their linear counterparts of the same molecular weight, and a
high concentration of surface reactive groups, that can be modified to
tune their physical/chemical compatibility to a variety of matrices and
substrates. Results have shown that the presence of HBPs within the
network led to excellent mechanical properties, with stress at break up to
15 MPa and a failure strain of 60%. Shape-memory properties showed
excellent results, with a fast recovery rate and shape recovery and shape
fixity ratios up to 97% and 98%, respectively. Figure IV.5.1 presents a
photo sequence of these thermally triggered SME developed by our
research group [20].

Original shape Temporary shape Recovery Final shape

Original shape Temporary shape Recovery

Figure IV.5.1 Photo sequence of the thermally triggered hyperbranched shape-

memory polymer developed by the authors and presented in [20].
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In view of these excellent mechanical and shape-memory
properties, hyperbranched-modified SMPs are good candidates in
mechanically demanding applications such as thermomechanical actuators
[5,21,22]. However, in these kinds of application, the shape-memory
effect most probably takes place under partially or fully constraining
conditions. Consequently, the aim of this article is to investigate the
shape recovery process under a constraining stress and under fixed strain
conditions and to quantify the maximum recovery stress and the
mechanical work generated in previously reported hyperbranched-
modified shape-memory epoxy polymers [20].

Various articles that study shape recovery under partially or fully
constraining conditions can be found in the literature. Yakacki ez a/. [23]
evaluated the effect of polymer structure on free and constrained
recovery in photopolymerized shape-memory thermosets. The authors
reported that fully constrained recoveries were governed by the
crosslinking density of the networks. Cui ef a/ [24] studied the
relationship between programming parameters and shape-memory
properties, including the maximum recovery stress, on neat and
microparticles-modified aliphatic polyether urethane. Arrieta ef al. [25]
studied the effect of different experimental parameters on the free and
totally constrained recoveries of a shape-memory acrylate-based polymer.
These authors reported the ideal conditions for enhancing the recovery
stress generation. Rapp and Baier [20] presented an experimental
procedure to evaluate the work density using a closed-loop force-
controlled thermomechanical procedure. This study concluded that for
moderate maximum strains, better results are obtained when the SMPs
are programmed in compression rather than in tension due to the
superposition of the thermal expansion and the shape-memory effect.
Kolesov ez al. [27] reported the mechanical work generated by ethylene-1-
octenecopolymers with different degrees of branching. The authors

stated that the work output can be used as a shape-memory characteristic
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of practical relevance. Lakhera ef al. [28] studied partially constrained
shape recovery on acrylate-based shape-memory polymers and evaluated
the work per unit volume performed and the efficiency of the process.
The work output increased as the rubbery modulus increased and the
highest efficiency was obtained when the materials had recovered
approximately half the initial deformation under constraining stress.
Accordingly, the effects of crosslinking density and
thermomechanical experimental parameters on constrained shape
recovery have been thoroughly investigated. However, the presence of
HBPs within the shape-memory network requires a separate study due to
their particular structure. In this article, partially and fully constrained
shape recovery processes are studied using previously reported shape-
memory epoxy thermosets modified with a commercial hyperbranched
poly(ethyleneimine) and an aliphatic polyetheramine as crosslinker agents.
The article evaluates the recovery stress generation during fully
constrained shape recovery and the work output generation during
partially constrained recovery and analyses and discusses the effect of the
hyperbranched structure within the network. The presence of HBPs leads
to excellent mechanical and shape-memory properties, which in turn

means that they can act as excellent thermomechanical actuators.

2. Experimental Methods

2.1 Materials

Diglycidyl ether of bisphenol A (Araldite GY 240, Huntsman) with a
weight per epoxy equivalent of 182 g/mol was used as the base epoxy
resin (Figure IV.5.2a). The crosslinking agents used were a commercial
hyperbranched poly(ethyleneimine) (Lupasol® FG, BASF) with M, = 800
g/mol and a ratio of primary:secondary:tertiary amines of 1:0.82:0.53
(Figure TV.5.2b) and an aliphatic diamine (Jeffamine® D400, Huntsman)
with M, = 430 g/mol (Figure IV.5.2c). All data ate obtained from the

supplier. The molecular mechanism of the epoxy-amine condensation is
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showed in Figure IV.5.3a and the final structure of the hyperbranched-
modified epoxy shape-memory network is showed in Figure IV.5.3b.

b) )

HoN NH, NH, NH,
v i C
*//\\N

H
NS

‘\/HN\/\N /\/NH\)
T
N

*

Figure IV.5.2 a) Chemical structure of DGEBA (n = 0.08); b) chemical

structure of Jeffamine® D400 (x = 6.1); ¢) chemical structure of Lupasol® FG.
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Figure IV.5.3 a) Simplified scheme of the epoxy-amine condensation
mechanism and b) the final structure of the hyperbranched-modified shape-

memory polymer.

Various formulations were prepared with different contents of
diglycidyl ether of bisphenol A (DGEBA), Jeffamine® D400 (D400) and
Lupasol® FG (ILP800) (Table IV.5.1). The proportions of reactants in
each formulation were selected to obtain a molecular structure made up
of stoichiometric DGEBA-D400 and DGEBA-LP800 networks. The
sample nomenclature XD400-YLP used in Table IV.5.1 indicates the
weight fraction of the stoichiometric DGEBA-D400 (X) and DGEBA-
LP800 (Y) networks. This study looked at only three of the previously
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reported formulations [20]. In order to study the effect of the Lupasol®
content on the network, formulations with the lower, intermediate and
higher LP content were chosen (90D400-10LP, 60D400-40LP and
30D400-70LP respectively). The crosslinking density », is calculated
assuming that all amine groups turn into crosslinks using the following

expression:

egIN. egN
D400 ( pino / g) + 71psoo ( Lp§00/ g

mr

) aV.5.1)

v, (mol/g) =

where 71, is the mass of Jeffamine® D400, (eqND 400/ g) is the total

amine in Jeffamine® D400 (0.0041-0.0047 eqN/g), 7, pgy is the mass of

Lupasol® FG and (eqN / g) is the total amine in Lupasol® FG

LP$00
(0.0231 eqN/g) calculated using the ratio previously indicated.

Table IV.5.1 Composition of the formulations studied. »; is the crosslinking
density calculated assuming that all amine groups turn into crosslinks

Sample  wt. % wt. %  wt. %  D400:LP800 v_.(mol/g)
DGEBA D400 LP800 amine ratio®

90D400-10LP 63.5 34.8 1.7 4.010 0.001915
60D400-10LP 70.2 23.2 0.6 0.668 0.002551
30D400-70LP 76.8 11.6 11.6 0.191 0.003187

Y Total primary, secondary and tertiary amine groups present in the crosslinking agent.

The components were mixed manually in a glass vial and then
poured into an open mould covered with Teflon to avoid the presence of
bubbles and to facilitate sample release. The samples were cured for 2h at
120 °C and then slowly cooled to room temperature inside the oven. This
curing time was optimized on the basis of differential scanning

calorimetry. To do so it was necessary to determine the time needed to
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ensure the complete disappearance of any exothermic peak related to
residual crosslinking reactions. The samples were then polished with

sandpaper to obtain uniform final dimensions.

2.2 Thermomechanical Characterization

The thermomechanical properties were evaluated using a DMA Q800
(TA Instruments) equipped with a 3-point bending clamp. Prismatic
rectangular samples of ca. 30 mm x 5.5 mm x 2.5 mm were analysed from
30 °C to 150 °C at 1 Hz, 0.1% strain and a heating rate of 3 °C/min. The
glass transition temperature was determined from the peak in tan 8. The
values of storage modulus E’ below and above glass transition were
evaluated. The onset of the glass transition temperature Tf was
determined as the onset in the storage modulus decrease during
mechanical relaxation. According to Yakacki ez a/. [29], a peak in the
deformability of shape-memory acrylate-based polymer can be obtained
at a temperature coinciding with the onset of the glass transition
temperature. Feldkamp and Rousseau [12] demonstrated that this
phenomenon is also present in epoxy-based networks.

The coefficient of thermal expansion (CTE) was measured using a
TMA/SDTA 840 (Metler Toledo). Samples of ca. 3 mm x 3 mm x 2 mm
were analysed with a contact force of 0.01 N from 30 °C to T, + 30 °C at
a heating rate of 3 °C/min. Three different samples were subjected to
two consecutive heating-cooling processes in order to erase thermal
history. The CTE was defined as the slope of the curve. The average
value of the CTE in glassy and rubbery state was determined.

2.3 Mechanical Properties

The mechanical properties at T,” were measured using a DMA Q800
equipped with a film-tension clamp in force-controlled mode. Prismatic
rectangular samples of ca. 20 mm x 2.5 mm x 0.5 mm were analysed at

Tglr at a force rate of 1 N/min. In both experiments, strain was calculated
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as the total elongation (I, - L) (displacement of the crosshead) with
respect to the initial length (L)) (Equation IV.5.2).

~ I
()= L—"

-100 IV.5.2)
0

2.4 Shape-Memory Properties

The shape-memory properties were measured using a DMA Q800 (TA
Instruments) with a force-controlled mode and equipped with a film-
tension clamp. Prismatic rectangular samples of ca. 20 mm x 2 mm x 0.5
mm were used in the shape-memory performances. The method for
creating a temporary shape and triggering the shape-memory effect is a
thermomechanical procedure called ‘programming’. The programming
consists of various steps and can be carried out under stress free
conditions (Figure IV.5.4 and Figure IV.5.5, path 1-4a) or under
constrained conditions (Figure IV.5.4 and Figure IV.5.5, path 1-4b). The
programming under stress free conditions was carried out by heating the

sample to the programming temperature T,

me and deforming it to a

prescribed value of maximum stress g,. In this stage the deformation of
the sample was ¢,. The next step was to cool it to a low temperature T,
below the transition temperature in order to fix the temporary shape.
After fixation the stress was released (g, = 0) and the deformation of the
sample was ¢, The shape-memory effect was triggered by heating the

sample to a recovery temperature T which is above the transition
p y p

recovery>

tenjperature.
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Figure IV.5.4 Schematic representation of the thermomechanical programming

under free recovery conditions (dashed line) and under fully constrained

conditions, which generates a recovery stress (solid line).
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Figure IV.5.5 Schematic representation of the thermomechanical programming
under free recovery conditions (dashed line) and under partially constrained

conditions, which generates mechanical work (solid line).
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The programming under constrained conditions is different
depending on whether the aim is to determine recovery stress (Figure
IV.5.4, path 1-4b) or mechanical work (Figure IV.5.5, path 1-4b). In
order to evaluate recovery stress, the deformation after unloading ¢, was
held constant while the sample was heated to the recovery temperature
T,.,., The recovery stress increased as the temperature increased to a

maximum value noted as o,. To evaluate the mechanical work, the

rect

sample was not unloaded to ¢, during the unloading stage but it was

unloaded to a constraining stress g,

const*

The constraining stress was held
constant while the sample was heated to T, and the strain recovered

recovery

under constraining stress ¢, — ¢, was measured. The work calculated
during the constrained recovery was the work performed per unit volume

(kJ/m?) and it was calculated using Equation TV.5.3:
Wa(k_]/m3) = Oonst* (‘9%’ - ‘gp’) (IV53)

In the experiments to determine recovery stress, five different
maximum stresses were chosen (2, 4, 6, 8 and 10 MPa) in order to analyse
how maximum applied stress during path 1-2 of the programming
affected recovery stress generation. In the experiments performed to
determine the mechanical work, the maximum stress applied during
programming was chosen as 0.75 of the stress at break in order to
perform a comparative study with the same level of load for each sample.
Four different constraining stresses (g,,,) were chosen: 20, 40, 60 and
80% of the maximum stress applied to deform the sample during
deformation stage. The programming temperature T, was chosen as the
onset of the glass transition temperature Tgﬁ’ for each sample in both
kinds of experiment (recovery stress and mechanical work). The low
temperature 1), was chosen as room temperature (~25 °C) and the
heating rate during recovery was 3 °C/min. The deformation rate chosen

during the loading and unloading stages was 1 MPa/min.
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3. Results and Discussion

3.1 Thermomechanical Properties

Thermomechanical results are summarized in Table IV.5.2 and Figure
IV.5.6. The glass transition temperatures can be controlled by varying
chemical composition. T;s are 60, 87 and 117 °C for formulations
90D400-10LP, 60D400-40LP and 30D400-70LP respectively. A higher
LP800 content implies a higher crosslinking density (Table IV.5.1)
because of the higher number of reactive amine groups per unit mass and
the presence of internal branching points. This leads to a decrease in the
average chain length between netpoints and a more restricted molecular
mobility, thus increasing the T,. As Table IV.5.2 and Figure IV.5.6 show,
an increase in LP800 also causes a lowering and a broadening of the peak
of tan &. LP800 leads to a more heterogeneous network structure due to
the inherently dispersed nature of the hyperbranched poly(ethyleneimine)
and the presence of different types of crosslinks coming from the pre-
existing tertiary amines and reacted primary and secondary amines of
LP800. The decrease in tan & peak and area when the amount of LP800
increases is also indicative of a more densely crosslinked network with
restricted mobility.

All formulations show very high values of storage modulus at the
glassy region around 3 GPa (Table IV.5.2 and Figure 1V.5.6), which is
higher than most of the shape-memory epoxy resins found in the
literature. The storage modulus at rubbery region E’ increases as the
LP800 content increases. According to the theory of rubber elasticity, E’,
is roughly proportional to the crosslinking density and it is therefore
expected to increase in line with the crosslinking density (Table IV.5.2).
However, the hyperbranched structure of LP800 can cause mobility
restrictions due to the high number of internal branching points and very
short ethylene segments within. In contrast to the long, flexible aliphatic

structure of ]effarnine®, one can expect mobility restrictions and lower
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deformability as the LP800 content in the cured thermosets is increased

[30].

Table IV.5.2 Thermomechanical data obtained by DMA: glass transition
temperature (1), onset temperature of the glass transition temperature (1;7),

storage modulus at glassy and rubbery regions (E’, and E’ respectively)

a E’ b tan6 d e
* T.F tans FWHM B Ef FE,
Sample
[°C] [°C] peak [°C] C) [MPa] [MPa] E’,
90D400-10LP 60 50  0.96 1545 1483 2878 16 183
60D400-40LP &7 71 0.62 2111 13.09 3149 29 110
30D400-70LP 117 98 0.41 2458 10.08 2858 52 55

b full width at half maximum
4 measured at T, — 40 °C

* measured as the peak of tan &
¢determined as the product of tan & peak and FWHM
¢ measured at T, + 40 °C

10000 - 1
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Figure IV.5.6 Storage modulus E’ and tan & as a function of temperature for

each formulation.

In order to analyse the effect of thermal expansion during heating,

the coefficient of thermal expansion (CTE) was evaluated. Table IV.5.3
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shows the CTE in the glassy and rubbery region. The CTE in glassy
region slightly decreases from 101x1 0° to 86x10° 1/°C as the content of
LP increases. With a higher content of hyperbranched polymer the
molecular motion is more restricted and thus the volume gained during
heating is lower. The CTE in the rubbery region is more than two times
the CTE in the glassy region. This is caused by the increase in the free-
volume when heated above the T, The impact of thermal expansion on

tully constrained recoveries will be discussed in later sections.

Table IV.5.3 Average value of the coefficient of thermal expansion (CTE) for

each formulation

Sample 90D400-10LP  60D400-40LP 30D400-70LP
CTE glassy region
L EEYEeS 10142 9141 8642
CC" x 10°)
CTE rubbery
20443 19342 20141

region (°C™" x 10°)

3.2 Mechanical Properties
Table 1V.5.4 shows the mechanical properties evaluated at Tg . All
formulations show very high values of stress at break, around 12 MPa for
90D400-10LP and 60D400-30LP and 15 MPa for formulation 30D400-
70LP. Tensile modulus reveals a more rigid network with increasing
LP800 content, which implies a decrease in strain at break: from 58% for
90D400-10LP to 17% for 30D400-70LP.

The tensile modulus values shown in Table IV.5.4 correlate well
with the relaxed modulus of the materials shown in Table IV.5.2.
Although the behaviour of the material is not at all comparable in
small/oscillatory and large/tensile deformation experiments, this is
consistent with the fact that Tf is a temperature at which the material is
already relaxed or has a relatively short relaxation time in comparison

with the timescale of the tensile experiment. Generally speaking, an
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increase in the crosslinking density results in a less mobile and ductile
network, leading to a lower failure strain and a higher stress at break on a
macroscopic level, as reported in Table IV.5.4. These results can be
explained by taking into account the internal hyperbranched structure of
LP800 with short ethylene segments within, with lower deformability
than the long, flexible Jeffamine® structure.

Table IV.5.4 shows that by lowering the LP800 content, the elastic
energy density stored before break can be increased (with a maximum
value of 3.7x10” kJ /m?). This stored elastic energy density is an important
metric of shape-memory behaviour because it provides an estimated
upper boundary for recoverable elastic energy; that is, the material’s
capability to perform mechanical work against external loads in the
recovery stage. The ability of SMPs to stabilize deformed shapes and
perform mechanical work upon shape recovery is limited by the strength
and density of the bonds created during shape stabilization.
Consequently, reducing crosslinking density helps to improve this
capability. Formulation 90D400-10LP showed the highest elastic energy
density (3.7x10” kJ /m’), which decreases to 1.3x10° k] /m’ in formulation
30D400-70LP.

Table IV.5.4 Tensile data T, obtained by uniaxial tensile testing: stress at break

(0,), deformation at break (g,), elastic energy density and tensile modulus

Elastic energy Tensile
Sample o, MPa) g, (%) . s
density (kJ/m’) modulus (MPa)
90D400-10LP 12.7 58.0 3.7x10° 19.6
60D400-40LP 12.3 29.5 1.8x10° 38.4
30D400-70LP 15.4 17.2 1.3x10° 84.4

3.3 Recovery Stress Quantification
This section studies the recovery stress generation during fully

constrained shape recovery. Five different maximum prescribed stresses
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were used in recovery stress performances: 2, 4, 6, 8 and 10 MPa. Figure
IV.5.7a shows the shape-memory cycles with fully constrained recoveries
for each maximum stress applied. For the sake of simplicity, only the

cycles of formulation 90D400-10LP are represented.

——2 MPa e 4MPa ---6MPa 8§ MPa ——10 MPa
a) 12
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Figure IV.5.7 a) Three dimensional graphic of the fully constrained recovery
process and recovery stress generation of formulation 90D400-10LP for all
different ¢,; Stress-strain curves of the deforming stage during programming
(step 1-2 in Figure IV.5.4 and Figure IV.5.5) in recovery stress performances for
formulation 90D400-10LP (a), 60D400-40LP (b) and 30D400-70LP (c).

Figure IV.5.7b, Figure IV.5.7c and Figure IV.5.7d show the stress-

strain curves of the deforming stage of programming (step 1-2 in Figure
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IV.5.4) with each g,. As noted in section 3.2, formulations with a higher
content of hyperbranched polymer present a more rigid structure and
thus the deformation achieved during programming is lower.

Keeping in mind the values of stress at break at Tf for each
formulation (Table IV.5.4), specific maximum prescribed stresses were
selected to ensure a comparative study of the effect of ¢, within the
failure limits of each formulation. With 10 MPa, formulations 90D400-
10LP and 60D400-40LP were stretched to around 80% of their failure
strain. For formulation 30D400-70LP, it was possible to apply higher

values of og,; however, the other formulations could not be stretched to

g
the same values and thus a comparative study could not be carried out.

Figure IV.5.8 shows the recovery stress generation as a function of
temperature during the recovery stage of programming (step 4b in Figure
IV.5.4). The recovery stress progressively increases with increasing
temperature until reaching a maximum at 7T, (indicated in Figure IV.5.8
with a cross). Two thermomechanical processes are involved in recovery
stress generation during fully constrained recovery: the shape-memory
effect and the thermal expansion.

Some studies have reported the influence of thermal expansion on
constrained recoveries [31,32]. As the programming of the temporary
shape was carried out in tension, the constrained thermal expansion
produces a stress with an opposite sign to the recovery stress generated.
The constrained thermal expansion stress can be observed as a
compression plateau in experiments performed on formulation 301D400-
70LP with g, = 2 and 4 MPa. While thermal expansion dominates in the
low temperature range, the recovery stress shifts toward positive values
due to the activation of the shape-memory effect as the temperature

increases.
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Figure IV.5.8 Recovery stress generation as a function of temperature during
the recovery stage of all formulations and the temperature corresponding to

maximum gy, (T, indicated with a cross (X).
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This effect is not observed with higher ¢,. Similar results were
obtained by Arrieta et al. [25], where the compression regime disappears
as the applied strain increases. As g, is increasing, the maximum
deformation achieved during programming increases and leads to a
higher chain orientation which results in a higher entropy gain during
recovery stage. Thus, the progressive increase of o, upon heating is
stronger and soon surpasses the compressive stress due to thermal
expansion.

Although there are barely any differences between the formulations
regarding the coefficient of thermal expansion (Table IV.5.3), the
compressive plateau is also absent from formulations 60D400-40LP and
90D400-10LP. The transition temperatures of such formulations are
lower than in formulation 30D400-70LP and thus the stress generation
begins at lower temperatures and the recovery stress overrides the
compressive stress, even at lower temperatures.

Table IV.5.5 lists the temperatures at which the maximum recovery
stresses are obtained (T,,), the programming temperature of each
formulation T,, and the switching temperature T,, in free recovery
conditions. An almost linear relationship between T, and T,,, was found.

arec prog
The ratio between T,/T,, presents very similar values for all

arec

u’e

formulations: 1.02, 1.09 and 1.06 for formulations 90D400-10LP,
60D400-40LP and 30D400-70LP respectively.

The switching temperatures (1)) of free recovery performances
were obtained as the inflexion point in the strain-temperature cutrve
during shape recovery [20] and mark the beginning of shape recovery.
The recovery stress generation in constrained recovery begins at
temperatures much lower than in free recovery (Figure IV.5.8). For
example, with formulation 90D400-10LP, a recovery stress is obtained at
a temperature 15 °C below the glass transition temperature (60 °C), which

is equal to 50% of the maximum programming stress. This result has

important implications for the design of applications because it makes it
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possible to quickly generate recovery stress even at temperatures lower

than the glass transition temperature of the materials.

Table IV.5.5 Programming temperature T, average maximum tecovery stress

temperature T, of each formulation and switching temperature T,

S

Sample 90D400-10LP  60D400-40LP  30D400-70LP
T,..' (C) 50 71 98
T..."(°C) 52 78 104
T, (°C) 50 70 98

aT,.=TF

prog

b Average value of T,
¢ T, obtained as the inflection point in strain-temperature curve during free shape
trecovery obtained from [20]

Figure IV.5.9 shows the maximum recovery stress g, generated
during the fully constrained recovery stage as a function of the maximum

applied stress o,

4

during programming. In each formulation g, increases as
o, increases. As o, increases, the maximum deformation acquired during
programming increases and leads to a higher chain orientation which
results in a higher entropy gain during recovery stage [24]. Thus, the
maximum recovery stress increases and reaches values of almost 7 MPa
in formulation 60D400-40LP. Some authors have reported maximum
recovery stress values during fully constrained recovery in SMPs
programmed in tension mode, but values as high as those reported in the
present paper are not found in the literature. Arrieta ez al [25] reported
recovery stress of around 6 MPa in an acrylic based shape-memory
polymer pre-strained to 55%. Ortega ez al. [33] reported recovery stress of
almost 4 MPa in (meth)acrylated based shape-memory polymers. Cui ef a/.
[24] reported values of 3.7 MPa in a polyether urethane modified with
20% of BaSO, microparticles.

Such high values of recovery stress presented in Figure IV.5.9
come from a combination of high maximum stress applied during the

programming of the temporary shape and the high driving recovery
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forces exercised by the crosslinked network in comparison with other
SMPs. On one hand, the high values of breaking stress of these materials
(Table IV.5.4) enable the application of high maximum stresses o, (up to
12 MPa) and thus obtaining such good values of recovery stress. On the
other hand, if one bears in mind the structure of the hyperbranched
poly(ethyleneimine), the presence of different types of crosslinks can be
found within its structure, coming from the reacted primary and
secondary amine and the pre-existing tertiary amines. Some of these
crosslinking points are connected by short aliphatic structures, which lead
to zones with a high crosslinking density. This generates high local
concentrations of branching points within the structure of the polymer
which may produce higher driving forces than those produced by

conventional shape-memory epoxy polymers.

8 7
;1 ©90D400-10LP
6 - ©60D400-40LP
Z 1 o©30p400-70LP
2 4]
63
2
E
0 .

Oy (MPa)

Figure IV.5.9 Maximum recovery stress developed: o, as a function of the

maximum stress g,, of each formulation.

In Figure IV.5.9, with low values of o, (2 and 4 MPa), formulation
90D400-10LP shows the highest values of g,, However, with ¢, = 6 MPa
to 10 MPa, formulation 60D400-40LP shows higher values of g, than
formulation 90D400-10LP; and with ¢, = 10 MPa formulation 30DD400-

rec
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70LP shows higher ¢, than formulation 90D400-10LP. Some studies
have shown that crosslinking density is the governing factor in recovery
stress generation due to the larger driving entropy recovery forces [23,33].
However, it seems that with low levels of deformation, the higher
molecular mobility of formulation 90D400-10LP overrides the higher
crosslinking density of formulations 60D400-40LP and 30D400-70LP.
With increasing values of ¢, the crosslinking density acquires more
importance and the entropy recovery forces predominate over the ease of

movement of more homogeneous networks.

100 -
>
£
L
g 40
© -+90D400-10LP
20 1 ~~-60D400-40LP
] ~-30D400-70LP
0 ; i ;

6 8 10
6, (MPa)
Figure IV.5.10 0./ 0, ratio as a function of the maximum stress applied during

programming of each formulation.

Figure IV.5.10 clearly shows the tendency mentioned above. This
figure plots the ratio of the maximum recovery stress g,, to the maximum
stress applied g, (g,,/0,) as a function of the maximum stress applied. The
formulation 90D400-10LP shows a high ¢,/0, ratio (atound 73%) with
= 61% with g, = 10 MPa;

formulation 60D400-40LP shows a constant ratio around 70% and

g, = 2 MPa, which decreases to a,/¢

rec m

formulation 30D400-70LP shows an increasing ratio from 34% to 63%

with increasing o,
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It should be taken into account that in order to enhance the
recovery stress, the closer to failure that the SMPs are programmed the
greater the recovery stress generation. For example, formulation 30D400-
70LP can support higher ¢, and thus obtain higher g,. Moreover, for
those applications in which SMPs have to work under fully constrained
conditions, a compromise should be reached between crosslinking
density, which exerts sufficient driving recovery force, and a sufficiently

homogeneous network that allows molecular mobility.

3.4 Work Output

The present section studies the mechanical work output during shape
recovery with different constraining stresses. In order to perform a
comparative study with the same level of load for each sample, each
sample was stretched during shape-memory programming to a prescribed
maximum stress (g,) corresponding to 75% of the stress at break (g, =
0.75-0,). Table IV.5.6 lists the prescribed maximum stress, g,, and the
corresponding maximum deformation reached, ¢,, for each material.
Table IV.5.6 Prescribed stress for shape-memory programming (g,) and strain

corresponding to g, (¢,) for work output performances

pa

Sample o, (MPa) g, (Y%0)
90D400-10LP 10 46
60D400-40LP 9 20
30D400-70LP 12 11

Figure IV.5.11a shows the shape-memory cycles with partially
constrained recoveries for each constraining stress applied. For the sake
of simplicity, only the cycles of formulation 90D400-10LP are

represented.
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Figure IV.5.11 a) Three dimensional graphic of the partially constrained
recovery and mechanical work generation of formulation 90D400-10LP;
partially constrained shape-memory programming of formulation 90D400-10LP
(a), 60D400-40LP (b) and 30D400-70LP (c).

Figure IV.5.11b-d show shape recovery processes under different
constraining stresses for each formulation. Four different constraining
stresses were selected which correspond to 20, 40, 60 and 80% of the
maximum prescribed stress applied during programming. The parameter
used to quantify shape recovery is the shape recovery ratio R, which was
calculated using Equation 1V.4.4. Note that R, was calculated with the

irrecoverable deformation at the end of the partially constrained
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recoveries ¢,. This value is indicated in Figure IV.5.11b, Figure IV.5.11¢c
and Figure IV.5.11d with a cross for a better clarity.

&y &'

R, (%) = AV.4.4)

Em

Figure IV.5.12 shows the shape recovery ratio as a function of the
constraining level for all formulations. As expected, the shape recovery
ratio decreases with increasing constraint. However the decrease on
shape recovery is more acute the greater the presence of hyperbranched
polymer within the network. While the formulation 90D400-10LP still
showed an R, = 20% with 60% of constraint, in formulation 60D400-
40LP this falls to R, = 10% and in formulation 30D400-70LP it was
almost R, = 0%.

100
) -2-90D400-10LP
80 1 ~-60D400-40LP
] ~-30D400-70LP
o 60 -
S
& 40
20 1
0 i T T T T T T T T T T T T T T T T T T T T T T T B
0 20 40 60 80 100

Constraint (%)
Figure IV.5.12 Shape recovery ratio as a function of the constraining level in

each formulation.

The R, values of these materials under free recovery conditions
(constraint = 0%) were obtained from a previous study [20]. Although
some studies have indicated the influence of crosslinking density on

shape-memory properties [34,35], we conclude that network relaxation
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dynamics rather than the theoretical crosslinking density is the key
parameter governing the shape-memory properties, including shape
recovery, shape fixity and shape recovery rate. The heterogeneous
structure of the HBP, which contains short ethylene segments, means
that it has restricted molecular dynamics which may even adversely affect
shape recovery. This was observed when the shape recovery ratio
decreased as the Lupasol® content within the network increased. The
application of both constraining stress and a higher content of Lupasol”
may be the reason why the shape recovery ratio in formulation 60D400-
40LP and, above all, in formulation 30D400-70LP falls so drastically as
the level of constraint is increased.

Figure 1V.5.13 shows the results of work output for each
formulation. It should be noted that there is no work output when the
recovery is performed under free conditions, because there is no

constraining stress o,,, = 0, or under fully constrained conditions,

const
because there is no recovery ¢,’ — ¢, = 0. IV, increases from zero to a
maximum and then decreases to zero again. The peak is observed when
the constraint is 40% of the maximum stress applied in formulations
90D400-10LP but it shifts toward lower values of constraint, to 20% in
formulation 30D400-70LP. This shift from the maximum toward lower
values of constraint might be due to the fall in shape recovery as the LP
content increases (Figure IV.5.12).

Formulation 90D400-10LP shows the highest values of work
density (750 kJ/m’). To the best knowledge of the authors, values as high
as these have not been recorded in the literature. Lakhera er al [28]
reported values of almost 300 kJ/m’ in compression programmed
acrylate-based thermosets; Rapp and Baier [26] reported 280 kJ/m’ in
polystyrene-based Veriflex”; and Kolesov ez al. [27] reported 175 k] /m” in
ethylene-1-octenecopolymers. Such high values of formulation 901D400-

10LP come from a combination of excellent mechanical and shape-

memory properties. The high stress and deformation at break (almost 13
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MPa and 60% respectively) and the excellent shape recovery ratio (96%)
allow the application of high constraining stresses and recovery from a

large amount of deformation.

-+-90D400-10LP  —-60D400-40LP  —~-30D400-70LP

1000

750 -

W, (kJ/m?)
2

O ;L' J T T T T T T T T T T T T T T T T T
0 20 40 60 80 100

Constraint (%)
Figure IV.5.13 Work output as a function of the constraining level of all

formulations.

The absolute value of work output is larger in formulations with
lower HBP content because the corresponding deformation when
stretched at g, is higher and thus so too is the deformation recovered.
Therefore it is necessary to quantify the efficiency of the work output
process. To do so, the ratio of work generated during partially
constrained recovery W, to the work required to program the sample I,

was determined. W, was calculated using Equation IV.5.5:
W,(k]/m’)=0,"¢, IV.5.5)

Figure 1V.5.14 shows the W,/W, ratio as a function of the
constraining level of all formulations. The shape of the curve of W,/ is
the same as W, showing a maximum of 40% for formulations 90DD400-
10LP and 60D400-40LP and 20% for formulation 30D400-70LP.
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Formulation 90D400-10LP shows the highest W, /W), ratio, with a peak
of 17%, and decreases as the content of LP increases. This trend may be
explained by different shape recovery behaviours between formulations
(Figure IV.5.12). The ability to recover deformation against a constraining
stress is lower in formulations with higher HBP content and thus the
ability to perform mechanical work during a partially constrained
recovery is limited. Network homogeneity emerges as a critical factor in

mechanical work output.

-+-90D400-10LP ~ —<-60D400-40LP  —--30D400-70LP

20

0 ;L T T T T T T T T T T T T T T T T T T T T T T T d
0 20 40 60 80 100

Constraint (%)

Figure IV.5.14 Ratio of work generated W, to the work required to program
the sample .

Conclusions

Partially and fully constrained shape-memory recovery performances
were performed on hyperbranched-modified shape-memory epoxy
thermosets. The effect that the network structure, the maximum
programming stress and constraining stress have on the recovery stress
and work output were analysed and discussed.

The maximum recovery stress generated during fully constrained

recovery increased as the maximum stress applied during programming
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increased, until it reaches the unusually high values of almost 7 MPa for
formulation 60D400-40LP when programmed to ¢, = 10 MPa. The
thermal expansion of the sample submitted at fixed strain shape recovery
produced undesirable compressive stresses at lower maximum applied
stress. A compromise between crosslinking density and a homogeneous
network needs to be reached in order to guarantee sufficient driving
recovery force and to allow molecular mobility.

The application of constraining stress during shape recovery caused
a drastic fall in the shape recovery ratio. This decrease was more acute in
formulations with a higher content of hyperbranched polymer due to
their lower molecular mobility. This shifted the maximum work
generated toward lower constraining levels and decreased the efficiency
of the process. The work density performed during partially constrained
recovery showed remarkably high values of more than 750 kJ/m’. The
network structure plays an important role in work output performances.

According to the results obtained, the molecular morphology of
SMPs that are intended for use as thermomechanical actuators must be
thoroughly studied to ensure both high recovery forces and sufficient
molecular mobility. Hyperbranched poly(ethyleneimine)-modified shape-
memory epoxy thermosets are promising materials for actuator-like
applications. By correctly selecting the chemical composition either high

recovery stress or high mechanical work can be achieved.
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Thermomechanical Characterization of Hyperbranched-
Modified Epoxy Thermosets with Enhanced Mechanical
and Shape-Memory Properties

David Santiago', Francesc Ferrando', Silvia De la Flor'

'Department of Mechanical Engineering, Universitat Rovira i Virgili, Av.

Paisos Catalans 26, 43007 Tarragona, Spain

Abstract

In this study a complete characterization of the thermomechanical and
shape-memory properties of epoxy shape-memory polymers modified
with hyperbranched polymer and aliphatic diamine was performed.
Focusing on the mechanical properties that are highly desirable for
shape-memory polymers, tensile behaviour until break was analysed at
different temperatures and microhardness and impact strength were
determined at room temperature. As regards shape memory performance,
the synthetized materials were fully characterized at different
programming temperatures to study how this influenced the recovery
ratio, fixity ratio, shape-recovery velocity and switching temperature.
Tensile testing revealed a peak in deformability and in the stored energy
density at the onset of the glass transition temperature, demonstrating
that this is the best programming temperature for obtaining the best
shape-memory performances. The Young’s moduli revealed more rigid
structures in formulations with higher hyperbranched polymer content,
while microhardness testing showed higher values with increasing
hyperbranched polymer content due to the increased crosslinking density.
Impact strength was greatly improved as the aliphatic diamine content
increases due to the energy dissipation capability of its flexible structure.
As regards the shape-memory properties, increasing the programming
temperature of the shape-memory performances has a minor effect on

formulations with a lower hyperbranched polymer content and worsens
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the shape-memory properties when the hyperbranched polymer content

is increased.

Keywords: Shape-menmory polymers, epoxy, hyperbranched, mechanical properties,

tensile, impact strength, microbardness

1. Introduction

Shape-memory polymers (SMPs) are materials that are capable of
changing their shape when an external stimulus is applied. The polymer
can be processed into its permanent shape by conventional techniques
and be deformed into a second or temporary shape via a step known as
programming [1]. This temporary shape will remain stable until the
appropriate stimulus is applied. This effect is called the shape-memory
effect (SME) and is usually thermally induced but can also be induced by
an electrical current, magnetic field or light [2-4].

SMPs can be classified into four different classes according to their
chemical structure and transition temperature [5]. Of these, chemically
crosslinked glassy thermosets (class I SMPs) are characterized by a high
degree of shape fixity due to the high modulus at the glassy region and a
high degree of shape recovery due to excellent rubber elasticity at the
rubbery region and the absence of chain slippage. Epoxy-based SMPs
and acrylate-based SMPs are the most common examples of this class
[6,7].

Epoxy resins are widely used in many applications (coatings,
adhesives and matrix in composites) because of their chemical resistance,
thermal stability and good mechanical properties [8]. However, their
brittle behaviour and low elongation at break greatly limit their use as
SMPs. A number of studies have focused on overcoming this limitation
by choosing suitable shape-memory thermal conditions and through
chemical composition adjustments [9,10]. Although the toughness of

epoxies is greatly improved in these kinds of network, achieving high



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

J. Mater. Sci. 20106, under review 245

mechanical properties in terms of tensile strength may remain a limitation
for more mechanically demanding shape-memory applications such as
thermomechanical actuators. There is therefore a need to explore new
structures that combine high mechanical properties while showing
excellent shape-memory properties.

Our research group recently published details of a new kind of
hyperbranched-modified shape-memory epoxy polymers with excellent
mechanical and shape-memory properties [11]. Hyperbranched polymers
(HBPs) are a class of dendritic polymers that show promise as polymeric
modifiers because of their densely-branched structure, which makes them
less viscous than their linear counterparts of the same molecular weight,
and their high concentration of surface reactive groups that can be
modified to tune their physical/chemical compatibility to a vatiety of
matrices and substrates [12]. Preliminary tests showed that the presence
of HBPs in the network led to excellent mechanical properties, with
stress at break rising to 15 MPa and 060% failure strain at high
temperature. Shape-memory properties showed excellent results, with
shape-recovery and shape-fixity ratios up to 97% and 98% respectively
and a fast recovery rate.

Thus HBPs have proved to be excellent crosslinking agents for
shape-memory epoxy thermosets. The effects of the HBP in terms of
kinetics, network structure and thermomechanical and shape-memory
properties have been studied recently [11,13,14], but a thorough
characterization of the mechanical properties of these materials has yet to
be carried out.

Several studies on enhanced mechanical properties in terms of the
deformability of epoxy-based shape-memory thermosets can be found in
the literature [9,15-17]. However, only a few consider other mechanical
properties such as impact strength or hardness that might be interesting
for the design of shape-memory applications [18,19]. Some SMP

applications like biomedical applications (z.e. cardiovascular stents, smart
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sutures) may require the material operate in a conditioned environment
[20]. However, bearing in mind other applications such as
thermomechanical actuators and self-deployable structures, it is likely that
SMPs will have to operate in an aggressive mechanically-demanding
environment. Thus the mechanical requirements go beyond the showing
of high values for stress and strain at break.

It is for this purpose that the present study explores and discusses
the mechanical properties of hyperbranched-modified epoxy SMPs. A
series of materials with shape-memory properties are synthetized using an
epoxy resin modified with a  commercial  hyperbranched
poly(ethyleneimine) and an aliphatic polyetheramine as crosslinking
agents with different weight fractions of each reactant. Tensile strength is
investigated at different testing temperatures, the effect of HBPs on the
Young’s modulus values, hardness and impact strength are studied and
the analysis of fracture is performed using SEM microscopy. In our
previous study [11] the shape-memory properties of hyperbranched-
modified SMPs were evaluated using the onset of the glass transition
temperature as the programming temperature. As mentioned earlier, one
of the objectives of this research is to study tensile strength at different
temperatures. Consequently, this study aims to determine how using
those different testing temperatures as programming temperatures will
affect the shape-memory properties.

This study is carried out with the aim of providing a complete
characterization of the mechanical properties of hyperbranched-modified
epoxy shape-memory polymers. The results demonstrate that these
materials combine high values of tensile and impact strength and high
values of stored elastic energy and hardness while presenting excellent

shape-memory properties.
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2. Experimental Methods

2.1 Materials

Diglycidyl ether of bisphenol A (Araldite GY 240, Huntsman) with a
weight per epoxy equivalent of 182 g mol' was used as the base epoxy
resin (Figure IV.6.1a). A commercial hyperbranched poly(ethyleneimine)
(Lupasol® FG, BASF) with M, = 800 g mol" (Figure IV.6.1b) and an
aliphatic diamine (Jeffamine® D400, Huntsman) with M, = 430 g mol

(Figure IV.6.1c) were used as crosslinking agents.

b)
S
K/HN\/\N /\/NH\/’

/\/NKI NH,
TS
N

c) HoN NH,
O X
CHs CHs

Figure IV.6.1 a) Chemical structure of DGEBA (n = 0.08); b) chemical
structure of Jeffamine® D400 (x = 6.1); ¢) chemical structure of Lupasol® FG.

H
[:;N//\\//N\\//;

Various formulations with different contents of diglycidyl ether of
bisphenol A (DGEBA), Jeffamine® D400 (D400) and Lupasol® FG (LP)
were prepared (Table IV.6.1). The proportions of the reactants in each
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formulation were selected to obtain a molecular structure formed by
stoichiometric DGEBA-D400 and DGEBA-LP800 networks. The
sample nomenclature XD400-YLP used in Table IV.6.1 indicates the
weight fraction of stoichiometric DGEBA-D400 (X) and DGEBA-
LP800 (Y) networks.

The components were mixed manually in a glass vial and then
poured into an open mould covered with Teflon to avoid the presence of
bubbles and facilitate sample release. The samples were cured for 2h at
120 °C in an oven and then slowly cooled to room temperature. This
curing time was optimized on the basis of differential scanning
calorimetry, determining the time necessary to ensure the complete
disappearance of any exothermic peak related to residual crosslinking
reactions. The samples were then polished with sandpaper to obtain

uniform final dimensions.

Table IV.6.1 Composition of the formulations studied. », is the crosslinking
density calculated assuming that all amine groups turn into crosslinks

wt. % wt. % wt. %  D400: LP800 v

C

Sample . .

DGEBA D400 LP800 amine ratio® [mol/g]
90D400-10LP  63.5 34.8 1.7 4.010 0.001915
80D400-20LP  65.7 31.0 3.3 1.782 0.002127
70D400-30LP  67.9 27.1 5.0 1.040 0.002339
60D400-40LP  70.2 23.2 6.6 0.668 0.002551
50D400-50LP  72.4 19.4 8.3 0.446 0.002763
40D400-60LP  74.6 15.5 9.9 0.297 0.002975
30D400-70LP  76.8 11.6 11.6 0.191 0.003187

2Total primary, secondary and tertiary amine groups present in the crosslinking agent.

2.2 Thermomechanical Characterization
The thermomechanical properties were measured using a DMA Q800

(TA Instruments) equipped with a 3-point bending clamp. Prismatic



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

J. Mater. Sci. 2016, under review 249

rectangular samples of ca. 30 mm x 5.5 mm x 2.5 mm were analysed at 1
Hz, 0.1% strain and a heating rate of 3 °C min". The glass transition
temperature was determined from the peak in tan 8. The values of
storage modulus E’below and above glass transition were evaluated. The
onset of glass transition temperature T;’ was determined as the onset in
the storage modulus decrease during mechanical relaxation, as seen in
Figure IV.6.2.

Storage Modulus E’
tan &

Temperature

Figure IV.6.2 Determination of the temperatures 1,7, T, and T,+15 from the
results obtained with DMA analysis.

2.3 Mechanical Characterization
Tensile tests
The mechanical properties at room temperature (~25 °C) were evaluated
using an electromechanical universal testing machine (Zwick 1445) with
specially designed grips. The size of the specimens was adapted from
ASTMDG638 requirements, adopting a Type IV dog-bone shape. The
experiments were performed at a crosshead speed of 1 mm min™.

The mechanical properties at Yf, T, and T, + 15 °C of each
formulation were evaluated using a DMA Q800 (TA Instruments)
equipped with a film-tension clamp in force-controlled mode. Prismatic

rectangular samples of ca. 20 mm x 2.5 mm x 0.5 mm were used at a
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force rate of 1IN min”. In each experiment, strain was calculated as the
total elongation (displacement of the crosshead) with respect to the initial
length (Equation IV.6.1).

£(%) = -100 aV.6.1)

0
Impact strength
The impact test was performed at room temperature by means of a
Zwick 5110 impact tester, according to ASTM D4508-10 using
rectangular samples (25 mm x 15 mm x 2 mm). 10 measurements were
made for each formulation and the pendulum employed had a kinetic
energy of 1 J. The impact strength was calculated from the energy

absorbed by the sample upon fracture as:

k] E—-E,

1 t St th (—) = V.6.2

mpact Streng — 5 I )
Where E is the energy loss of the pendulum with the sample, E, is

the energy loss of the pendulum with no sample and § is the cross section

of the sample.

Young's modulus

The Young’s modulus was calculated under flexural conditions with a
DMA Q800 (TA Instruments) equipped with a 3-point bending clamp.
The Young’s modulus was calculated at room temperature, with a ramp

force of 1 N min™ up to 15 N.

Hardness

Microhardness was measured with a Wilson Wolpert (Micro-Vickers
401MAYV) microhardness tester with a micro-Vickers indenter and a 200
g load. In order to obtain a microhardness value, ten micro-Vickers

indentations were performed on each specimen. A statistical calculation
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with a 95% confidence level was then carried out to determine the upper

and lower limits.

SEM Microscopy
The fracture areas of the samples were metallized with gold and observed
with a Jeol JSM 6400 scanning electron microscope (SEM). The samples

were fractured by impact testing at room temperature.

2.4 Characterization of Shape-Memory Properties
The shape-memory properties were measured using a DMA Q800 with a
force-controlled mode and equipped with a film-tension clamp. Prismatic
rectangular samples of ca. 20 mm x 2.5 mm x 0.5 mm were used in
shape-memory performances. The method for creating a temporary
shape and triggering the shape-memory effect is a thermomechanical
procedure called programming. This consists of various steps:
1. The sample is heated to programming temperature T, and
deformed to a prescribed value of maximum stress g, at 1 MPa
= 0.750,) of

each formulation at the corresponding T}, in order to perform a

min". g, was selected as 75% of the stress at break (g,
comparative study with the same level of load for each sample. In
this stage the deformation of the sample is ¢,

2. The sample is cooled to low temperature T,

low

(~25 °C) in order to
fix the temporary shape.

3. After fixation the stress is released at the same stress rate of 1 MPa
min"'. Once the sample is unloaded, the deformation of the sample
is ¢,

4. The shape-memory effect is triggered by heating the sample to
recovery temperature T, . The heating rate during shape recovery
was 3 °C min" and the final recovery temperature was T, +10°C

to ensure complete recovery. The amount of non-recoverable

deformation at the end of programming is &y
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&y T &

R,(%) = £ 100 IV.6.3)

The shape-fixity ratio quantifies the ability of the SMP to fix the

temporary shape. It was computed as the deformation after the stress was

released with respect to the maximum deformation (Equation I1V.6.4):

gﬂ
R/ (%) = = - 100 IV.6.4)

Em

The shape-recovery velocity (I7) quantifies the velocity at which
the permanent shape is recovered. 17, was calculated as the time interval

between 15% and 85% of strain recovered (Equation IV.6.5):

<5m,75% = Eru85%

) - 100
Erec,15%

IV.6.5)

I, (%/min)= A
15%—85%

3. Results and Discussion

3.1 Thermomechanical Properties

The thermomechanical results are summarized in Table IV.6.2 and Figure
IV.6.3. The glass transition temperature T, of the materials can be
controlled by varying the chemical composition of the formulation. T,
shows values ranging from 60 °C to 117 °C as the LP content increases,
and therefore these epoxy thermosets can be used in applications
requiring a broad range of transition temperatures. A higher LP content
implies a higher crosslinking density (Table IV.6.1) because of the higher
number of reactive amine groups per unit mass and the presence of
internal branching points. This leads to a decrease in the average chain
length between netpoints and a more restricted molecular mobility, thus
increasing the T,. As Table IV.6.2 and Figure IV.6.3 show, an increase in

LP also causes a lowering and a broadening of the peak of tan 5. LP leads



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

J. Mater. Sci. 20106, under review 253

to a more heterogeneous network structure due to the inherently
dispersed nature of the hyperbranched poly(ethyleneimine). The decrease
in tan & peak and area when the amount of LP increases is also indicative

of a more densely crosslinked network with restricted mobility.

Table IV.6.2 Thermomechanical data obtained by DMA: glass transition
temperature (1), onset temperature of the glass transition temperature (1;7),
storage modulus at glassy and rubbery regions (E’, and E’, respectively)
T,* T,F tané FWHM> tan § areac E%¢ FE’¢ E',
(°C) (C) peak  ('C)  (°C) (MPa)(MPa) E',
90D400-10LP 60 50 096 1545 14.83 2878 16 183
80D400-20LP 68 57 0.82  17.82 14.01 2880 17 166
70D400-30LP 77 63 0.71  20.29 14.41 3105 23 137
60D400-40LP 87 71 0.62  21.11 13.09 3149 29 110
50D400-50LP 96 80 0.54  23.33 12.60 3110 34 91
40D400-60LP 104 88 0.50  23.66 11.83 3221 41 79
30D400-70LP 117 98 0.41  24.58 10.08 2858 52 55
*Measured as the peak of tan &
b Full Width at Half Maximum
¢determined as the product of tan 8 peak and FWHM
dmeasured at T, — 40 °C

¢ measured at Ty + 40 °C

Sample

All formulations show very high values of storage modulus at the
glassy region around 3 GPa (Table IV.6.2 and Figure 1V.6.3), which is
higher than most of the shape-memory epoxy resins found in the
literature. The storage modulus at rubbery region E’, increases as the LP
content increases. According to the theory of rubber elasticity, E’, is
roughly proportional to the crosslinking density and is therefore expected
to increase in line with it (Table IV.6.2).

Almost all the samples in the present work show a difference
between the storage modulus at glassy and rubbery regions of around 2

orders of magnitude. This important difference in mechanical properties
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between the glassy and rubbery states is crucial if a polymer is required to

present SME.
1.1
0.9
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Figure IV.6.3 Tan 8 and storage modulus E’ as a function of temperature for

all formulations.

3.2 Mechanical Properties
Tensile strength
Figure IV.6.4 shows the results of the stress and strain at break obtained

from tensile tests at T’ TgE; T,and T, + 15 for each formulation. Below

the glass transition temperature (Figure IV.6.4a), the values of stress at
break increase almost linearly with increasing crosslinking density and T,
up to sample 40D400-60LP, where it reaches its highest value (around 55
MPa). Regarding the strain at break, this seems not to be differently
affected by crosslinking density, with two distinctive regions observed:

from 90D400-10LP to 60D400-201.P, with a strain value of around 3.6%,
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and from 50D400-50LP to 30D400-70LP, with a strain value of around
5%. These results suggest that the increase in the stress and strain at
break seems to be possible up to a certain value when the increasing

crosslinking density limits the deformability and stress capability of the

network.
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Figure IV.6.4 Stress at break and strain at break at Ty, (a), T,F" (b), T, (c) and
T,+15 (d) for all formulations.

At the onset of the glass transition temperature Tgr (Figure
IV.6.4b), the crosslinking density acquires significant relevance. An

increase in the LP content causes an increase in the crosslinking density,
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which results in a less mobile and ductile network leading in the
macroscopic scale to lower values of failure strain and higher values of
stress at break: ¢, decreases from 58.1% to 17.2% and g, increases from
12.7 MPa to 15.4 MPa.

The values of g, and ¢, at T = T, (Figure 1V.6.4c and Figure
IV.6.4d) decrease as the LP content increases. At transition temperature
T, the values of stress at break decrease from 5.3 MPa (formulation
90D400-10LP) to 3.5 MPa (30D400-70LP), despite a slight increase for
formulation 80D400-20LP (6.1 MPa), and the strain at break decreases
from 34.7% (formulation 90D400-10LP) to 7.7% (formulation 30D400-
70LP). At T = T, + 15, the values of stress at break are not greatly
affected by the LP content, the trend is not clear and g, shows values of
around 1.68 MPa; the values of strain at break decrease from 12.1%
(formulation 90D400-10LP) to 4.5% (formulation 30D400-70LP).

The mechanical properties of hyperbranched-modified epoxy
SMPs greatly depend on the testing temperature. Well into the glassy
regime (Figure IV.6.4a), both the stress at break and strain at break
increase as the LP content increases. The mechanical properties below
the transition temperatures in epoxy-based thermosets depend on the
cohesive forces, the presence of local mobility and the difference between
the test temperature and T, However, the role of crosslinking density is
not clear [21]. As can be observed in Table IV.6.1, on increasing the LLP
content, the DGEBA content also increases and leads to an increase in
the number of hydroxyl groups which contribute to the cohesion of the
network structure. The internal flexible structure of LP, with certain but
limited local mobility below the T, may contribute to the observed
behaviour. Well into the rubbery regime (Figure 1V.6.4c and Figure
IV.6.4d), both the stress at break and the strain at break decrease as the
LP content increases. At T" = T, the increasing crosslinking density
restricts molecular mobility resulting in lower values of failure strain.

Although formulations with higher crosslinked density should show
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higher values of stress at break [22], it seems that the disperse nature of
the hyperbranched structure of LP causes a reduction in the stress
capability of these materials, and thus the stress at break decreases as the
LP content increases.

At the onset of the glass transition temperature Y:gh’ (Figure
IV.6.4Db) the stress at break increases and the strain at break decreases as
the LP content increases. This temperature coincides with the beginning
of the mechanical relaxation of the materials, and the effect of the
crosslinking density is different to that shown well into the glassy and
rubbery regimes. An increase in the crosslinking density results in a less
mobile and ductile network, leading in the macroscopic scale to a lower

failure strain and a higher stress at break.

60
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Figure IV.6.5 Values of stress at break (right) and strain at break (left) of each

formulation as a function of testing temperatutre (T, 1,5, T, and T, + 15).
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The above results are clearly observed in Figure IV.6.5. The highest
values of strain at break are obtained when tested at T,” in cach
formulation. This result is in accordance with previous results reported
by Yakacki ez a/ [22] in their acrylate-based SMPs and Feldkamp and
Rousseau [9] in their epoxy-based SMPs and has important implications
for the design SMP applications. By selecting the programming
temperature to match the onset of the glass transition temperature, an
increase in the strain capacity is expected.

The mechanical properties in terms of stress at break and strain at
break give important information for the limit values when programming
the temporary shape of the SMP. However, another important
mechanical parameter to characterize SMPs is the elastic energy density.
Calculated as the area under the stress-strain curves, this is shown in
Figure IV.6.6. The stored elastic energy density is an important metric of
shape-memory behaviour because it estimates an upper boundary for
recoverable elastic energy, Ze. the material’s capability to perform
mechanical work against external loads in the recovery stage. The ability
of SMPs to stabilize deformed shapes and perform mechanical work
upon shape recovery is limited by the strength and density of the bonds
created during shape stabilization [23]. Hence reducing crosslinking
density helps to improve this capability: at 'I;F, T,and T, + 15, the elastic
energy density decreases on increasing the LP content due to the decrease
in the strain at break (around 70% in each temperature). At T, . the
increasing stress at break values cause an increase in the stored energy
density of formulations with higher LP content (from 0.73 MJ m™ to 1.35
MJ m”).

The highest values for elastic energy density are obtained at TgE’:
from 3.7 MJ] m” (formulation 90D400-10LP) to 1.3 MJ m” (formulation
30D400-70LP). These results are in accordance with those shown in
Figure IV.0.5, where a peak in deformability was observed when the

materials were stretched at Tf. These high values of stored energy
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density at Tf come from the combination of relatively high deformation
at break values (up to 60%) and remarkably high stress at break values
(up to 15 MPa).

5

—-o—-Troom -©-TgE' 0.12

—-Tg —~-Tg+15

Stored energy density [MJ/m?3]

Figure IV.6.6 Stored energy density of each formulation for testing
temperatures Ty, 1, T, and T,+15.

The elastic energy density when stretched at T, , shows relatively
high values, higher than those shown at T, T, + 15 and even higher at
TgE’ for formulation 30D400-70LP. These results are due to the excellent
stress at break wvalues, between 42 and 53 MPa. Some studies have
reported shape-memory programming procedures which use T,,s below
the transition temperature of the materials [24,25]. This non-conventional
technique known as cold-working programming consists of deforming
the materials above their yielding point in order to maintain a significant
amount of deformation after fixation. This deformation can be partially

or totally recovered when heating the SMP above its transition

temperature. The cold-working programming cannot obtain the same
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extent of shape fixation as traditional programming, but it does present

some advantages such as the high stress capacity of the materials.

Young modulus

Figure IV.6.7 shows the Young’s modulus of all formulations obtained by
flexural tests E. Determining the Young’s modulus using the 3-point
bending test has some advantages with respect to tensile testing, ze. easier
sample preparation and testing. Determining the Young’s modulus in
plastics by tensile testing is complicated due to the difficulty of
determining distinctly the proportional part of the elastic deformation.
This proportional part is more clearly observed by 3-point bending
testing because the whole test can be performed in the elastic regime.
Moreover, obtaining the strain by tensile testing with the displacement of
the crosshead may lead to inaccuracies in the calculation of the Young’s
modulus.

The values of the Young’s modulus increase almost linearly from
1161 MPa for formulation 90D400-10LP to 2103 MPa for formulation
30D400-70LP. These results are in accordance with the tensile properties
at room temperature shown in Figure IV.6.4a, in which the stress and
strain at break increase linearly as the Lupasol® content increases. This is
clearly observed from formulation 90D400-10LP to formulation
70D400-30LP. However, taking the error bars into account, it is difficult
to establish differences in the Young’s modulus from formulation
70D400-30LP to 30D400-70LP, with values around 1800 MPa. This
trend of the Young’s modulus correlates well with the trend of the values
of the storage modulus at glassy region E’, (Table IV.6.2), where there is
no significant difference between the formulations.

As mentioned earlier, the mechanical properties below the
transition temperature mainly depend on the cohesive forces of the
network. As can be observed in Table IV.06.1, on increasing the LP
content the DGEBA content also increases, thereby increasing the

number of hydroxyl groups coming from the epoxy-amine condensation
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and contributing to the cohesion of the network structure. The increase
in network cohesion is clearly observed from formulation 90D400-10LP
to 70D400-30LP and from this point forwards the crosslinking and

cohesive forces have no significant effect on the rigidity of the materials

studied.
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Figure IV.6.7 Young modulus E,of all formulations obtained by flexural tests.

Hardness
Another mechanical property of interest for SMPs is the hardness. Some
applications may require the temporary shape of the SMP to be
programmed at a different site from the one in which it will operate or
the storage of the programmed specimen during a period of time. Any
surface damage produced by scratches or splits may have undesirable
effects on the shape-memory properties of the material. Figure 1V.6.8
shows the hardness values for all formulations.

The hardness progressively increases from formulation 90D400-
10LP (HVO0.2 = 54) to formulation 30D400-70LP (HV0.2 = 13.5).

However, as in the case of the Young’s modulus values, it is difficult to
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establish differences in the hardness values of the intermediate
formulations (from 80D400-20LP to 40D400-60LP). These results can
be explained by taking into account the structure of the materials. Flores
et al. [26] reported a decrease in hardness in epoxy resins modified with
hyperbranched polyesters with long aliphatic chains due to the flexibility
added by this modifier. As can be observed in Table IV.6.1, on increasing
the LP content the D400 content decreases and the DGEBA content
increases. Thus the lower presence of the plasticizing effect of the D400
flexible structure along with the increasing crosslinking density of
formulations with higher LP and DGEBA content could explain the

observed increase in hardness.
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Figure IV.6.8 Hardness values of all formulations.

Impact strength
As in the case of hardness, the impact strength of the SMPs is an
interesting mechanical property for those applications in which they have

to operate in a different place from that in which they were programmed
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or be stored for a period of time before operation. High impact strength
may be desirable in order to avoid cracks during shipping or storage
which can damage the SME of the material. Figure IV.6.9 shows the
impact strength of formulations 30D400-70LP, 60D400-40LP and
90D400-10LP and the neat epoxy-D400 formulation 100D400. Given
the slight differences in the Young’s modulus and hardness testing of the
intermediate formulations, for impact testing we only tested the
formulations with the lowest and highest LP content (90D400-10LP and
30D400-70LP respectively) and one intermediate formulation (60D400-
40LP). 100D400 is a formulation synthetized by stoichiometric DGEBA
and Jeffamine® D400 with no P content, used as a benchmark value in

order to analyse the effect of HBP on impact strength.
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Figure IV.6.9 Impact strength of formulations 30D400-70LP, 60D400-40LP,
90D400-10LP and 100D400.

In order to improve the impact resistance of a material, it is

important to introduce mechanisms that can contribute to energy
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dissipation, thereby impeding crack propagation. It has been
demonstrated that the use of HBPs can effectively enhance the impact
strength of epoxy materials [27-29]. However, the addition of LP
decreases the impact strength in comparison to the neat epoxy-D400
formulation (100D400). With 1.7% LP content (formulation 90D400-
10LP) the impact strength slightly decreases from 27.5 k] m”
(formulation 100D400) to 23.2 k] m?®, and with 11.6% (formulation
30D400-70LP) decreases to 4 k] m™ Following these results, the good
impact resistance of these materials in comparison to similar networks
based on hyperbranched-modified epoxies can be established. Morell ez
al. [27] reported values of impact strength lower than 4 k] m” in epoxy
thermosets modified with hyperbranched poly(ester-amide)s. Flores e al.
[28] and Acebo et al [29] reported values lower than 10 k] m?® and
4 k] m” respectively in epoxy networks modified with undecenoyl-
modified hyperbranched polymers. Looking into shape-memory
networks modified with HBPs, Han ez a/. [30] reported values of impact
strength up to 13 k] m” in epoxy resins modified with a hyperbranched
polyester.

As can be observed in Table 1V.6.1, formulations with lower LP
content have higher D400 content. The trend observed in impact
strength values is caused by the greater effect of Jeffamine™ D400 on the
impact strength than TLupasol®. Its long flexible aliphatic structure
increases the length of polymer chains between crosslinking points and
the free volume of network structure [31]. Thus formulations with a
higher D400 content can dissipate a great deal of energy upon impact due

to their higher molecular motion.

SEM Microscopy

The results of impact strength can be explained in terms of the
morphology of the samples observed by SEM microscopy. The
micrographs of the fracture surfaces of impacted samples of formulations
30D400-70LP, 60D400-40LP, 90D400-10LP and 100D400 are shown in
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Figure IV.6.10. The analysis of the surface fracture reveals a more rigid
behaviour as the LP content increases. The crack propagation spreads
from right to left. The surface fracture can be clearly divided into two
halves, the right half corresponding with the pendulum impact and
fracture initiation and the left half corresponding with the fracture
propagation. The initiation of the fracture of formulations with no or low
LP content (Figure I1V.6.10a and Figure IV.6.10b) begins with crazes
which propagate parallel to the direction of fracture propagation until
they combine with adjacent cracks. As the LP content increases, the large
smooth zones (which indicate a more ductile fracture) tend to disappear
due to the increased number of crazes formed. Formulations with higher
LP content (Figure IV.6.10c and Figure 1V.6.10d) do not show fracture
bands in the fracture initiation because the fracture spreads into several
planes. The zone of fracture propagation (left half) is characterized by the
formation of brittle failure bands and splintering chips. Local deviations
of these bands from the main direction of fracture propagation (clearly
observed in Figure IV.6.10c) corroborate the brittle behaviour of

formulations with a high LP content.
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1 mm

Figure IV.6.10 SEM micrographs of fracture surfaces of the formulations
100D400 (a), 90D400-10LP (b), 60D400-40LP (c) and 30D400-70LP (d).

3.3 Shape-Memory Properties

As observed in Figure IV.6.4, Figure IV.6.5 and Figure IV.6.6, the
deformability and ability of hyperbranched-modified epoxy SMPs to store
elastic energy density during deformation are greatly improved when the
deformation temperature matches the onset of the glass transition
temperature ('I;,E> of the materials. In our previous study of
hyperbranched-modified SMPs, shape-memory properties were fully

characterized at T},

= TgE "[11]. According to the results of both research
studies, TgE “reveals itself to be a desirable programming temperature for

shape-memory applications, with good mechanical properties in terms of
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stress and strain at break and showing excellent shape-memory
properties.  However, it is possible that in real applications the
programming temperature may not be adjusted at TgE’. Therefore it is
important to study the implications for shape-memory properties with
other temperatures as T,

Table IV.6.3 lists the shape-memory properties of formulations
90D400-10LP, 60D400-40LP and 30D400-70LP at different T, s (T,

prog
TS, T, and T, + 15). The shape-memory properties of formulation

07773

90D400-10LP show no significant changes with different T}, s: R, shows
values around 96.5%, R, shows values around 98% and 17, shows values
around 20% min'. However, the shape-memory properties of
formulation 60D400-40LP and especially formulation 30D400-70LP are
adversely affected when increasing T,,. The R, R and 1, decrease when
increasing T, from Tf to T, + 15. In the case of formulation 30D400-
70LP, the shape-recovery velocity could not even be calculated
(according to HEquation 1V.6.5) when programmed at T, + 15 because
shape-recovery was under 85%.

One of the main conclusions of our previously study [11] was that
the shape-recovery and shape-fixity ratios decrease slightly when
increasing the LP content, because this restricts chain-conformational
changes during deformation and molecular dynamics, adversely affecting
the shape-recovery and shape-fixity ratios and the shape-recovery
velocity. Moreover, it should be noted that the maximum deformation
achieved in formulations 60D400-40LP and 30D400-70LP when
stretched to g, at T, = T, and T, + 15 is relatively low: 12.0%, 5.6% and
5.4%, 3.4% respectively. Therefore the elastic energy stored and the
driving recovery forces in such cases are very low and do not allow
suitable shape-recovery and shape-recovery velocity.

In the case of shape-fixity ratio R, a significant decrease is
observed when increasing T),,. This is caused by a spontaneous elastic
recovery during the beginning of the cooling step.
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T, shows values around the I;JE’ of each formulation (50 °C, 71 °C
and 98 °C for formulations 90D400-10LP, 60D400-40LP and 30D400-
70LP respectively). Tf coincides with the onset of the glass transition
temperature (Figure IV.6.2) and is thus a temperature at which the
molecular motion becomes significant and marks the beginning of shape
recovery. A slight increase in T, is observed in formulations 60D400-
40LP (from 70 °C to 74 °C) and 30D400-70LP (from 98 °C to 105 °C).
This may be caused by the drop in 17, T, is determined as the inflexion
point in a strain-temperature curve during the recovery stage, and a
decrease in [/, may cause the determination of such a point to shift to

higher temperatures.

Table IV.6.3 Shape-recovery ratio (K,), shape-fixity ratio (R), shape-recovery
velocity (1) and switching temperature (1%,) of formulation 90D400-10LP at
different Tp,s

Sample T, (°C) RO RCA) /:;in) (OTE‘”)
T =1 50 964 980 216 50

90D400-10LP T, =T, 60 963 988 197 51
T,=T,+15 75 967 967 208 51

T =17 71 961 973 177 70

60D00-40LP T, =T, 87 971 961 148 Tl
T,,=T,+15 102 937 905 149 74

T, =1 98 934 946 147 98

30D400-70LP T, =T, 117 894 82 103 103
T, =T,+15 132 769 789 - 105

According to the results in Table IV.6.3 the programming
temperature has little effect on the shape-memory properties of
formulations with low LP content. However, as the LP content increases,

increasing the programming temperature causes a significant drop in
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shape-memory properties caused by restricted chain-conformational

changes and low driving recovery forces.

Conclusions

In this study the thermal and mechanical characterization of
hyperbranched-modified epoxy shape-memory polymers was performed.
The thermomechanical properties were analysed by dynamic mechanical
analysis and the mechanical properties were studied through tensile,
flexural, hardness and impact testing. The surface fracturing was analysed
by SEM microscopy and the shape-memory properties were quantified at
different programming temperatures.

The thermomechanical measurements showed that increasing the
Lupasol® content led to more heterogeneous networks with higher
crosslinking density and higher glass transition temperatures. Tensile
testing revealed good values for stress at break and strain at break at
different temperatures. A peak in deformability and stored elastic energy
density was observed at the onset of the glass transition temperature T,”.
The values of the Young’s modulus revealed more rigid structures on
formulations with a higher content of Lupasol®. Hardness testing showed
higher values in formulations with a higher DGEBA and TLupasol®
content due to increased crosslinking density and less presence of the
plasticizing effect of the Jeffamine® D400 flexible structure. Impact
strength increased as Jeffamine® D400 content increased due to the high
energy dissipation upon impact provided by its long aliphatic flexible
structure. The analysis of the surface fracture confirmed the higher rigid
structure of formulations with a higher Lupasol® content.

Increasing the programming temperature during shape-memory
programming has a minor effect in formulations with a lower Lupasol®
content and but significantly worsens the shape-memory properties when

the Lupasol® content is increased.
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According to the results obtained, hyperbranched-modified epoxy

shape-memory polymers can be used in applications requiring a broad

range of transition temperatures. Measurements of the mechanical

properties revealed that these materials can operate under highly

mechanically-demanding conditions while still showing good shape-

memory properties.
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Abstract

A series of acrylate-based shape-memory materials are synthesized from
bisphenol A diacrylate monomers as crosslinking agents. Networks are
synthesized by keeping constant the content of bisphenol A-based
crosslinking agent and systematically varying the content ratio of different
mono-functional chain builder monomers. The implications of the
structure of bisphenol A-based monomers and the chemical structure and
content of mono-functional monomers on thermomechanical properties
are discussed. Thermomechanical properties are analysed using dynamic
mechanical analyses and mechanical properties are studied at room
temperature and at the onset of the glass transition temperature. Shape-
memory performances under isothermal and transient temperature
conditions are also carried out. Tensile tests show excellent values of
stress at break up to 45 and 15 MPa at room and high temperature
respectively. The measurements show excellent shape recovery and shape

fixity ratios, around 95 % and 97 % respectively. These materials also
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show very high recovery velocities under transient temperature
conditions, up to 24 % min", and very short recovery times, up to 1.5
seconds, under isothermal conditions in a water bath. The results confirm
that networks synthesized from bisphenol A crosslinkers are promising

shape-memory materials.

Keywords: acrylate, bisphenol A, isothermal, mechanical properties, shape-memory
polymers

1. Introduction

Shape-memory polymers (SMPs) are a class of materials that have the
capability of changing their shape upon application of an appropriate
external stimulus. These polymers can be processed in a permanent or
original shape by conventional techniques and then, deformed in a new
or temporary shape that can remain stable until the stimulus is applied
[1]. The shape changing is usually driven by heat but it can also be driven
by light, magnetic field or an electrical current [2-4]. In the recent years,
SMPs have attracted a lot of interest due to their wide range of
applications  including self-deployable  structures for aerospace
applications, smart fibers and fabrics for smart clothing, electronics or
biomedical devices [5-8].

Usually SMPs are classified depending on their chemically nature
(thermoplastic or thermosets) and transition temperature (glass or
melting transition temperature). The most common SMPs are usually
thermoplastics due to their high deformability and easy processing,
making them suitable for a great variety of potential applications [9,10].
However, in recent years some studies have reported shape memory
thermosets with excellent mechanical and shape memory properties such
as epoxy-based or UV-polymerized acrylate-based shape memory
polymers [11,12].
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UV-polymerization is growing in importance due to their wide
fields of applications including surface coatings, adhesives, printing inks
or composites materials [13-16]. Radical UV-polymerization possesses
many advantages in front of traditional thermal curing: faster
polymerization rates, lower energy consumption because it is usually
carried out at room temperature and it is environmental friendly due to
the use of solvent-free formulations [17].

The primary backbone of acrylate-based shape-memory networks
are formed through free radical polymerization of crosslinking monomers
and pendant segments formed by mono-functional chain builder
monomers [18]. Several works have focused on the use of acrylate-based
shape-memory polymers for biomedical applications due to their high
degree of biocompatibility [19]. Smith e# @/ [20] investigated how the
mechanical properties of methacrylate networks are influenced by
physiological conditions by using poly(ethylene glycol) dimethacrylate and
different mono-functional monomers. Ortega ef a/. [21] studied the effect
that crosslinking and long-term storage have on shape memory properties
of different formulations formed by the copolymerization of fert-butyl
acrylate with poly(ethylene glycol) dimethacrylate with different molecular
weights. Smith e# a/. [22] studied the relationship between mechanical
properties and chemical structure of materials synthesized from
poly(ethylene glycol) dimethacrylate and three different mono-functional
monomers deformed in air and under hydrated conditions.

Other works have focused on studying thermal, mechanical and
shape memory properties of these networks as well as the influence of
the functionality and the concentration of the monomers on such
properties. Yakacki ¢ al. [23] investigated the influence of the polymer
network on free and constrained recovery under isothermal and transient
temperature conditions in materials obtained from synthesizing methyl-
methacrylate and poly(ethylene glycol) dimethacrylate. Arrieta ez al [12]
studied the shape memory properties of a network formed by benzyl
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methacrylate and poly(ethylene glycol) dimethacrylate. They programmed
the temporary shape at different programming temperatures and
performed free and constrained recovery at different heating rates.

Accordingly, acrylate-based shape-memory networks synthesized
from poly(ethylene glycol)-based monomers as crosslinking agents are
fully characterized and have demonstrated their excellent mechanical and
shape-memory properties. However, minus work has been done with
different crosslinking agents, such as bisphenol A-based diacrylate
monomers. Networks formed by this kind of monomers are commonly
used in many applications due to their good adhesion, hardness and
thermal and chemical resistance [24]. By substituting poly(ethylene
glycol)-based acrylate crosslinkers for bisphenol A-based crosslinkers
with higher cohesive energy density (CED), it is expected higher glass
transition temperatures as well as an increase of the mechanical
properties due to the presence of aromatic rings within the structure. In
this sense, this study proposes the use of bisphenol A-based bi-functional
monomers as crosslinking agents for shape-memory thermosets.

A few works have explored the use of bisphenol A-based
crosslinking agents for shape-memory materials. Safranski and Gall [18]
studied the effect of chemical structure and crosslinking density on the
thermal and mechanical properties of (meth)acrylate networks. The
authors proposed different mono-functional monomers as chain builder
and different multi-functional monomers as crosslinking agents, including
bisphenol A-based monomers. Voit e al. [25] studied the transition of
acrylate-based materials from thermoplastic to thermosets in order to
obtain high strain shape-memory polymers. For this purpose, these
authors suggested to minimize the concentration of bisphenol A
ethoxylate di(meth)acrylate crosslinking agent until less than 0.25%.
However, it is necessary a further investigation of the implications that
the presence of this kind of monomers have on thermomechanical

properties and a deep study of the shape-memory properties.
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Therefore, in the present study a family of shape-memory materials
is synthesized from three different mono-functional monomers as chain
builders, and two different bisphenol A-based bi-functional monomers as
crosslinking agents. The networks are synthesized by keeping the content
of crosslinking agent constant and systematically varying the content ratio
of different mono-functional monomers. The implications of the
chemical structure of bisphenol A-based monomers and mono-functional
monomers on the thermomechanical and viscoelastic properties are
analyzed and discussed. Tensile tests and shape-memory performances
have revealed shape-memory materials with good mechanical properties,
both at room and high temperatures, and excellent shape-memory
properties with very high recovery and fixity ratios and fast recovery

velocities under isothermal and transient temperature conditions.

2. Experimental Section

2.1 Materials
Diglycidyl ether of bisphenol A diacrylate (Ebecryl® 605, Allnex) (based
on 75/25 w/w bisphenol A diacrylate/tripropylene glycol diacrylate) with
M, = 500 g mol" (Figure 1V.7.12) and diglycidyl ether of bisphenol A
ethoxylate diacrylate (Sigma-Aldrich) with M, = 512 g mol' (Figure
IV.7.1b) were used as crosslinker agents. Methyl methacrylate (Sigma-
Aldrich) (Figure IV.7.1c), ethyl methacrylate (Sigma-Aldrich) (Figure
IV.7.1d) and poly(ethylene glycol) methylether methacrylate (Sigma-
Aldrich) with M, = 475 g mol" (Figure IV.7.1¢) were used as mono-
functional chain builders. Darocur® 1173 (BASF) was used as
photoinitiator (Figure IV.7.1f).

The CED was calculated for MMA, EMA and PGM in otrder to
discuss thermal and mechanical properties of the materials prepared.
CED parameter characterizes the intermolecular interactions in polymers

using the group contributions according to the method outlined by Van



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

282 Macromol. Chem. Phys. 2016, 217, 39-50

Krevelen [26]. The CED values for MMA, EMA and PGM were 398
MPa, 385 MPa and 340 MPa respectively.

a) BADA H,C  CHy

¢) PGM CH, f) DAROCUR¥ o
Hsc,E /\}o 5 Y/
0 ] WH CH, CH,
o

H,C OH

Figure IV.7.1 a) Chemical structure of Bisphenol A diacrylate; b) chemical
structure of Bisphenol A ethoxylate diacrylate; ¢) chemical structure of methyl
methacrylate; d) chemical structure of ethyl methacrylate; €) chemical structure
of poly(ethylene glycol) methylether methacrylate; f) chemical structure of
Darocur® 1173.

Various formulations with different content of each reactant were
prepared and are summarized in Table IV.7.1. The formulations were
prepared by mixing 50 wt. % of bisphenol A diacrylate (BADA) or
bisphenol A ethoxylate diacrylate (BAEDA) which acted as crosslinker
agents and 50 wt. % of a mixture of methyl methacrylate (MMA), ethyl
methacrylate (EMA) or poly(ethylene glycol) methylether methacrylate

(PGM) which acted as mono-functional chain builders. The content of
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crosslinking agent was kept constant in both set of formulations in order
to avoid the effect of different crosslinking densities within the networks.
Preliminary studies concluded that formulations with BADA synthesized
with no presence of PGM or with BAEDA synthesized with a
MMA:PGM or EMA:PGM ratio of 1:3 were not suitable for shape-
memory performances because they showed too high and too low values
of stiffness respectively. The photoinitiator 2-hydroxy-2-methyl-1-phenyl-
propan-1-one (Darocur® 1173, BASF) was added at a concentration of 2
wt. % of the total formulation weight. The reactants were mixed manually
in an opaque plastic vial until fully dissolved and poured in an open
mould with dimensions 30 mm x 3.75 mm x 0.75 mm. The
polymerization took place by exposing the configuration to UV light
(Helios Italquartz) for 2 min at an intensity of ~100 mW cm™ (measured
with an EIT UV-meter) in a nitrogen atmosphere. Finally the samples

were polished to obtain the final dimensions for each test.

Table IV.7.1 Composition of the formulations studied

wt. % wt. % wt. % wt. % wt. %
Sample

BADA BAEDA MMA EMA PGM
1 BA-1M-3P 50 0 12.5 0 37.5
2 BA-2M-2P 50 0 25 0 25
3 BA-3M-1P 50 0 37.7 0 12.5
4 BA-1E-3P 50 0 0 12.5 37.5
5 BA-2E-2P 50 0 0 25 25
6 BA-3E-1P 50 0 0 37.5 12.5
7 BAE-2M-2P 0 50 25 0 25
8 BAE-3M-1P 0 50 37.5 0 12.5
9 BAE-M 0 50 50 0 0
10 BAE-2E-2P 0 50 0 25 25
11 BAE-3E-1P 0 50 0 37.5 12.5
12 BAE-E 0 50 0 50 0




UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

284 Macromol. Chem. Phys. 2016, 217, 39-50

2.2 Thermomechanical Characterization

Thermomechanical properties were measured using a DMA Q800 (TA
Instruments) equipped with a film-tension clamp. Prismatic rectangular
samples of ca. 20 mm x 2 mm x 0.5 mm were analysed at 1 Hz, 0.1%
strain and a heating rate of 3 °C min" from -30 to 150 °C. The glass
transition temperature T,, the onset of the glass transition temperature
T,” and the storage modulus below and above the glass transition
temperature were evaluated (E’, and E’, respectively) (Figure 1V.7.2). The
glass transition temperature was determined from the peak in the loss
factor tan 6. The onset of the glass transition temperature TgE was

determined as the point at which the storage modulus E’ started to

decrease during mechanical relaxation.

[7,]
=
=
E
E Z=]
=
|
1) E: | &8
=
St
S
7
tan o

Temperature

Figure IV.7.2 Determination of the temperatures T, and T,/ from the results
obtained with DMA analysis.

2.3 Fourier Transform Infrared Spectroscopy (FT-IR)
Characterization

Final conversion of each formulation was evaluated by Fourier transform
infrared spectroscopy (FT-IR). Each formulation was irradiated using a

FT-IR Thermo-Nicolet 5700 model. The formulations were coated onto
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a sample holder (around 50 um) and exposed to UV-light at an intensity
of ~25 mW cm™ After 30 seconds of UV irradiation, the sample was
irradiated with IR which analysed the extent of the reaction and then
irradiated again during 30 seconds with UV-light. This process was
repeated until final conversion. The disappearance of the peak
corresponding to acrylate double bond at 1635 cm™ was monitored and,
as the IR absorbance is proportional to the monomer concentration, the

final conversion could be obtained.

2.4 Mechanical Characterization

Mechanical properties at room temperature were evaluated using a
universal testing machine (Instron 3366) equipped with a 10 kN load cell.
Dog-bone shape samples were cut according to ASTM D638 Type IV
requirements. Experiments were performed at a crosshead speed of 1
mm min"'. Mechanical properties at high temperature were measured
using a DMA Q800 (TA Instruments) equipped with a film-tension
clamp in the force controlled mode. Dog-bone shape samples of ca. 20
mm x 2 mm x 0.5 mm were analysed at TgE’at a force rate of 1 N min™. In
both experiments, three different samples were used and the average
values are shown, and strain was calculated as the total elongation (I, —
L) (displacement of the crosshead) with respect to the initial length (L)
(Equation IV.7.1).

Ly

£(%) = +100 aV.7.1)

0

2.5 Shape-Memory Characterization

The shape-memory properties were measured using a DMA Q800 with a
force-controlled mode and equipped with a film-tension clamp. Dog-
bone shape samples of ca. 20 mm x 2 mm x 0.5 mm were used in shape-
memory tests. The procedure for imposing a temporary shape to the

SMP was a thermomechanical cycle called programming and consisted in
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various steps (Figure IV.7.3). The programming began with heating up
the sample to the programming temperature T, and deforming to a
prescribed value of maximum stress g, at a 1 MPa min". The deformation
of the sample once had been stretched was ¢,. The next step was cooling
down the sample into a temperature below the transition temperature T,
(0 °C) in order to fix the temporary shape. After fixation, the stress was
released at the same stress rate of 1 MPa min". There was an amount of
deformation that the SMP cannot fix and the deformation of the sample
after unloading was ¢,. The recovery process was activated by heating up
the sample to a recovery temperature T, = T, + 10. The heating rate
during shape recovery was 3 °C min". The deformation at the end of
programming was ¢, which is the amount of deformation that the SMP
cannot recover. At this point a new cycle began by adjusting the

temperature again to T, . Three consecutive cycles were performed to

prog
each sample.

unloading

Stress

Tempera tu ,-eTp rog T,

recovery

Figure IV.7.3 Scheme of the thermomechanical programming.
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The programming temperature was selected as the onset of the
glass transition temperature I;JE’ (Figure 1V.7.2). According to Yakacki ez
al. [27] a maximum in the deformability of shape-memory acrylate-based
polymer can be obtained at a temperature coinciding with the onset of
glass transition temperature.

Every sample was stretched into a determined value of maximum
= 0.750,) in

order to perform a comparative study with the same level of load for

stress o

w

corresponding to a 75% of the stress at break g, (g,
each sample.

The most significant parameters for quantifying shape-memory
properties are the shape-recovery ratio (R) and the shape-fixity ratio (R).
The shape-recovery ratio (Equation IV.7.2) quantifies the ability of the
SMP to recover its original shape and it was calculated as the total
deformation recovered with respect to the maximum deformation
reached during the programming. The values of shape-recovery ratio
presented correspond to the average value of the three consecutive
cycles.

£y = &
R,(%) = — - 100 (IV.7.2)

The shape-fixity ratio, calculated from Equation IV.7.3, quantifies
the ability of the SMP to fix the temporary shape. It was computed as the
deformation after the stress was released with respect to the maximum
deformation.

gll
Ry (%) = o 100 (IV.7.3)

Another parameter of interest to evaluate the shape memory ability

is the shape recovery velocity (1/). The shape recovery velocity quantifies

the velocity at which the permanent shape is recovered. 17, was calculated



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL CHARACTERIZATION OF SHAPE-MEMORY POLYMERS: INFLUENCE OF PROCESSING METHODS
AND CHEMICAL STRUCTURE

David Manuel Santiago Abraira

288 Macromol. Chem. Phys. 2016, 217, 39-50

as the time interval that it takes from 15% to 85% of strain recovered
(Equation 1V.7.4).

(87’”,75”0 - 67'@[,85”0) 100

67‘6’[, 15% (IV 7 4)

17, (%/min)= "
15%—85%

Where ¢,,,5, is the deformation corresponding to a shape recovery of

15%, ¢,,,45, 13 the deformation corresponding to a shape recovery of 85%

and A5, 45, 1s the time interval between these two points. The difference

between deformations corresponding to a shape recovery of 15% and

85%0, &4, 150 = Ensssn, Was calculated with respect to ¢, 5, in order to avoid

the influence of the maximum deformation on 1.

Figure IV.7.4 Schematic representation of the deformation of the sample with
the U-shaped fixture.

Self-deploy shape-memory tests were also performed in order to
evaluate the recovery process under isothermal conditions. Prismatic

rectangular samples of ca. 30 mm x 3.75 mm x 0.75 mm were used. The
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samples were immersed in a hot water bath at T, = T, of each
formulation and held for 30 seconds. After heating, the samples were
deformed into “U” shape (which corresponded to an angle of ¢ = 180°)
with a specially designed device (Figure 1V.7.4). Then, the samples were
immersed in cold water (1), = 10 °C) for 5 minutes while maintaining the
“U” shape. In order to evaluate the shape recovery process, the samples

were immersed again in hot water at different T,

recovery*

The angle ¢ was
monitored in each time of the recovery until the sample reached a

complete recovery (¢ = 0°) or until finalised the recovery process.

3. Results and Discussion

3.1 Thermomechanical Properties

Table IV.7.2 summarizes the thermomechanical properties of all
formulations. The glass transition temperature of the network increases
with increasing content of methyl methacrylate (MMA) or ethyl
methacrylate (EMA) and decreasing content of poly(ethylene glycol)
methylether methacrylate (PGM). Each set of formulations (either with
BADA or BAEDA) have the same backbone because they have the same
type and amount of crosslinking agent and thus the pendant side group is
the one that determines the T, [18]. Since the pendant side group is
changed from long and mobile PGM segments to short and rigid MMA
or EMA segments, the molecular mobility of the network is restricted
and thus causing a delaying in the transition from glassy to rubbery state.
This result can be rationalized in terms of cohesive energy density (CED)
of the mono-functional monomers. The CED parameter reflects the
cohesive strength of the network and, as the T}, is a parameter governing
the yield response of glassy networks [28]. The higher CED parameter of
monomers MMA and EMA (398 and 385 MPa) with respect to the CED
parameter of the PGM (340 MPa) leads to formulations with a more

cohesive structure and thus with higher glass transition temperatures.
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The shape of the tan 8 peak during the material relaxation can also
be correlated with its network structure. The peak height is an indicator
of the viscous character of the material during the relaxation and the total
peak area is related with the total amount of the energy dissipated during
relaxation [29]. As can be observed in Table IV.7.2 and Figure IV.7.5, an
increase in the content of PGM causes a broadening of the width of the
transition and a lowering of the peak height and area of tan 8. This trend
indicates that the presence of PGM leads to a more heterogeneous

network due to the longer length of the polymeric chain of PGM.

Table IV.7.2 Thermomechanical results obtained by DMA
Ty T FWHMP tand tand Epd B’

Sample . ' E,/E;
[°C] [°C] [°C] height areac [MPa] [MPa]
BA-1M-3P 45 21 32 0.53 17 2125 30 71
BA-2M-2P 67 44 27 0.65 18 2214 25 87
*BA-3M-1P 80 61 22 090 20 2741 20 140

BA-1E-3P 41 15 29. 0.53 15 1799 31 59
BA-2E-2P 53 30 28 0.64 18 2246 27 84
*BA-3E-1P 69 50 23 0.81 19 2676 24 111
BAE-2M-2P 44 24 22 0.77 17 2244 21 106
*BAE-3M-1P 62 44 21 0.86 18 2750 20 138

*BAE-M 87 72 19 1.01 19 2712 16 166
BAE-2E-2P 33 15 23 0.78 18 2095 23 91
*BAE-3E-1P 50 34 19 0.90 17 2565 21 122
*BAE-E 70 49 21 0.96 20 2593 17 152

YMeasutred as the peak of tan §; PFull With at Half Maximum; 9Determined as the
product of tan & peak and FWHM; YMeasured at Ty — 50 °C; 9Measuted at T, + 50 °C;

*Formulations selected for shape-memory analysis
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Figure IV.7.5 Storage modulus E’and tan 8 as a function of temperature of all

formulations.

The trend of the glass transition temperature contrasts with the
trend of the storage modulus at rubbery region E’, which decreases with
increasing content of MMA or EMA (Figure IV.7.6). This trend could be
explained in terms of the architecture of the polymer chain between
crosslinks. As the content of crosslinking agent is kept near constant,
cach set of formulations (either with BADA or BAEDA) has the same
crosslinking points. Thus, as the content of MMA or EMA increases, the
distance between crosslinking points increases and the length of the
pendant side group decreases. Consequently the rubbery modulus
decreases due to the higher molecular motion of formulations with higher
content of MMA or EMA. Other factors may also contribute to this
behaviour, as the formation of physical crosslinks or molecular
interactions between the poly(ethylene glycol) side-chains of PGM units.

The storage modulus at glassy region increases as the content of
PGM decreases and the content of MMA/EMA increases, according to
the lower CED values of PGM.
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Figure IV.7.6 Glass transition temperature T, and storage modulus E’in the

rubbery region of all formulations.

Comparing the behaviour of formulations with bisphenol A
ethoxylate diacrylate (BAEDA) and with bisphenol A diacrylate (BADA),
the first have lower glass transition temperatures, around 20 °C in
formulations with the same type of mono-functional monomer and
content ratio. The shape of the transition indicates a more homogeneous
and mobile network with BAEDA than with BADA: the width of the
transition is narrower and the peak height is higher (Table IV.7.2 and
Figure IV.7.5). In addition, the storage modulus at rubbery region E’,
shows lower values with BAEDA than with BADA. The existence of
hydrogen-bond interactions in formulations with BADA and the
presence of flexible oxyethylene groups in formulations with BAEDA
lead to a lower T, and a more flexible and mobile structure in the relaxed
state.

Among all the formulations analysed in Table IV.7.2, only those
that show a difference between the storage modulus at glassy and rubbery
region around 2 orders of magnitude were chosen to further studies
(denoted by * in Table IV.7.2). This important difference in mechanical

properties between the glassy and rubbery states is crucial if a polymer is
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required to present shape-memory effect [30]. Although the formulation
BAE-2M-2P has a properly E’/E’, ratio, it has low glass transition
temperature (44 °C) and cold storage of the temporary shape would be
necessary in order to guarantee acceptable fixation. For this reason these

formulation were not selected for further studies.

3.2 IR Characterization

In Table IV.7.3 are noted the values of final conversion of the selected
formulations. The polymerization rate is extremely fast and within the
first 30 seconds of irradiation the conversion reached values around 90%

in all cases.

Table IV.7.3 Conversion values of the selected formulations obtained by FT-IR
Sample BA-3M-1P BA-3E-1P BAE-3M-1P BAE-M BAE-3E-1P BAE-E
Conversion

%)

97 98 98 93 100 95

3.3 Mechanical Properties

Mechanical properties at room temperature (~21 °C) are showed in Table
IV.7.4 and Figure IV.7.7. Figure IV.7.7 clearly shows two different
behaviours between formulations with BADA and BAEDA. Whereas
formulations with BAEDA show a large plateau of plastic deformation
with deformations at break of almost 30% (except in the case of the
formulations BAE-E), formulations with BADA barely show plastic
deformation, with failure strain around 11%. In the case of ultimate
strength, formulations with the same type and content ratio of mono-
functional monomers, the ultimate strength is more than a 100% higher
in formulations with BADA than with BAEDA. Properties below the
glass transition temperature depend on a combination of factors such as
the cohesive forces and presence of local mobility [31]. This different

behaviour may be attributed to the presence of flexible and mobile
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oxyethylene groups of BAEDA and the existence of hydrogen-bonds in
formulations with BADA.

Table IV.7.4 Tensile data at room temperature obtained by uniaxial tensile
testing: ultimate strength (g,.), corresponding strain at ultimate strength (Eoma),
stress at break (o), deformation at break (g), elastic modulus and difference

between T, - Trwm

Elastic
Sample O s [%] 05 [MPa] &5 [%] modulus ¥ Toom
[MPa] [°Cl

[MPa]

BA-3M-1P  42.840.4 8.1+0.8 42.0+0.4 9.4+0.9 853.4%5.2 59
BA-3E-1P  24.440.2 7.9+£0.9 23.4%£0.1 12.5%0.2 510.7+4.9 48
BAE-3M-1P 20.6+0.1 6.34£0.5 18.240.3 18.240.9 477.0+1.7 40
BAE-M 459409 6.4+0.3 39.1+0.1 25.5+0.3 948.9%+2.5 66
BAE-3E-1P  9.7£0.4 5.240.7 124405 29.0+0.2 216.6%4.1 29

BAE-E 314404 7.240.8 263403 15740.1 916.3+5.0 49
50
L o~ BAE-M
- BA-3M- 1P _—
~
& 30 BA-3E-1P
% sa® aé{;.w mw w; j.’.',";“". VBAE"E
£ 2 | BAE-3M-1P
10 —— T T T T T T T U BAESE-IP
0 : 1 l ]
10 15 20 25 30

Strain (%)

Figure IV.7.7 Stress-strain experiments of the selected formulations at room

temperature.
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In both cases, either with BADA or BAEDA as crosslinking
is higher in formulations with MMA
than with EMA. This difference is more accused in the presence of PGM
(75% higher in BA-3M-1P than in BA-3E-1P and 100% higher in BAE-
3M-1P than in BAE-3E-1P) than in formulations without PGM (50%
higher in BAE-M than in BAE-E).

As stated above, mechanical properties depend on different factors

agents, the ultimate strength o,

nax

and among them the difference between the test temperature and T, The
observed tendency clearly shows that the strength and elastic modulus
increases almost linearly with increasing T, - T,

Table IV.7.5 summarizes the mechanical properties evaluated at
TgE’. All formulations show high values of stress at break, higher than 10
MPa in all cases and up to 15 MPa for the formulation BAE-3E-1P. The
values of stress at break at the onset of the glass transition temperature of
formulations with poly(ethylene glycol)-based crosslinking agents are

usually much lower, which in no case exceed 10 MPa [19,22,27].

Table IV.7.5 Tensile data at T, obtained by DMA: onset of the glass transition
temperature T, stress at break (), deformation at break (g), tensile modulus,

prescribed stress for shape memory programming (0,) and strain corresponding

to g, (&x)
Tensile
Sample T, [°C] o» [MPa] &, [%] modulus o, [MPa] &, [%]
[MPa]
BA-3M-1P 61 12.14£0.9 32.0£0.2 34.84+1.2 9.1 24.0
BA-3E-1P 50 10.0+£0.5 27.240.3 34.3%0.5 7.5 20.4
BAE-3M-1P 44 11.2+0.6 41.5%0.1 25.3%+0.9 8.4 31.1
BAE-M 72 13.5£0.6 50.7£0.2 24.31+0.2 10.1 38.0
BAE-3E-1P 34 15.4+£0.5 57.0+0.3 26.6%0.8 11.5 42.8

BAE-E 49 11.84+0.7 40.4£09 26.9%0.7 8.9 30.3
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The tensile modulus reveals two different behaviours depending on
the crosslinking agent used. Formulations with BADA show a tensile
modulus around 34 MPa while formulations with BAEDA show tensile
modulus around 25 MPa. This leads to a higher deformation at break to
formulations with BAEDA. This different behaviour is due to the
presence of oxyethylene groups within the structure of BAEDA and the
presence of hydrogen bonds in formulations with BADA. These results
correlated well with the results of the mechanical properties evaluated at

room temperature, where two different behaviours were also observed
between formulations with BADA and BAEDA.

3.4 Shape-Memory Properties
In order to perform a comparative study with the same level of load for
each sample, every sample was stretched during shape-memory
programming to a prescribed maximum stress (g,) corresponding to 75%
of the stress at break (g, = 0.75¢,). Table IV.7.5 presents the prescribed
maximum stress and the corresponding maximum deformation reached,
¢,, for each material. Figure IV.7.8 shows the average shape-recovery
ratio (R) and shape-fixity ratio (R) of three consecutive cycles when
programming under these conditions (g, and TgE ) of each formulation.
All formulations show shape-recovery ratios around 95%, except
formulation BAE-3E-1P which shows 91%, and shape-fixity ratios
around 97%. Shape-memory properties can also be correlated with
thermomechanical properties and network structure. During the
programming step, the material can be easily deformed with a significant
decrease in the entropy of the system due to chain conformation
rearrangement. When the applied external stress is released at low
temperature, the lower mobility of the network structure prevents chain
rearrangement and holding the remaining deformation. Once the
temperature exceeds the T, the network chains gain sufficient mobility

and thus the SMP is able to recover its original shape. Therefore, it can
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be assumed that network relaxation dynamics is the key parameter

governing the recovery process [32].
In the case of formulation BAE-3E-1P, although the tensile test at

];E' (Table IV.7.5) do not reveal significant differences among all
formulations, the accumulation of plastic deformation may be the cause

of the lower recovery ratio with respect to the rest of formulations.
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Figure IV.7.8 Shape-recovery ratio and shape-fixity ratio of each formulation.

Figure IV.7.9 shows the strain recovered ¢, during the recovery
stage (Figure IV.7.92) and the shape-recovery velocity I, (Figure IV.7.9b)
for all samples. The recovery speed shows very high values for all
formulations; it is possible to obtain a 95% of shape recovery in a few
minutes and in a narrow interval of temperatures. As the maximum
deformation during stretching has no influence on this parameter, the
values and trend of I, can be explained in viscoelastic terms. Although
no significant differences were observed in terms of recovery and fixation
between the studied formulations, it seems that the recovery velocity is

more sensitive to small changes in the thermomechanical properties and
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network structure between formulations. It can be observed that
formulations with BADA show lower values of 1/, (around 18 % min™)
than formulations with BAEDA (around 22 % min™). Formulations with
BAEDA have a more homogeneous and mobile network due to the
presence of flexible oxyethylene groups, thus it will take shorter to release
the stored internal stresses during the recovery process (Table IV.7.2 and
Figure IV.7.5). Formulation BAE-3E-1P presented lower shape-recovery
velocity in comparison with the other formulations with BAEDA. The
accumulation of plastic deformation during the deformation stage of
programming, that also lowered the shape-recovery ratio (Figure IV.7.8),
may also be the cause of the difference on [, with respect to the rest of
formulations with BAEDA.

Formulations BAE-M and BAE-E show the highest values of 17,
(21.40 % min" and 22.62 % min" respectively). The presence of PGM
within the networks (Table IV.7.2 and Figure IV.7.5) leads to more
heterogeneous networks, with shorter chain length between crosslinks

and long pendant chains that slow down the recovery velocity.
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Figure IV.7.9 Strain recovered ¢, during heating (a) and shape-recovery
velocity 1, (b) of all formulations.

In order to evaluate the recovery velocity under isothermal

conditions, self-deploy experiments were performed. The interest of

isothermal recovery performances lies in the fact that in many

applications the recovery process is triggered at a constant temperature

[33]. Results demonstrate the excellent recovery velocities also in

isothermal conditions: samples need just a few seconds to reach their
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original shape and to achieve a complete recovery. Figure IV.7.10 shows
the recovery process of the formulation BAE-M at T, = T, The

sample only takes 3 seconds (including the immersion time) to regain its

original shape.

Figure IV.7.10 Recovery process of the formulation BAE-M at Ty = T

Figure IV.7.11 shows the recovered angle ¢ versus time for each
formulation at three different recovery temperatures. The results show
extremely short recovery times. Even when the recovery temperature is
lower than the glass transition temperature, the majority of the
formulations achieve a complete recovery in less than 10 seconds.
Although formulations BAE-3M-1P and BAE-M do not reach a

complete recovery at

recovery -

T, - 10, the recovery times are quite fast
(Iess than 30 seconds) with corresponding recoveries of 92%.

As expected, it takes less time to achieve a complete recovery with
increasing recovery temperature. With an increase in the recovery

temperature, the thermal motion of the polymer chains is accentuated
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and thus the recovery force increases [34].

When T

recovery

= Tgand =

recovery

T, + 10, the recovery process is almost instantaneous with recovery times

around 2.5 and 1.5 seconds respectively.
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Figure IV.7.11 Recovered angle as a function of time of each selected

formulation and at different e

Three stages of recovery can be distinguished from the slope of the

curve in each test. The first stage comprises the recovery from 180° to

150°, the second stage comprises from 150° to 30° and the third one

comprises from 30° until final recovery. During the first stage, the

recovery process is triggered and friction between polymer chains is
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causing a relatively low recovery velocity. In the second stage, the gradual
arrangement of segments reduces the friction and thus the slope of the
curve increases. In the last stage of recovery the slope of the curve
reduces significantly due to the most of the constrained force has been
released. Other authors studied the isothermal recovery process and
highlighted the presence of various zones during the recovery [35-38].
However their results are not comparative because in the present work
the use of a hot water bath entails different heat transfer between the
environment and the samples.

At T,,,, = T,- 10 it can be observed differences on the slope of
the curves between formulations, especially in formulations BAE-3M-1P
and BAE-M. Below the glass transition temperature the molecular
motion are restricted, thus the differences can be attributed to greater
difficulty of these formulations in releasing internal stress due to the
network architecture. With T, = T, differences in recovery velocity
between formulations become less significant and only during the third
stage can be observed slight differences in the recovery time. In the case
of T,,., = T, + 10 the differences between formulations are less than 0.5

seconds and all of them achieved complete recovery around 1.5 seconds.

4. Conclusions

A series of acrylate-based shape-memory thermoset materials were
synthesized using bisphenol A-based crosslinking agents and different
mono-functional monomers as chain builders. Thermal, mechanical and
shape-memory properties were systematically studied and the results were
discussed.

The thermomechanical measurements revealed a  more
heterogeneous network and lower glass transition temperatures with
increasing content of PGM and decreasing content of MMA or EMA.
Formulations with BAEDA showed lower glass transition temperatures

and more homogeneous networks than formulations with BADA. The
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thermomechanical — properties of  acrylate-based  shape-memory
thermosets can be tuned according to the CED parameter at the mono-
functional monomers and the rigidity of the crosslinking agent used.

Mechanical properties at room temperature showed two different
behaviours: formulations with BAEDA showed a large plateau of plastic
deformation with failure strains of almost 30% than formulations with
BADA, with failure strains around 11%. At the programming
temperature T;’, all formulations showed high values of stress at break
higher than 10 MPa and up to 15 MPa. Formulations with BAEDA
showed lower tensile modulus than formulations with BADA and thus
higher failure strains due to the presence of mobile oxyethylene units in
BAEDA and the existence of hydrogen-bond interactions in
formulations with BADA.

Shape-memory properties showed very good values of shape
recovery and shape fixity ratios around 95% and 97% respectively. These
materials showed very fast recovery velocities in transient temperature
conditions (up to 24 % min™) and very short recovery times in isothermal
conditions (up to 1.5 seconds).

In accordance with these results, acrylate-based shape-memory
networks synthesized from bisphenol A-based crosslinking agents are
promising shape-memory materials that combine excellent mechanical
properties and with very high recovery and fixity ratios as well as very fast

recovery velocities.
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Chapter V

Conclusions and Future Work

V.1. Conclusions

@his thesis presents an experimental study of the influence of the
thermomechanical conditions and chemical structure of
thermoplastic and thermosetting shape-memory polymers. Below the

most important conclusions obtained during this thesis are described.

Effect of thermomechanical programming conditions on

thermoplastic shape-memory polymers:

o The thermomechanical cyclic conditions strongly affect the shape-
recovery ratio R, of the SMPs and their stabilization with cycling.
When the SMP was subjected to successive cycles, R, degraded
because of the accumulation of irrecoverable deformation. Higher

maximum prescribed stress ¢, and higher programming

m

temperature T, accentuated this degradation. Higher g, delayed

the stabilization of R. However, T,,, did not affect the stability of

K. The stress holding time #; caused considerable degradation of K,
over successive cycles even if 7; was applied just for a few seconds.
It is strongly recommended to quench the temperature as fast as

possible in order to reduce the effect of the 7,

= The shape fixity ratio R,and the switching temperature T, showed

similar values at each g,. If T, > T, the SMP showed better values

prog

< Tg and T, increased with increasing T,

of fixation than T, . o

prog
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With low g, neither R, nor T, were affected by cycling beyond
instable behaviour during the first cycles. }gf and T  were not

S

affected by the 7, over successive cycles.

" A progressive strain-hardening was observed when the SMP was
programmed over successive cycles. This phenomenon was more
pronounced when T, < T,. With high o, the strain-hardening was
prolonged for more cycles and the percentage of hardening was
higher. Specimens subjected to #; softened considerably during the
first cycle and the strain-hardening showed the same magnitude

regardless of the 7, applied.

Thermomechanical characterization of hyperbranched-modified

epoxy-based shape-memory polymers:

" The presence of hyperbranched poly(ethyleneimine)s (Lupasol®) in
the epoxy networks led to more heterogeneous structures with
higher crosslinking density and higher glass transition temperatures.
Formulations modified with the high molecular weight Lupasol®
PR8515 had lower T,s but wider transitions than formulations
modified with the low molecular weight Lupasol® FG. The ratio
between the glassy modulus and the rubbery modulus E’/E’,
decreased as the hyperbranched polymer content was increased in
the materials, in accordance with the increase in crosslinking

density.

. The tensile tests revealed excellent mechanical properties in terms
of very high strain and stress at break wvalues at different
temperatures. Tensile testing at room temperature (in the glassy
regime) showed that an increase in Lupasol® resulted in an increase
in the stress at break and strain at break. In the rubbery regime, an
increase in the Lupasol® content decreased the values of stress and
strain at break. A deformability peak was found at the onset of the

glass transition temperature Tf’, showing noteworthy values up to
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60% and 15 MPa. At this temperature, the stress at break increased
and the strain at break decreased due to an increase in the
crosslinking density. The higher crosslinking density and the
presence of possible molecular interactions of formulations with
Lupasol® PR8515 resulted in slightly lower values of stress at break

and strain at break than formulations with Lupasol® FG.

The characterization of less conventional mechanical properties for
shape-memory polymers provided interesting information for their
use in real applications. Young’s modulus values revealed more
rigid structures in formulations with a higher Lupasol® content and
hardness test results showed higher values of hardness in
formulations with a higher DGEBA and Lupasol® content due to
increased crosslinking density and less presence of the plasticizing
effect of Jeffamine® D400 flexible structure. Formulations with a
lower Lupasol® content (and thus a higher Jeffamine® D400
content) showed higher values of impact strength due to the energy
dissipation effect of the aliphatic flexible structure of Jeffamine”
D400. The analysis of the surface fracture by SEM microscopy
confirmed the more rigid structure of formulations with a higher

Lupasol® content.

Shape-memory properties under free and constrained conditions of

hyperbranched-modified epoxy-based shape-memory polymers:

The shape-memory properties of hyperbranched-modified epoxy-
based SMPs showed excellent values: shape recovery and shape
fixity were as high as 97% and 98%, respectively. R and R,
decreased slightly when the Lupasol® content was increased
because it restricted chain-conformational changes during
deformation and molecular dynamics, adversely affecting the
shape-memory properties. Formulations with Lupasol® PR8515

presented slightly lower shape-memory properties because they
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were more heterogeneously structured than formulations with
Lupasol® FG.

The thermomechanical procedures under constrained recovery
conditions showed exceptionally high values of recovery stress and
work output (up to 7 MPa and 750 kJ/m’, respectively).The
recovery stress generated during fully constrained recovery
increased as the maximum stress applied during programming
increased. A peak in the generation of mechanical work was
observed in partially constrained shape recovery. A higher Lupasol®
content reduced the shape recovery ratio and shifted the maximum
work generated toward lower constraining levels and decreased the
efficiency of the process. A compromise between crosslinking
density and a homogeneous network needs to be reached in order
to guarantee sufficient driving recovery force and to allow

molecular mobility.

Thermomechanical and shape-memory properties of bisphenol A-

based acrylate-based shape-memory polymers:

Thermomechanical measurements of bisphenol A-based acrylate-
based shape-memory thermosets revealed more heterogeneous
networks and lower glass transition temperatures when PGM
content was increased and the MMA or EMA content decreased.
Formulations with BAEDA showed lower glass transition
temperatures and more homogeneous networks than formulations
with BADA.

Mechanical properties evaluated at room temperature showed that
formulations with BAEDA presented a larger plateau of plastic
deformation than formulations with BADA. At the onset of the

b

glass transition temperature Tgﬁ, all formulations showed high
values of stress at break (up to 15 MPa). Formulations with

BAEDA showed lower tensile modulus than formulations with
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BADA and thus higher failure strains due to the presence of
mobile oxyethylene units in BAEDA and the existence of

hydrogen-bond interactions in formulations with BADA.

" Shape-memory properties showed very good values of R, and R, of
around 95% and 97%, respectively. These materials showed very
fast recovery velocities in transient temperature conditions and very

short recovery times in isothermal conditions.

The results obtained during this thesis give an overview of the
combination of thermomechanical programming conditions that
maximized the shape-memory properties of thermoplastic shape-memory
polymers over the highest number of cycles. Furthermore, the thermal,
mechanical and shape-memory characterization of hyperbranched-
modified epoxy-based shape-memory polymers revealed that these
materials look promising for potential actuator-like applications. Acrylate-
based shape-memory thermosets modified with bisphenol A-based
crosslinking agents can be used to enhance the thermomechanical and

shape-memory properties of this kind of material.
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V.2. Future work

The work carried out during this thesis has raised certain questions that

require further study in the future. For example:

Chapter III studied the influence of some thermomechanical
parameters on shape-memory properties when the SMP is
subjected to several shape-memory cycles. The thermomechanical
parameters studied were the programming temperature, the
maximum stress and the stress-holding time. However, other
parameters were not looked at. The effect of deformation rates,
heating and cooling rates, or the fixing and recovery temperatures
have been the focus of several research studies. Moreover, further
work can look at the effect of these thermomechanical parameters
on the stabilization of the shape-memory properties when

successive shape-memory cycles are performed.

Chapter 1V studied the effect of hyperbranched polymers on the
shape-memory properties of epoxy-based shape-memory polymers.
In general terms, hyperbranched polymers enhanced mechanical
and shape-memory properties. However, the content and molecular
weight of hyperbranched polymers should be controlled because
their structure increases the heterogeneity of the shape-memory
networks and adversely affects the shape-memory properties. Two
different hyperbranched polymers with different molecular weights
were studied in this dissertation: Lupasol® FG with 800 g/mol and
Lupasol® PR8515 with 2000 g/mol. In order to propetly
understand  the effect of the hyperbranched structure,
hyperbranched polymers with higher and lower molecular weights
can be used. Diethylene triamine can act as a very low molecular
weight hyperbranched polymer (103 g/mol) and Lupasol® WF as a
higher molecular weight modifier (25000 g/mol).
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V. Conclusions and Future Work 313

. Some members of our research group have done some excellent
work on synthesizing star-shaped polymers, which are promising
modifiers for thermosetting shape-memory polymers. Star-shape
polymers consist of at least three linear polymer chains connected
to a central core (Figure V.2.1). The results obtained suggest that
they can significantly toughen epoxy resins without such
undesirable effects as a drop in the storage modulus in the glassy
region or an increase in the viscosity of the blends. Therefore, the
thermomechanical and viscoelastic properties of star-shaped
polymers could be studied and their applicability as modifiers for

shape-memory polymers analysed.

Figure V.2.1 Schematic representation of the structure of star-shaped polymers.
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Appendix A

A.1. Supporting information

Table A.1 Technical data of Tecoflex® EG-72D

Properties ASTM Test Tecoflex” EG-72D

Shore hardness D2240 67D
Specific gravity D792 1.11
Flexural modulus (MPa) D790 634
Ultimate tensile (MPa) D412 56
Ultimate elongation (%) D412 310

Tensile modulus (MPa)

100% 23

200% iz 33

300% 49

Mold shrinkage (%) D955 0.4-0.6
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Supporting information

Table A.2 Specifications of Lupasol® FG and Lupasol® PR8515

Properties Lupasol®* FG  Lupasol® PR8515
Form Liquid Liquid
Odour Faint odour Faint odour
Colour Coloutless to Coloutless to

Water content (%o)

Solidification temperature (°C)

Boiling temperature (°C)

Thermal decomposition (°C)

Solubility in water
Viscosity @ 20 °C (mPa-s)
Density (20 °C) (¢/cm’)
Pour point (°C)

pH

Dry content (%)
Molecular weight (g/mol)

Common chemical name

CAS number

yellowish yellowish
1.5 max. 2 max.
-20 ~-10
- > 200
> 250 > 250
Fully soluble Fully soluble
800-5000 10000-20000
1.03 (DIN 51757)  1.05 (DIN 51757)
-20 -9
10-12 (DIN 19268) 10-12
- 98
800 2000
Polyethyleneimine Polyethyleneimine
(PEI) (PE)
25987-06-8 25987-06-8

Table A.3 Specifications of Araldyte® GY 240

Properties Araldyte® GY 240
Characteristics Bisphenol A
Viscosity (25 °C) (mPa-s) 7000-9000
Epoxy index (eq/kg) 5.45-5.56
Epoxy equivalent (g/eq) 180-183
Colour (Gardner) =2
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Table A.4 Specifications of Jeffamine® D-400

Properties Jeffamine® D-400

Appearance (25 °C) Coloutless to pale yellow liquid with
slight haze permitted

Colour (Pt-Co) 30 max.
Primary amine (%) 97 min.
Total acetylatables (meq/g) 4.2-49
Total amine (meq/g) 4.1-4.7
Amine hydrogen equivalent (g/eq) 115
Density (g/ml) 0.972
pH (5% aqueous solution) 11.6
Water content (%) 0.25 max.
CAS number 9046-10-0

Table A.5 Specifications of Ebecryl® 605

Properties Ebecryl” 605
Dilution 20 TPGDA
Viscosity @ 25 °C (mPa-s) 7500
Colour 2
Molecular weight (g/mol) 500
Functionality 2

Table A.6 Specifications of bisphenol A ethoxylate diacrylate

Properties Bisphenol A ethoxylate diacrylate
Colour Coloutless to light yellow
Form Viscous liquid
Molecular weight (g/mol) 512
Viscosity (25 °C) (cps) 800-1200
Density (25 °C) (g/ml) 1.14

CAS number 64401-02-1
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Table A.7 Specifications of methyl methacrylate

Properties Methyl methacrylate
Colour Coloutless
Form Liquid
Molecular weight (g/mol) 100
MEHQ as inhibitor (ppm) 8-30
CAS number 80-62-6

Table A.8 Specifications of ethyl methacrylate

Properties Ethyl methacrylate
Colour Coloutless
Form Liquid
Molecular weight (g/mol) 114
MEHQ as inhibitor (ppm) 15-20
CAS number 97-63-2

Table A.9 Specifications of poly(ethylene glycol) methylether methacrylate

Poly(ethylene glycol) methylether

Properties

methacrylate
Colour Colourless
Form Viscous liquid
Molecular weight (g/mol) 500
MEHQ as inhibitor (ppm) 100
BHT as inhibitor (ppm) 200
Density (25 °C) (g/ml) 1.08

CAS number 26915-72-0
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