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ARTICLE INFO ABSTRACT

Keywords: While thermosetting shape memory polymers (TSMPs) hold great potential in aviation, automotive, and
Shape memory polymer biomedical industries, an understanding of how they degrade under environmental conditions is needed before
Thermor_“eCha“ical they can be broadly incorporated into their respective applications. This study includes a characterization of
g’ee;?;;lgn TSMP of notably high-enthalpy storage in response to artificial weathering including UV irradiation and cyclic
Nanoindentation condensation to simulate aging under terrestrial conditions. The comprehensive characterization includes dif-

DSC ferential scanning calorimetry, FTIR analysis, scanning electron microscopy with image analysis, nano-
indentation, and stress and shape recovery tests after macro-scale compression. Qualitative and quantitative
differences between the irradiated samples with and without condensation are observed and discussed. Glass
transition temperatures increased due to crosslinking in UV-irradiated samples, while they decreased due to
plasticization and hydrolysis under cyclic condensation. Similarly, UV-irradiated samples experience an increase
in elastic modulus and hardness, while these properties decreased in cyclic condensation samples with exposure
time. UV-irradiated samples had better stress recovery and smaller surface cracks than UV-condensation-
weathered samples which had better shape recovery. The mechanisms of these fundamentally different effects

are discussed.

1. Introduction

Shape memory polymers (SMPs) have stimulated considerable in-
terest across a wide range of industries as a result of their versatility and
exceptional elastic deformation properties [1]. The popularity of SMPs is
attributed to their ability to change shape and recover their original
shape upon external stimulation [2]. SMPs have applications in biology,
energy, aeronautical engineering, civil and architectural engineering,
and other fields [3,4]. High enthalpy storage in SMPs is required or
desirable for many applications including self-healing materials [5].
This high enthalpy storage SMP stores energy predominantly through
the enthalpy change arising from the stretched bonds during program-
ming [5]. Also in many of these applications, such as finishing fabric,
actuator and dampeners in aerospace, stents, and catheters in medical
devices; SMPs are exposed to varying environmental conditions that
include but are not limited to ultraviolet radiation, moisture and high
temperatures. In turn, the chemical and mechanical properties of the
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SMPs are significantly altered over time. Ultimately, this affects the
overall performance and service life of these polymers, rendering them
unsuitable for their intended applications [6,7]. Therefore, under-
standing the degradation mechanisms as well as the degree of degra-
dation in shape memory functioning is critical before identifying
appropriate applications and usage recommendations for these shape
memory polymers (SMPs).

A number of studies have been carried out in order to determine and
characterize the extent of degradation which is typically accompanied
by color change as there is yellowing due to carbonyl formation from
thermo-oxidation [8,9]. Water at varying temperatures significantly
deteriorates the shape recoverability and morphological structure of a
polyester based SMP [10-12]. One important thermo-mechanical
property of SMPs that changes due to degradation is the glass transi-
tion temperature. When EPON-IPD was exposed to UV light for varied
periods of time, a rise in T was detected. Because most polymers have
bond dissociation energies in the region of UV light wavelengths,
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exposure to the sun spectrum has a significant impact on them [13].
Absorption of ultraviolet photons by polymers causes photo-oxidative
processes that results in material degradation. On the other hand, T
decreases when SMPs are exposed to moisture due to plasticization.
Moisture-induced plasticization lowers the yield stress, modulus, and
strain threshold for failure [14]. UV exposure and condensation caused
substantial surface deterioration, microcracks, increased roughness, and
negligible changes in tensile strength in polymer-based composites [6,
12,15,16].

Previously, a study was published on the degradation of this EPON-
IPD system under UV exposure with an emphasis on the chemical
degradation [17]. In this paper, the effects of UV radiation are compared
and contrasted to the effects of UV radiation combined with moisture
cycles on the thermo-mechanical, chemical, and shape memory prop-
erties of this EPON-IPD system. UV radiation and moisture are ubiqui-
tous in the natural environment and are thought to be the primary
drivers of degradation in epoxies under ambient conditions. EPON-IPD
SMPs were artificially weathered using UV irradiation alone and cyclic
UV irradiation and condensation exposure for 0 h, 300 h and 600 h.
Fourier transform infrared spectroscopy was used to determine chemical
structure changes. And morphological changes were investigated using
SEM imaging. Characterization of the thermomechanical properties was
completed using nanoindentation and differential scanning calorimeter
(DSQ). Finally, the change in shape memory properties was pivotal to
this paper therefore stress and shape recovery tests were conducted to
quantify the shape memory degradation of EPON-IPD SMPs.

2. Material and methods
2.1. Materials

The thermosetting SMP was synthesized using diglycidyl ether of
bisphenol A (DGEBA)-based resin (EPON 826, Miller-Stephenson
Chemical Co., Inc. Danbury, CT, USA, Lot # DP21G1645/2801) and
isophorone diamine hardener IPD (Sigma Aldrich, Burlington, MA,
USA). Firstly, EPON was heated in an oven for 30 min at a temperature
60 °C. A mechanical mixer was used to mix EPON with IPD at room
temperature and with a ratio of 100 g of EPON to 23.3 g of IPD. This
mixture is placed into a Teflon mold with cylindrical cavities and cured
in a vacuum oven at 30 mmHg. It is cured sequentially at 50 °C for 30
min and then at 100 °C for 1 hour. Samples were then stored in airtight
sealed boxes to prevent environmental degradation.

2.2. Artificial weathering

In order to investigate the degradation of EPON under various con-
ditions, a UV weathering tester was used (Q-Panel Q-lab Westlake, OH,
USA). Fluorescent lamps (UVA- 340) with an irradiance level of 0.89 W/
m? at 340 nm were used. The samples were subjected to two different
exposure conditions: exposure to only UV radiation and cyclic exposure
to UV radiation and moisture. For exposure to only UV radiation,
specimens were exposed to UV irradiation at 60 °C for 0, 300 and 600 h
and were named control, UV 300, and UV 600 respectively. For exposure
to UV radiation and moisture, specimens were subjected to alternating
cycles of 8 h of UV irradiation and 4 h of condensation at 60 °C without
UV radiation. The specimens were also weathered for a total of 300 h
and 600 h (including the radiation and condensation cycles) and were
named UV 300-Cond and UV 600-Cond, respectively.

2.3. Fourier transform infrared spectroscopy

Attenuated total reflectance (ATR) spectra were obtained using a
Fourier transform infrared spectrometer (ATR-FTIR, Bruker Lumos II) to
detect changes in the chemical structures after weathering. Surfaces
were tested with a 4 cm ™! resolution and 128 measurements were taken.
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2.4. Scanning electron microscopy

A scanning electron microscope (Scios 2 Dual Beam FIB/SEM, Wal-
tham, MA, USA) at an acceleration voltage of 5 kV was used for imaging
to investigate the morphological changes due to UV only and UV with
condensation exposure. The samples were sputter coated with a gold
layer prior to imaging. Sample imaging for this paper was done at 1000x
magnification.

2.5. SEM image analysis

Sample crack width and crevice area were analyzed using ImageJ
software. For each exposure time, three sample were chosen and two
micrographs were used for each sample analysis. SEM Images of
different exposure samples are taken and then ImageJ software was used
on the same area of each sample to analyze the width of the cracks and
the size of the crevices.

2.6. Differential scanning calorimetry

The glass transition temperature of finely processed powder of
EPON-IPD specimens weighing between 7 and 9 mg was determined
using a differential scanning calorimeter (PerkinElmer DSC 4000,
Houston, TX, USA). The powder was obtained by drilling near the sur-
face then further crushing into a fine powder with a mortar and pestle.
The specimens were placed in aluminum pans and heated from room
temperature to 190 °C. The samples were heated from 30 °C to 190 °C at
a rate of 10 °C/min and the glass transition temperatures were deter-
mined from this heating ramp.

2.7. Nanoindentation

The hardness, and elastic modulus of EPON-IPD were measured
using a Nanoindenter (G-200 MTS, Agilent, and Santa Clara, CA, USA)
with a Berkovich tip with a radius of 100 nm. EPON-IPD samples were
placed on aluminum cylinders using crystal bond glue. Indentation at a
depth of 10,000 nm and load of 0.5 mN were applied to the EPON-IPD
samples. Individual indentation methods are used as the surface is
significantly degraded so the indentations must be made carefully with
operator attention.

2.8. Stress and shape recovery test

The shape memory properties of EPON-IPD were observed by first
programming the SMPs by heating the material above the glass transi-
tion temperature (Tg) to 170°C then compression to the desired strain
(engineering strain of 20%) using an MTS Alliance Rt/100 Tensile
compression force tester (MTS Systems Corporation, Eden Prairie, MN,
USA) and finally then cooling back to room temperature. After samples
ware cooled down to room temperature and unloaded, they were again
placed back into the oven where stress and shape recovery tests were
performed at 170 °C for 2 h.

3. Results and discussion
3.1. Thermal analysis

DSC measurements of glass transition temperatures for UV and
combined UV and condensation weathered EPON-IPD are displayed in
Table 1. An increase in T; was observed in specimens aged by UV irra-
diation only. This was expected as an increase due to post-curing
crosslinking is common in polymers in UV radiation over prolonged
periods of time [18].

Crosslinking leads to a decrease in free volume which restricts the
EPON-IPD polymer chain mobility and leads to the increase in glass
transition temperature [19]. This result is consistent with a recent
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Table 1
Glass transition temperature of Control, UV300, UV600, UV300-Cond & UV600-
Cond.

Sample Cyclic UV Cyclic Glass transition Standard
Exposure Moisture temperature, Ty Deviation
(Hours) Exposure C)
(Hours)
Control 0 0 147.9 °C 0.355
UV300 300 0 150.3 °C 0.197
Uv600 600 0 150.9 °C 0.148
UV300- 200 100 147.5°C 0.266
Cond
UV600- 400 200 146.9 °C 0.162
Cond

review article on the durability of SMPs with aerospace conditions [20].
The opposite effect was noted in combined UV and condensation
weathering. A slight decrease in glass transition was observed, with the
highest decrease in the UV 600-Cond sample. When moisture is absor-
bed, characteristics of the specimens at different stages of exposure can
drastically vary in hydrophilic and moderately hydrophilic materials
such as epoxy polymers [21]. From Table 1, the change in T, of about
1°C indicates the increase in the hydrophilic characteristic due to
moisture absorption.

From Fig. 1, the glass transition temperature of the control sample is
147.9 °C and reached around 150.9 °C with increasing exposure to UV
only. However, cyclic UV and moisture exposure caused the Ty to
decrease to 146.9 °C. This is likely to be partially due to the breaking of
crosslinks and scission of the polymer chains from hydrolysis. Intro-
ducing moisture into EPON-IPD also leads to water acting as a plasti-
cizer, which spaces polymer chains apart from each other thus resulting
in a lowered glass transition temperature from the increase in free vol-
ume [22]. The changes in Ty during the process correlated with changes
in the mechanical properties of the SMP as seen in the following section
and in literature [23].

3.2. Mechanical analysis

3.2.1. Nanoindentation: modulus and hardness
Photodegradation from UV and plasticization from moisture also
affects the nanomechanical properties. Fig. 2(a) presents th results
collected from the nanoindentation test for each sample of Control,
UV300, UV600, UV300-Cond & UV600-Cond tested at 0.5mN load. At
this load, the resulting penetration depth was approximately 10 um.
The modulus of a polymer reflects its ability to elastically store
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Fig. 1. Change of glass transition temperature in DSC thermograms of Control,
UV300, UV600, UV300-Cond & UV600-Cond samples.
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deformation energy, which is related to the degree of crosslinking.
Furthermore, a rise in hardness indicates a loss of viscous dissipation or
increased resistance to plastic deformation. The results clearly indicate
that UV irradiation increase the elastic modulus and hardness of EPON-
IPD SMPs which is consistent with other literature on the degradation of
epoxy-based SMPs [20]. Nanoindentation results show that modulus
increased 22% and hardness increased 33% after 600 h of UV radiation.
This is attributed to the network and polymer chains breaking and
reforming when exposed to UV light, which ultimately led to an increase
in the crosslinking density of the SMP [24]. As evidenced by the
occurrence of microcracks on nanoindentation marks during prolonged
UV exposure, the nature of the indentation shifted from a ductile to
brittle deformation [25] as seen in Fig. 2 (b,c,d).

UV irradiation combined with moisture resulted in physical changes
in polymer with the modulus decreasing 15% and hardness decreasing
60% after 600 h of exposure. From Fig. 2 (e,f) it can be seen from the
indentation images that the presence of moisture increases the plasticity
of the polymer. It is evident that water can act as a plasticizer that in-
creases molecular mobility and decreases modulus and hardness [26].

3.2.2. Compression and recovery test

To quantify the weathering effect on shape memory mechanisms
outlined in this paper, fully constrained stress and strain recovery tests
were performed on samples with compressive engineering strain of 20%
programmed into the material. SMPs can release considerable stress if
free recovery is not allowed [27]. Because of the conflicting re-
quirements for recovery shape and recovery stress, most thermoset SMPs
have good shape memory but poor stress memory [5,28]. SMPs with up
to 7 MPa recovery stress are often regarded as having a high recovery
stress output [29]. It is observed that ultraviolet radiation and moisture
exposure have a strong effects on both shape recovery and stress re-
covery. Stress recovery is shown in Fig. 3 over time with the peak re-
covery stress shown in Table 2 and shape recovery is shown in the
Table 3. From Fig. 3, it shows that the maximum 7.10 MPa stress re-
covery is obtained from the unweathered control sample and the mini-
mum recovery stress is 5.75 MPa from UV600-cond sample.

UV radiation has been shown to reduce both the peak programming
stress and peak recovery stress which is consistent with published
research on other SMPs [30]. Because of the UV radiation, the peak
recovery stress reduces to 6.84 MPa for UV 300 and 6.35 MPa for
UV600. UV300-cond and UV600-cond exhibit a decrease in the peak
stress recovery which is consistent with the work of Yang [31]. Degra-
dation of the polymeric network of this high-enthalpy storage polymer
reduces its ability to elastically store deformation energy, which results
in less energy being available for recovery as indicated by the nearly
proportional reduction in programming stress and the recovery stress.
Cyclic exposure to moisture and UV radiation reduces the stress recovery
of UV300-cond to 6.29 MPa and UV600-cond to 5.75 MPa which is
23.4% less than the control sample. The decrease in the recovery stress is
due to the reduction of the elastic modulus. From Fig. 2, the nano-
indentation test results also indicate that the elastic modulus is
decreasing due to plasticization.

Two important criteria for describing shape memory behavior of
SMPs, the shape fixity strain (Ry) and shape recovery strain (R;), can be
determined from thermomechanical cycle. Ry quantifies the ability of the
switching segment to fix the temporary deformation during the pro-
gramming process whereas R, measures the ability of the shape memory
materials to recover their original shape [32]. The parameters are
defined in Equations (1) and (2) below: The shape fixity strain is defined
as the ratio of the retained strain after unloading (g,) to the strain
observed during loading (e)) The shape recovery strain represents the
difference between the strain after unloading and recovered strain (e;)
divided by the recovery strain (g,) [33].

gu

R =
f P
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Table 2

Stress-recovery results of compression programmed TSMPs.

¢ after the stress was removed. 100% shape fixity is when g, is equal to
€]. A key characteristic of SMPs is their ability to restore their original
shape after being heated above the glass transition temperature [31].
The high modulus below Ty and great rubber elasticity above Ty often
result in outstanding shape fixity and recovery [34]. From Table 3, the
results show that Ry is more than 90% for all the samples while every
sample recovers over 95% of its original shape after heating over Tj. This
high level of shape recovery indicates that the degradation is not so
severe as to significantly enable plastic deformation on a molecular level
that would allow for stress relaxation which would significantly reduce
shape recovery [35]. In summary, the water and UV radiation signifi-
cantly lower the recovery stress; however, they have little effect on
shape recovery.

3.3. Chemical analysis

FTIR tests were run on the EPON-IPD samples to determine the effect
of UV radiation and moisture condensation on thermal degradation and
photo-oxidation. The characteristic bands of mixes were identified from
the spectra at various wavenumbers and presented in Fig. 4.

Photo-oxidation can result in the generation of alkyl radicals, which
can interact with polymer molecules to form hydro-peroxides through
chain scission and other degrading mechanisms [35]. There were no
notable changes in the core regions of the specimens before and after UV
irradiation/combined irradiation and condensation as shown in Fig 4.

Table 3
Initial length, programmed length, post-recovery length and fixity and recovery
strain of UV300, UV600, UV300-cond and UV600-cond (at 20% compressive
strain).

Sample Peak Programming Peak Recovery Percentage of
Stress (MPa) Stress (MPa) Recovery Stress (%)

Control 8.75 7.10 81.1
UV300 8.40 6.84 81.4
Uv600 7.78 6.35 81.7
UV300- 7.75 6.29 81.1

Cond
UV600- 7.44 5.75 77.4

Cond

Rr _ & — &
EV

Ry quantifies the ability of the switching segment to fix/hold the
temporary compressed length €; when the compression was removed. In
most SMPs, the sample will immediately expand from ¢, to a new length

Sample Initial Programmed Post- Shape Shape
length, length, Recovery, Fixity Recovery
(mm) (mm) (mm) ratio ratio (R)%
(R)%
Control 15.6 12.7 15.5 92.8 97.0
UV300 16.6 135 16.5 93.0 96.4
UVv600 17.0 139 16.9 94.1 95.6
UV300- 15.6 12.8 15.5 90.6 97.4
cond
UV600- 15.6 12.8 15.5 91.8 97.2
cond
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However, the group of bands corresponding to the C—H stretching in the
methylene group (between 2925 and 2965 cm™1) on the control sample
surface has diminished in all of the weathered samples. Further, the
bands around 1700 cm ™! and 1750 cm™! that are due to the stretching
vibration of C = O in the ester/carboxylic acid/aldehydes were observed
after UV irradiation as sharp peaks and broad humps in combined
weathering of the samples.>*The group of bands corresponding to the

—C = O vibration in the amide group at 1610 cm™! is observed as
sharp peaks in the control and UV samples. 3> The peaks appeared as
broader humps in the weathered samples due to the formation of photo-
degradation products such as esters and carboxylic acids. The band at
wavenumber 1509 cm ™! is the characteristic band for the benzene ring
stretching of C = C, commonly found in DGEBA epoxy systems [35]. It is
observed as a sharp peak in the pristine control and UV sample but is
seen as a broad shoulder on the surfaces of weathered samples.

The development of a sharp peak due to the C = O symmetric
stretching vibration of the carbonyl group was observed at 1716 cm ™ in
all degraded samples as shown in Fig. 5; however, the appearance of this
peak was different for the samples degraded in both UV irradiation and
condensation. For UV300-Cond and UV600-Cond samples, the peak
appears as a broad node after the sharp peak at 1716 cm™'. This is
followed by a weak peak representing aromatic C = C stretching at 1610
em ™. The strong peak at 1509 cm ! is the aromatic stretching of DGEBA
epoxy; it may also represent N-H deformation of cycloaliphatic amine
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Fig. 5. FTIR spectra for carbonyl regions in TSMP system.
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curing agent and N-H deformation of the polyamine cross-linker,
respectively [36]. The reduction of both these peaks indicated the
absorbance of atmospheric oxygen and suggested an increase in the
crosslinking of the epoxy, particularly in the samples degraded by UV
irradiation only [37]. This increased crosslinking leads to brittleness and
can result in microcrack formation which can be corroborated with SEM
findings.

It is observed that although the 1509 cm™! peak diminishes in all
degraded samples, the presence of water aggravated the degradation for
that peak [37]. Epoxies, being amorphous and having photo-labile
groups, are highly susceptible to photo-oxidation. Moisture and small
fluid molecules can easily penetrate within the amorphous chains,
thereby increasing free volume in the system. The increased free volume
will facilitate the diffusion of OH- and H+ ions and free radicals, thereby
facilitating photo-degradation [38].

The combined effect of UV and moisture can be deleterious to the
epoxies as the smaller degraded oligomers and monomers offer reduced
resistance to photo-oxidation as compared to the unweathered epoxy.
Further, as water molecules leach away soluble monomers and oligo-
mers, the fresh layer underneath will be further exposed to degradation
[37,39].

The presence of methyl groups of the isopropylidene bridge as
indicated by a sharp peak with a wavelength of 1384 cm™! diminished in
all degraded samples and turned into a broad node. However, the
absorbance of this node was much higher in combined degradation.
Moisture and UV cooperatively act to form hydro-peroxides and abstract
hydrogen atoms to further exacerbate degradation in the combined
weather cycle. A reduction with a slight shift towards 1240 cm ™! around
the peak at 1245 cm™! was also observed and was attributed to C-N
asymmetric stretching vibrations due to amide formation. This obser-
vation indicates the occurrence of chain scission reactions as reported by
other researchers [40-42].

3.4. Morphological analysis

A distinct change in color was apparent in all specimens exposed to
simulated UV irradiation and/or moisture. From Fig. 6, yellowing was
observed in the surface of the specimens. A gradual increase in color
change was noted with increase in exposure duration. This observation
is consistent with literature which attributes the color change to the
formation of carbonyl groups due to photo-oxidation [8].

A scanning electron microscope was used to investigate the effect of
degradation on the morphology of the specimens including crack for-
mation. Fig.7 illustrated that the control specimen had no cracks apart
from minor surface defects from sample preparation. While both UV and
UV-Cond sample images exhibited degradation, significantly higher
degradation was observed in the UV-Cond samples that underwent
combined UV and condensation weathering.

Crevices were observed in both the UV 300 and UV 600 samples.
These micro cracks have been known to be caused by internal stresses
arising from crosslinking [43]. The process of photo-degradation was
accelerated by the expansion of microcracks, which exposed the un-
derneath polymer layer. Chain scission due to thermal stress causes
embrittlement of the polymer [43].

Similar to the UV-only samples, microcracks were observed in UV
Condensation samples, but they were also accompanied by craters and
valleys. The presence of water exacerbates the degradation of the sur-
face morphology of the shape memory polymer causing the SMP to
become opaque. The observed craters are due to absorbed water or
volatile components rapidly evaporating from the surface [44,45]. From
comparison with other degradation studies on epoxies, these craters may
be the result of blistering and subsequent eruption, but no active blisters
were observed in the SEM study [46,47]. From the samples exposed to
combined weathering, the valleys with the greater area were observed in
the UV 600-Cond sample. From Table 4, image analysis determined that
the UV 600-Cond sample had larger micro-cracks and valley area
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(e)

Fig. 7. SEM image of samples control (a), UV300 (b), UV600 (c), UV300-Cond (d) & UV600-Cond (e) with UV and moisture to represent surface morphology.

Table 4
Crack width and crevice area analysis of 0 h to 600 h samples with UV and
moisture.

Sample Average Crack  Standard Average Standard
Width, pm Deviation Crevice Area, Deviation
pm?

UV 300 0.349 0.079 - -

UV 600 0.378 0.122 - -

UV 300- 0.554 0.163 235.48 31.36
cond

UV 600- 0.782 0.261 237.53 36.9
cond

compared to both UV 600 and UV 300-Cond samples.
4. Conclusion

UV radiation and water absorption represent degradation mecha-
nisms common to epoxy polymers. Exposure to UV light and conden-
sation often had opposite effects. The T, of the samples was increased
when exposed only to UV light, but the T, was reduced with combined
exposure to UV radiation and condensation. UV radiation leads to an
increase in the modulus and hardness, due to molecular recombination
and crosslinking as determined by FTIR. Conversely, the presence of
moisture reduces the modulus and hardness due to plasticization. The
stress recovery was reduced in both the UV-only and cyclic condensation
weathering conditions, indicating degradation of the chemical structure.
SEM images indicated a loss of volatile products from the surfaces from
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the samples exposed to cyclic condensation resulting in increased sur-
face damage. From these results, it can be concluded that both the UV
exposure and the cyclic condensation had significant, yet different ef-
fects on the investigated TSMPs, and the presence or absence of cyclic
moisture exposure should be considered when modeling the perfor-
mance of these TSMPs in their potential applications.
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