Macromolecular
Chemistry and Physics

Full Paper

Thermomechanical Properties and
Shape-Memory Behavior of Bisphenol
A Diacrylate-Based Shape-Memory Polymers
David Santiago, Silvia De la Flor, Francesc Ferrando, Xavier Ramis,
Marco Sangermano*

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 monofunctional chain builder monomers. The implications of the structure
of bisphenol A-based monomers and the chemical structure and content of monofunctional
monomers on thermomechanical properties are discussed. Thermomechanical properties
are analyzed 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, ≈95% and 97%, respectively. These materials also show
very high recovery velocities under transient temperature
conditions, up to 24% min−1, and very short recovery times,
up to 1.5 s, under isothermal conditions in a water bath. The
results confirm that networks synthesized from bisphenol A
crosslinkers are promising shape-memory materials.
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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
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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 UVpolymerized acrylate-based shape-memory polymers.[11,12]
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 possess 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 monofunctional chain builder monomers.[18] Several
works have focused on the use of acrylate-based shapememory polymers for biomedical applications due to
their high degree of biocompatibility.[19] Smith et al.[20]
investigated how the mechanical properties of methacrylate networks are influenced by physiological conditions by using poly(ethylene glycol) dimethacrylate and
different monofunctional monomers. Ortega et al.[21]
studied the effect that crosslinking and long-term storage
have on shape-memory properties of different formulations formed by the copolimerization of tert-butyl acrylate
with poly(ethylene glycol) dimethacrylate with different
molecular weights. Smith et al.[22] studied the relationship
between mechanical properties and chemical structure of
materials synthesized from poly(ethylene glycol) dimethacrylate and three different monofunctional 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 et 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
et al.[12] studied the shape-memory properties of a network
formed by benzyl 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.
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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 shapememory 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
bifunctional monomers as crosslinking agents for shapememory 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 monofunctional monomers
as chain builder and different multifunctional monomers as crosslinking agents, including bisphenol A-based
monomers. Voit et al.[25] studied the transition of acrylatebased 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.
Therefore, in the present study a family of shapememory materials is synthesized from three different
monofunctional monomers as chain builders, and two
different bisphenol A-based bifunctional monomers
as crosslinking agents. The networks are synthesized
by keeping the content of crosslinking agent constant
and systematically varying the content ratio of different monofunctional monomers. The implications of
the chemical structure of bisphenol A-based monomers
and monofunctional 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.
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2. Experimental Section
2.1. Materials
Diglycidyl ether of bisphenol A diacrylate (BADA) (Ebecryl 605,
Allnex) (based on 75/25 w/w bisphenol A diacrylate/tripropylene glycol diacrylate) with Mw = 500 g mol−1 (Figure 1a) and
diglycidyl ether of bisphenol A ethoxylate diacrylate (BAEDA)
(Sigma-Aldrich) with Mn = 512 g mol−1 (Figure 1b) were used as
crosslinker agents. Methyl methacrylate (MMA) (Sigma-Aldrich)
(Figure 1c), ethyl methacrylate (EMA) (Sigma-Aldrich) (Figure 1d),
and poly(ethylene glycol) methylether methacrylate (PGM)
(Sigma-Aldrich) with Mn = 475 g mol−1 (Figure 1e) were used as
monofunctional chain builders. Darocur 1173 (BASF) was used as
photoinitiator (Figure 1f).
The CED was calculated for MMA, EMA, and PGM in order
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 Krevelen.[26] The CED
values for MMA, EMA, and PGM were 398, 385, and 340 MPa,
respectively.
Various formulations with different content of each reactant
were prepared and are summarized in Table 1. The formulations
were prepared by mixing 50 wt% of BADA or BAEDA which acted
as crosslinker agents and 50 wt% of a mixture of MMA, EMA,
or poly(ethylene glycol) methylether methacrylate which acted
as monofunctional chain builders. The content of 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 × 3.75 mm × 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−2
(measured with an EIT UV-meter) in a nitrogen atmosphere.
Finally the samples were polished to obtain the final dimensions
for each test.

2.2. Thermomechanical Characterization
Thermomechanical properties were measured using a DMA
Q800 (TA Instruments) equipped with a film-tension clamp. Prismatic rectangular samples of ≈20 mm × 2 mm × 0.5 mm were
analyzed at 1 Hz, 0.1% strain, and a heating rate of 3 °C min−1
from −30 to 150 °C. The glass transition temperature Tg, the
onset of the glass transition temperature TgE′, and the storage
modulus below and above the glass transition temperature were

Figure 1. a) Chemical structure of bisphenol A diacrylate; b) chemical structure of bisphenol A ethoxylate diacrylate; c) chemical structure of
methyl methacrylate; d) chemical structure of ethyl methacrylate; e) chemical structure of poly(ethylene glycol) methylether methacrylate;
and f) chemical structure of Darocur 1173.
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Table 1. Composition of the formulations studied.

Sample

2.4. Mechanical Characterization

BADA BAEDA MMA EMA PGM
[wt%] [wt%] [wt%] [wt%] [wt%]

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

evaluated (E′g and E′r, respectively) (Figure 2). The glass transition
temperature was determined from the peak in the loss factor tan
δ. 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.

2.3. Fourier Transform Infrared Spectroscopy (FT-IR)
Characterization
Final conversion of each formulation was evaluated by FT-IR.
Each formulation was irradiated using a FT-IR Thermo-Nicolet
5700 model. The formulations were coated onto a sample holder
(≈ 50 µm) and exposed to UV-light at an intensity of ≈ 25 mW cm−2.
After 30 s of UV irradiation, the sample was irradiated with IR
which analyzed the extend of the reaction and then irradiated
again during 30 s with UV-light. This process was repeated until
final conversion. The disappearance of the peak corresponding to
acrylate double bond at 1635 cm−1 was monitored and, as the IR
absorbance is proportional to the monomer concentration, the
final conversion could be obtained.

Figure 2. Determination of the temperatures Tg and TgE′ from the
results obtained with DMA analysis.

4

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−1. 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 ≈ 20 mm × 2 mm × 0.5 mm were analyzed at TgE′ at a force rate of 1 N min−1. In both experiments, three
different samples were used and the average values are shown, and
strain was calculated as the total elongation (Lf− L0) (displacement
of the crosshead) with respect to the initial length (L0) (Equation (1))

ε (%) =

Lf − L0
× 100
L0

(1)

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 ≈ 20 mm × 2 mm × 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 various steps (Figure 3).
The programming began with heating up the sample to the
programming temperature Tprog and deforming to a prescribed
value of maximum stress σm at a 1 MPa min−1. The deformation
of the sample once had been stretched was εm. The next step was
cooling down the sample into a temperature below the transition temperature Tlow (0 °C) in order to fix the temporary shape.
After fixation, the stress was released at the same stress rate of
1 MPa min−1. There was an amount of deformation that the SMP
cannot fix and the deformation of the sample after unloading
was εu. The recovery process was activated by heating up the

Figure 3. Scheme of the thermomechanical programming.
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sample to a recovery temperature Trecovery = Tg + 10. The heating
rate during shape recovery was 3 °C min−1. The deformation at
the end of programming was εp which is the amount of deformation that the SMP cannot recover. At this point a new cycle began
by adjusting the temperature again to Tprog. Three consecutive
cycles were performed to each sample.

The programming temperature was selected as the
onset of the glass transition temperature TgE′ (Figure 2).
According to Yakacki et 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 stress σm, corresponding to a 75% of the stress at
break σb (σm = 0.75σb) in order to perform a comparative study
with the same level of load for each sample.
The most significant parameters for quantifying shapememory properties are the shape-recovery ratio (Rr) and the
shape-fixity ratio (Rf). The shape recovery ratio (Equation (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
Rr (%) =

εm − εp
× 100
εm

(2)

The shape fixity ratio, calculated from Equation (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
Rf (%) =

εu
× 100
εm

(3)

Another parameter of interest to evaluate the shape-memory
ability is the shape recovery velocity (Vr). The shape recovery
velocity quantifies the velocity at which the permanent shape
is recovered. Vr was calculated as the time interval that it takes
from 15 to 85% of strain recovered (Equation (4))
 ε rec,15% − ε rec,85% 

 × 100
ε rec,15%
Vr ( % /min ) =
∆t 15%−85%

(4)

Where εrec,15% is the deformation corresponding to a shape
recovery of 15%, εrec,85% is the deformation corresponding to a
shape recovery of 85%, and ∆t15%-85% is the time interval between
these two points. The difference between deformations corresponding to a shape recovery of 15% and 85%, εrec,15% – εrec,85%,
was calculated with respect to εrec,15% in order to avoid the influence of the maximum deformation on Vr.
Self-deploy shape-memory tests were also performed in order
to evaluate the recovery process under isothermal conditions.
Prismatic rectangular samples of ≈30 mm × 3.75 mm × 0.75 mm
were used. The samples were immersed in a hot water bath at
Tprog = Tg of each formulation and held for 30 s. After heating, the
samples were deformed into “U” shape (which corresponded to
an angle of θ = 180°) with a specially designed device (Figure 4).
Then, the samples were immersed in cold water (Tlow = 10 °C)

www.MaterialsViews.com

Figure 4. Schematic representation of the deformation of the
sample with the U-shaped ﬁxture.
for 5 min while maintaining the “U” shape. In order to evaluate
the shape recovery process, the samples were immersed again
in hot water at different Trecovery. The angle θ was monitored in
each time of the recovery until the sample reached a complete
recovery (θ = 0°) or until finalized the recovery process.

3. Results and Discussion
3.1. Thermomechanical Properties
Table 2 summarizes the thermomechanical properties of
all formulations. The glass transition temperature of the
network increases with increasing content of MMA or
EMA and decreasing content of 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 Tg.[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 CED of the monofunctional monomers. The CED parameter reflects the cohesive strength
of the network and, as the Tg, 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.
The shape of the tan δ 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 2
and Figure 5, an increase in the content of PGM causes a
broadening of the width of the transition and a lowering of
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Table 2. Thermomechanical results obtained by DMA.

Sample

Tga)
[°C]

TgE′
[°C]

FWHMb)
[°C]

Tan δ height

Tan δ areac)

E′gd)
[MPa]

E′re)
[MPa]

E′g/E′r

BA-1M-3P

45

21

32

0.53

17

2125

30

71

BA-2M-2P

67

44

27

0.65

18

2214

25

87

80

61

22

0.90

20

2741

20

140

BA-3M-1P

f)

BA-1E-3P

41

15

29.

0.53

15

1799

31

59

BA-2E-2P

53

30

28

0.64

18

2246

27

84

69

50

23

0.81

19

2676

24

111

BA-3E-1P

f)

BAE-2M-2P

44

24

22

0.77

17

2244

21

106

BAE-3M-1Pf)

62

44

21

0.86

18

2750

20

138

BAE-Mf)

87

72

19

1.01

19

2712

16

166

BAE-2E-2P

33

15

23

0.78

18

2095

23

91

BAE-3E-1Pf)

50

34

19

0.90

17

2565

21

122

BAE-Ef)

70

49

21

0.96

20

2593

17

152

a)Measured as the peak of tan δ; b)Full with at half maximum; c)Determined as the product of tan δ peak and FWHM; d)Measured at
Tg – 50 °C; e)Measured at Tg + 50 °C; f)Denotes formulations selected for shape-memory analysis.

the peak height and area of tan δ. 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.
The trend of the glass transition temperature contrasts
with the trend of the storage modulus at rubbery region
E′r, which decreases with increasing content of MMA or
EMA (Figure 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,
each 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 behavior, 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.

Figure 5. Storage modulus E′ and tan δ as a function of temperature of all formulations.
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Figure 6. Glass transition temperature Tg and storage modulus E′ in the rubbery region of all formulations.

extremely fast and within the first 30 s of irradiation the
conversion reached values ≈ 90% in all cases.

Comparing the behavior of formulations with BAEDA
and with BADA, the first have lower glass transition temperatures, ≈ 20 °C in formulations with the same type of
monofunctional 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 2
and Figure 5). In addition, the storage modulus at rubbery
region E′r 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 Tg and
a more flexible and mobile structure in the relaxed state.
Among all the formulations analyzed in Table 1, only
those that show a difference between the storage modulus at glassy and rubbery region around two orders of
magnitude were chosen to further studies (denoted by f) in
Table 2). This important difference in mechanical properties between the glassy and rubbery states is crucial if a
polymer is required to present shape-memory effect.[30]
Although the formulation BAE-2M-2P has a properly
E′g/E′r 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 formulations were not selected for further
studies.

3.3. Mechanical Properties
Mechanical properties at room temperature (≈21 °C) are
showed in Table 4 and Figure 7. Figure 7 clearly shows
two different behaviors 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 ≈ 11%. In the case of ultimate
strength, formulations with the same type and content
ratio of monofunctional 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 behavior may be attributed to the presence of
flexible and mobile oxyethylene groups of BAEDA and the
existence of hydrogen-bonds in formulations with BADA.
In both cases, either with BADA or BAEDA as
crosslinking agents, the ultimate strength σmax 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 BAE3M-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 and among them the difference between

3.2. IR Characterization
In Table 3 are noted the values of final conversion of
the selected formulations. The polymerization rate is

Table 3. Conversion values of the selected formulations obtained by FT-IR.

Sample
Conversion [%]

www.MaterialsViews.com

BA-3M-1P

BA-3E-1P

BAE-3M-1P

BAE-M

BAE-3E-1P

BAE-E

97

98

98

93

100

95
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Table 4. Tensile data at room temperature obtained by uniaxial tensile testing: ultimate strength (σmax), corresponding strain at ultimate
strength (εσmax), stress at break (σb), deformation at break (εb), elastic modulus, and difference between Tg and Troom.

σmax
[MPa]

εσmax
[%]

σb
[MPa]

εb
[%]

Elastic modulus
[MPa]

Tg – Troom
[°C]

BA-3M-1P

42.8 ± 0.4

8.1 ± 0.8

42.0 ± 0.4

9.4 ± 0.9

853.4 ± 5.2

59

BA-3E-1P

24.4 ± 0.2

7.9 ± 0.9

23.4 ± 0.1

12.5 ± 0.2

510.7 ± 4.9

48

BAE-3M-1P

20.6 ± 0.1

6.3 ± 0.5

18.2 ± 0.3

18.2 ± 0.9

477.0 ± 1.7

40

Sample

BAE-M

45.9 ± 0.9

6.4 ± 0.3

39.1 ± 0.1

25.5 ± 0.3

948.9 ± 2.5

66

BAE-3E-1P

9.7 ± 0.4

5.2 ± 0.7

12.4 ± 0.5

29.0 ± 0.2

216.6 ± 4.1

29

BAE-E

31.4 ± 0.4

7.2 ± 0.8

26.3 ± 0.3

15.7 ± 0.1

916.3 ± 5.0

49

the test temperature and Tg. The observed tendency
clearly shows that the strength and elastic modulus
increases almost linearly with increasing Tg– Troom.
Table 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]
The tensile modulus reveals two different behaviors
depending on the crosslinking agent used. Formulations with BADA show a tensile modulus ≈ 34 MPa while
formulations with BAEDA show tensile modulus ≈ 25 MPa.
This leads to a higher deformation at break to formulations with BAEDA. This different behavior 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 behaviors 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 (σm) corresponding to 75% of the stress
at break (σm = 0.75σb). Table 5 presents the prescribed
maximum stress and the corresponding maximum deformation reached, εm, for each material. Figure 8 shows the
average shape-recovery ratio (Rr) and shape-fixity ratio
(Rf ) of three consecutive cycles when programming under
these conditions (σm and TgE′) of each formulation.
All formulations show shape-recovery ratios ≈95%,
except formulation BAE-3E-1P which shows 91%, and
shape-fixity ratios ≈97%. Shape-memory properties can
also be correlated with thermomechanical properties

8

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 Tg, the network chains gain sufficient mobility and thus the SMP is able to recover its
original shape. Therefore, it can 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 TgE′ (Table 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.
Figure 9 shows the strain recovered εrec during the
recovery stage (Figure 9a) and the shape-recovery velocity
Vr (Figure 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 Vr can be explained

Figure 7. Stress–strain experiments of the selected formulations
at room temperature.
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Table 5. Tensile data at TgE′ obtained by DMA: onset of the glass transition temperature TgE′, stress at break (σb), deformation at break (εb),
tensile modulus, prescribed stress for shape-memory programming (σm), and strain corresponding to σm (εm).

Sample

TgE′
[°C]

σb
[MPa]

εb
[%]

Tensile modulus
[MPa]

σm
[MPa]

εm
[%]

BA-3M-1P

61

12.1 ± 0.9

32.0 ± 0.2

34.8 ± 1.2

9.1

24.0

BA-3E-1P

50

10.0 ± 0.5

27.2 ± 0.3

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

24.3 ± 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

11.8 ± 0.7

40.4 ± 0.9

26.9 ± 0.7

8.9

30.3

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 network structure between
formulations. It can be observed that formulations with
BADA show lower values of Vr (≈ 18% min−1) than formulations with BAEDA (≈ 22% min−1). 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 2 and Figure 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 8), may also be the cause of
the difference on Vr with respect to the rest of formulations with BAEDA.
Formulations BAE-M and BAE-E show the highest
values of Vr (21.40 and 22.62% min−1, respectively). The
presence of PGM within the networks (Table 2 and
Figure 5) leads to more heterogeneous networks, with
shorter chain length between crosslinks and long pendant chains that slow down the recovery velocity.

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 original shape and to achieve a complete
recovery. Figure 10 shows the recovery process of the
formulation BAE-M at Trecovery = Tg. The sample only takes
3 s (including the immersion time) to regain its original
shape.

Figure 8. Shape-recovery ratio and shape-ﬁxity ratio of each
formulation.

Figure 9. Strain recovered εrec during heating a) and shaperecovery velocity Vr b) of all formulations.
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Figure 10. Recovery process of the formulation BAE-M at Trecovery = Tg.

Figure 11 shows the recovered angle θ 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
s. Although formulations BAE-3M-1P and BAE-M do
not reach a complete recovery at Trecovery = Tg – 10, the
recovery times are quite fast (less than 30 s) 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 and thus the recovery
force increases.[34] When Trecovery = Tg and Trecovery = Tg + 10,
the recovery process is almost instantaneous with
recovery times ≈ 2.5 and 1.5 s, respectively.
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 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

10

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 Trecovery = Tg – 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 Trecovery ≥ Tg 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 Trecovery = Tg + 10,
the differences between formulations are less than 0.5 s
and all of them achieved complete recovery ≈1.5 s.

4. Conclusions
A series of acrylate-based shape-memory thermoset
materials were synthesized using bisphenol A-based
crosslinking agents and different monofunctional
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
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Figure 11. Recovered angle as a function of time of each selected formulation and at different Trecovery.

with BAEDA showed lower glass transition temperatures and more homogeneous networks than formulations with BADA. The thermomechanical properties of
acrylate-based shape-memory thermosets can be tuned
according to the CED parameter at the monofunctional
monomers and the rigidity of the crosslinking agent
used.
Mechanical properties at room temperature showed
two different behaviors: formulations with BAEDA
showed a large plateau of plastic deformation with failure
strains of almost 30% than formulations with BADA, with
failure strains ≈11%. At the programming temperature
TgE′, 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.

www.MaterialsViews.com

Shape-memory properties showed very good values
of shape recovery and shape fixity ratios ≈95% and 97%,
respectively. These materials showed very fast recovery
velocities in transient temperature conditions (up to
24% min−1) and very short recovery times in isothermal
conditions (up to 1.5 s).
In accordance with these results, acrylate-based shapememory 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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