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Abstract. Smart polymers synthesized from renewable sources are precious because of the environmental pressures of pro-
ducing polymers from fossil fuels. This study develops a new formulation of polyurethane (PU) from partly renewable re-
sources. PU composites were prepared from castor oil (CO), polyethylene glycol (PEG3000), and hexamethylene diiso-
cyanate (HDI). CO was used as both polyol and crosslinker. Butanediol and/or low molecular weight polyethylene glycol
(PEG300) were added to the reaction medium as a chain extender. As a magnetic particle, natural magnetite or carbonyl
iron was used in various amounts (0—-10%). Fourier transform infrared (FTIR) spectroscopy, differential scanning calorimetry
(DSC), dynamic mechanical analysis (DMA), scanning electron microscope (SEM), optical microscope, and goniometer
were used to characterize all composites and pure PU. A bending test was applied to investigate the shape fixity and shape
recovery ratios of the samples. A range of hydrophilic/hydrophobic PU composites (water contact angle is between 56—87°)
having various melting and glass transition temperatures were successfully prepared. A PU composite having a good shape
recovery ratio (R, = 96.1%) in a magnetic field was prepared using 10% magnetite. The PU composites were also thermo-
sensitive.
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1. Introduction much more preferable method than mechanically
Magnetorheological (MR) materials are one of the mixing [11, 14-16].

prevalent classes of smart materials used for various  Besides vinyl polymers [5, 17-19], polyurethane
engineering and biomedical applications such as the  (PU) is one of the most common polymers used to
real-time control of smart systems [1], magnetic hy- incorporate magnetic particles into the matrix [8, 13,
perthermia [2], drug delivery [3, 4], biosensors [5, 6], 17, 20-22] due to its unique structure containing soft
anti-radar camouflage [7] and vibration/noise control  and hard segments [23]. By combining mechanical
[8]. Generally, to prepare an MR material, micron-  strength and shape memory response [24, 25], this
or nano-sized magnetic particles are either dispersed  unique structure offers a wide range of applications
into [9, 10] or chemically crosslinked to [5, 6, 11, 12]  [26, 27]. There are also some commercial products
a non-magnetic carrier material such as oil, gel, or  produced from a blend of PU and acrylate oligomers
elastomer. MR gels and elastomers are of great in-  to use as printer ink in 3D printers [28]. Researchers
terest for various applications to eliminate the set- showed that they exhibit a good triple-shape memory
tling problem of magnetic particles [13]. To obtaina  response.

homogeneous dispersion of the particles in the poly-  Shape memory polymers can change their shape
mer matrix, generally, in situ polymerization is a  from a temporary shape to an original shape with
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temperature change or under electrical and magnetic
fields [4, 22, 26-33]. Most shape-memory PUs are
thermally activated by varying the ambient temper-
ature. In some applications, such as in-body uses, di-
rect heating, and overheating are not desired to in-
duce the material due to their negative effect on
tissues and organs. To overcome these problems,
magnetic-field-sensitive shape memory PUs have
been developed as an alternative to heat-induced ma-
terials [34]. Magnetic-field-sensitive PU composites
have been successfully synthesized as shape-mem-
ory materials [15, 21, 22, 35] and as damping mate-
rials [8]. Cai et al. [15] prepared poly(e-caprolac-
tone)-PU-based shape memory nanocomposites by
in situ polymerization. They reported that the shape
memory nanocomposites exhibited a high shape re-
covery ratio at 45 °C and under a magnetic field. In
another study, magnetically-sensitive PU nanocom-
posites, crosslinked with carbon nanotubes, were
synthesized via in situ polymerization [35]. The
shape recovery ratio of these materials was reported
to be over 95% in the alternating magnetic field. Yang
et al. [8] investigated the damping behaviors of PU-
based MR gels. They determined the effect of the
magnetic particle content on the mechanical per-
formance of the gels. They used carbonyl iron as a
magnetic particle. According to their results, the loss
factor of MR gels, which provides information about
the mobility of the polymer chain, decreased with
increasing the magnetic particle content. Among the
research mentioned above, only Yang ef al. [8] used
a bio-based monomer to synthesize magnetic-field-
sensitive PU composites. They used castor oil (CO)
as a polyol source.

Due to environmental and biological constraints, a
lot of afford has been devoted to the development of
bio-based shape memory PUs for food and medical
applications. As indicated in the literature, shape
memory PUs were successfully synthesized from
natural oils such as CO [36, 37]. Calvo-Correas ef al.
[38] synthesized bio-based PUs using CO and L-ly-
sine amino acid for biomedical applications. In our
previous studies, a series of non-toxic PU films were
prepared from CO and polyethylene glycol (PEG)
with high shape memory performance for biomed-
ical and food packaging applications [24, 39, 40].
All these studies mentioned above are about thermo-
sensitive PUs.

As the main contribution to the literature, an easy in
situ polymerization method was described in this
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study to prepare PU composites showing shape mem-
ory behavior under a magnetic field. One of our main
aims is to use renewable sources in PU composite
formulation. For this purpose, CO, obtained from
Ricinus communis (castor oil plant) in the spurge fam-
ily, is used as both polyol and crosslinker. In addition,
one of the magnetic particles used in the study was
natural Fe;O4. PEG was also preferred in polymer
synthesis due to its biocompatibility and wide use in
biomedical and industrial applications, although it is
derived from petroleum. A series of PU composites
were synthesized in two different formulations in
various amounts of magnetic particles (0—10%).
Their glass transition temperatures were below room
temperature, and their melting temperatures were be-
tween 31.5-43.5°C. The surface water contact angle
of the PU composites was measured between 56-87°.
According to the bending test applied to investigate
their shape memory performance, the PU composite
containing 10% magnetite achieved a good shape re-
covery ratio (R, = 96.1%) in the magnetic field. Over-
all, we achieved promising results for our new mag-
netic-field-sensitive crosslinked shape-memory poly-
urethane composites.

2. Experimental studies

2.1. Materials

PEG having 3000 g'mol”! molecular weight
(PEG3000) and CO (hydroxyl number >160 and
acid number <1) were purchased from Sigma-
Aldrich (Darmstadt, Germany), and it used as polyol
sources. 1,4-Butanediol (BDO, 99%, Sigma-Aldrich,
Darmstadt, Germany) and PEG with a molecular
weight of 300 g'-mol™' (PEG300, Sigma-Aldrich,
Darmstadt, Germany) were used as chain extender.
1,6-Hexamethylene diisocyanate (HDI, Merck,
Darmstadt, Germany) was used as an isocyanate
source. Natural magnetite (Fe;O4) at around 28 pm
in size was provided by Uysal Mining Company
(Tekirdag, Turkey), and carbonyl iron (micro powder
iron S-1281, 4-6 um with silica additive) was pro-
cured from ISP Technologies (Wayne, USA).

2.2. Synthesis of polymer composites

All composites were prepared using a one-step bulk
polymerization technique without using any solvent
or catalyst. All materials were dried before use.
PEG3000 was dried in a rotary evaporator for 6 h at
90°C. CO, magnetite, and carbonyl iron particles
were dried at 80 °C under vacuum for 24 h. BDO
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and PEG300 were also dried at 50 °C under a vacu-
um for 24 h.

In the first step of PU synthesis, a calculated amount
of the PEG and CO were added to a reaction flask
and mixed for 2 h at 90 °C to homogenize the mix-
ture. Then, BDO and magnetite or carbonyl iron
were added to the mixture. The reaction flask was
equipped with a mechanical stirrer, N, inlet, and out-
let. After the temperature dropped to 50 °C, HDI was
slowly added to the flask and stirred for 30 minutes
under a nitrogen atmosphere. The reaction mixture
was first heated to 70 °C, held at this temperature for
20 min, then heated to 80 °C, and kept there for 5 min.
Then, the mixture was transported into a petri dish
and was held in an oven at 80 °C for 24. The reaction
was monitored by Fourier transform infrared (FTIR)
spectroscopic analysis. The disappearance of the ab-
sorption peak at about 2260 cm™!, assigned to the
free isocyanate group, was used to confirm that di-
isocyanate groups were completely consumed in the
reaction. The thickness of the dry PU films was
about 1£0.052 mm. The samples were designated as
PU-a-X, where a indicates the type of the magnetic
particles (4 for carbonyl iron and B for magnetite)
and formulation of the PU matrix, and X indicates
the weight percentage of the magnetic particles in
the composites.

The PU matrix was mainly synthesized in two dif-
ferent formulations shown in Table 1. The weight
ratio of PEG to CO was equal in both formulations.
The amount of chain extender in the polyol mixture
is 45% by weight in the 4-type composite and 45%
by a mole in the B-type composite. Equivalent
amounts of diisocyanate and hydroxyl components
were used in both formulations. The hard segment

Table 1. Formulation of PU composite.

content (HSC) of PUs is calculated using Equa-
tion (1):

Hard segment content [wt%] =

Wapo T Wipr + W
_ ¥Bpo H{]i/lt PEG300. 100 (1)

where Wgpo, Wupl, and Wpggsoo are the weight of
the BDO, HDI, and PEG300, respectively, and W, is
the total weight of monomers in PU formulation.

2.3. Characterization

FTIR analysis was carried out on a Spectrum One
model FTIR spectrometer (PerkinElmer, Connecti-
cut, USA) between 650 and 4000 cm™' using atten-
uated total reflection (ATR) mode.

Thermal properties were determined using a Dia-
mond model differential scanning calorimetry (DSC,
PerkinElmer, Massachusetts, USA) at temperatures
between —65 and 350 °C with a 20 °C-min~! scanning
rate under the nitrogen atmosphere.

Thermal gravimetric analyses (TGA) were carried
out under a nitrogen atmosphere using a Diamond
model TGA (PerkinElmer, Massachusetts, USA). The
samples were heated from room temperature to
500°C with a 20°C-min~"! heating rate.

The viscoelastic properties of the PU films were de-
termined by a Diamond model dynamic mechanical
analysis (DMA, PerkinElmer, Massachusetts, USA).
The relaxation spectrum was scanned from —60 to
40°C with a frequency of 1 Hz and a heating rate of
3°C-min".

A JEOL JSM 6390-LV model scanning electron mi-
croscope (SEM, Jeol, Tokyo, Japan) was employed
to analyze the polymer surface. In addition, pictures

Code Percentage of hydr:) xyl groups Iron particles used
[mol%] HSC
PEG3000 co PEG300 BDO [wel Type Amount
P [Wt%]

PU-A-0 0
1.7 72 91.1 .

PU-A-3 27.5) 275) - (45) 72.5 Carbonyl iron 3

PU-A-10 10

PU-B-0 0

PU-B-1 1

PU-B-3 10.3 447 2.2 42.8 ‘ 3
53.4 Magnetite

PU-B5 (46.6) (46.6) (1.0) (5.8) £ 5

PU-B-7 7

PU-B-10 10

*The initial amount of polyol in the reaction mixture is given in parenthesis as a weight percentage.
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of the composite surface were taken with an optical
microscope, OLYMPUS BX51 objective 10X (Olym-
pus Global, Tokyo, Japan).

The swelling ratio of the samples was determined
according to the American Society for Testing and
Materials (ASTM) D570 standard. The samples
were dried in an oven at 65 °C for 24 h and kept in a
desiccator for 24 h. Then, the dry samples were
soaked in distilled water for 4 days at 37°C. Conse-
quently, the swollen samples were weighed, and the
swelling percentage was calculated in two ways
using Equation (2) and Equation (3):

Ws =Wy

Swelling ratio [wt%] = 1/ 100 )

Swelling ratio (particle free) [wt%] =

%W 0o 3)
Wp = Wyp

where Ws and Wp are the weight of the swollen and
dry samples, respectively, and Wyp is the weight of
magnetic particles in the sample formulation.
Contact angle measurement was performed using a
Tensiometer (CAM 200, KSV Instruments, Helsinki,
Finland) at room temperature. The sessile drop
method was used to measure the contact angle di-
rectly. For this purpose, the PU film was placed on
the equipment platform, and then a 5 pl droplet of
distilled water was gently settled on the sample sur-
face with the help of an automatic dispenser. The
contact angle due to intermolecular cohesion and ad-
hesion forces was determined using the software.
The density of composite films was determined by
Precisa XB 220 density meter (Precisa Gravimetrics
AG, Dietikon, Switzerland).
A Hot Disk TPS 2500 S model thermal conductivity
analyzer (Hot Disk AB, Gothenburg, Sweden) was
used to measure the absolute thermal conductivity
of the composites at 25 °C.

2.4. Shape memory properties

The bending test investigated the shape memory
properties of the composites under the influence of
the magnetic field [14]. For this purpose, a compos-
ite sheet was cut in 50x10 mm (original shape) from
the PU sample. In the programming step, the compos-
ite sheet was firstly heated to 65°C and held there
for 5 min, then bent to an angle 6max by applying
2 kg mass. Next, the bent sample was cooled to +4 °C
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and held for 5 min. Thus, the temporary shape of the
sample was fixed. After that, the force was released,
and the angle was remeasured and recorded as Ofixeq.
In the shape recovery step, the sample recovered its
original shape under the magnetic field at a frequen-
cy of 133.7 kHz and a power of 5 kW. The final angle
reached after recovery was designated as Ogpy).

The shape recovery properties of each sample were
also investigated by direct heating. Again, the bend-
ing test was used to determine the performance of
the sample. This was accomplished by heating the
sample to 40 or 65 °C in an oven for 5 min and meas-
uring the final angle (Og,,1) reached after recovery.
All measurements were done at least three times
with three different pieces, and the average was re-
ported.

Shape fixity (R¢) and shape recovery (R;) ratios were
calculated according to Equation (4) and Equa-
tion (5), respectively:

R [%]=%~ 100 (4)

max

R.[%]= efixeé_ B tinal 100 (5)

max

3. Results and discussion

In our previous study [24], we prepared a series of
shape memory PU films synthesized from CO and
PEG with different molecular weights (1500, 3000,
and 8000 g'mol™") of PEG and different weight ra-
tios (50/50, 60/40, or 70/30) of CO to PEG. After a
detailed characterization of the samples, the PU com-
posite prepared with PEG3000 in a CO/PEG weight
ratio of 50/50 was chosen as a promising candidate
for biomedical applications due to its ideal transition
temperature at about 39 °C and good shape memory
performance. Furthermore, its shape recovery ratio
was determined in the air and the phosphate buffer
solution to be 96 and 88%, respectively. In addition,
it was non-toxic to NIH 3T3 cells. Based on these
results, in the present study, we mainly focused on
preparing a new magnetic-field-sensitive crosslinked
shape-memory PU composite using natural mag-
netite or carbonyl iron.

In order to investigate the effects of the type and the
percentage of magnetic particles on the shape mem-
ory performance of the composites, two types of PU
composites were prepared: A-type composites, which
were prepared by using carbonyl iron particles, and
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B-type composites, which included natural magnetite
type iron particles. There was a ratio of 3 to 10% of
magnetic particles in the former and a range of 1-10%
in the latter. In addition, as reported in the literature
[41], PEG300 was also used together with BDO to
enhance the flexibility of B-type composites.

3.1. Polymer synthesis and characterization
FTIR spectra of A-type composites (PU-A-3 and
PU-A-10) and pure polyurethane (PU-A-0) are
shown in Figure 1. The FTIR spectrum of the reac-
tion mixture to synthesize pure polyurethane is also
seen in the figure. As a result of the consumption of
HDI and polyols and synthesis of PU, the absorption
peaks at 2264 cm™! (assigned to the N=C=0 group)
and 3410 cm™! (assigned to the OH group) disap-
peared, and 3320 cm™' (assigned to the NH group)
appeared. All reactions were monitored by this
method.

The peaks at 2930 and 2858 cm™! are CH stretching
and CHj; bending characteristic peaks, respectively.
The peak at around 1683 cm™! wavelength shows the
amide-I region C=0 stretching movement. The peaks
ataround 1742 and 1536 cm™! are the non-hydrogen

Reaction mixture
3410.41
2858.40 1742.21
226428

_ |Pu-a-0
e
@ 2857 .64
e 332021 5934.99
& |PU-A-3 1682.65| 1541.09
=
% 331955  Yogss.03
§ 293246 6525 159633
= [ PU-A-10

332059

2930.66 2859-55 1683 4 153573

4000 3200 2400 1800 1400 1000 650

Wavenumber [cm~']

Figure 1. FTIR spectra of the PU films.

Table 2. Thermal properties of the composites.

bonded C=0 stretching and the C—N stretching, re-
spectively. According to FTIR results, the PU films
were successfully prepared.

3.2. Thermal and viscoelastic properties of the
composites

The thermal properties of the composites are given
in Table 2. As seen, glass transition temperatures (7)
of all composites are lower than 0 °C, indicating that
they are rubbery at room temperature. According to
DSC results, an increase in the amounts of magnetic
particles in the polymer matrix caused a decrease in
the glass transition temperature. These results may
be attributed to the positive effect of magnetic parti-
cles in facilitating heat transfer and regional chain
mobility. Thermal conductivity measurements also
confirmed this result for the PU-B-X composites. As
shown in Table 2, the thermal conductivity of the
composites increased with increasing the amounts of
magnetite particles in the polymer matrix. A similar
trend was also reported by Razzaq et al. [34]. The
thermal conductivity of a PU composite increased
from 0.2 to 0.7 W-m™-K~! in addition to 40% of mag-
netite filler. Additionally, in the same study, the ther-
mal conductivity of the PU composite containing
10% of iron particles was found to be 0.25 W-m™-K.
Compared with Razzaq et al.’s [34] result, we ob-
tained relatively higher thermal conductivity
(0.76 W-m™-K1) with the addition of a lower amount
of iron particles (addition of 7 and 10% of magnetite).
This result is probably due to the larger particle size
of iron particles which is 28 um for our particles and
9 um for Razzaq et al.’s [34] particles.

The T, of the polymers can also be obtained from
DMA analysis. Unlike the DSC data, the T, of the
samples increased with increasing amounts of mag-
netic particles, and the highest T, value was obtained

T ,

Code [°é] corlrlkcliflrcltlxilty Z"" AI{, ;Yc Pele: tl:;%ht
DSC DMA | [Wem K| cl gl vl H
PU-A-0 297 249 - 435 40.6 247 032
PU-A-3 35.0 226 - 37.8 46.7 28.4 0.33
PU-A-10 373 204 - 38.9 389 236 0.35
PU-B-0 347 281 033 354 33.9 20.6 0.23
PU-B-1 342 244 0.43 332 35.0 213 027
PU-B3 351 233 0.56 34.9 28.8 17.5 0.28
PU-B-5 402 203 0.56 343 258 157 031
PU-B-7 439 216 0.76 359 304 18.5 033
PU-B-10 46,5 196 0.76 315 294 17.9 0.34
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for the PU composite prepared with 10% magnetite
particles (Table 2). Generally, relatively higher 7, can
be achieved by DMA for a polymer compared to
DSC analysis [24]. During the DMA analysis, sam-
ples used in the DSC analysis were exposed to extra
sinusoidal force. The addition of magnetic particles
increased the strength of the polymer matrix. As a
result, the force required to achieve the same defor-
mation increased, so the T, shifted to a higher tem-
perature.

DSC determined the melting temperatures (73,) of
the composites. As seen in Table 2, the Tp,, and the
crystallinity percentage (X.) of the PU matrix tend
to decrease by adding magnetic particles. The crys-
tallinity was calculated from the ratio of melting en-
thalpy for PU (AH) to melting enthalpy of 100%
crystalline PEG (AH,, (PEG) = 164.6 J-g!) obtained
from DSC measurements. Generally, the crystalline
phase forms in polymer structure due to the orienta-
tion of segments and chains. In our case, the mag-
netic particles penetrated the polymer chains and
caused a deterioration in the regular structure of the
polymer matrix. Thus, the increase in the amounts
of magnetic particles in PU composites decreased

10000
@ 1000 4
o
=
W
100 4
10 T T T r |
-60 -40 -20 0 20 40
a) Temperature [°C]
1000
< 100
o
=
W 100
1 - - - -
-60 -40 -20 0 20 40
b) Temperature [°C]
0.4
X
[%=]
C
]
60 —40 -20 0 20 40
c) Temperature [°C]

the polymer crystallinity and the melting tempera-
ture. As explained above, including magnetic parti-
cles can also considerably improve the heat transfer
in the polymer matrix. B-type composites had lower
melting temperatures than A-type due to the exis-
tence of PEG300, which has a more flexible struc-
ture than BDO.

DMA measurements investigated the viscoelastic
behaviors of all polymer composites prepared in this
study. Storage modulus (£"), loss modulus (£"), and
tand (E"/E") curves of PU composites prepared with
0, 3, and 10% magnetic particles are given in Figure 2
to show the effect of particle amount on viscoelastic
behavior. As seen in Figure 2a, E' increases with in-
creasing the particle amount for carbonyl iron-added
composites (PU-A-0, PU-A-3, and PU-A-10) at low
temperatures, whereas for natural magnetite-added
samples (PU-B-0, PU-B-3, and PU-B-10) £’ values
are almost the same level shown in Figure 2d. The
particle amount also affects the £” for PU-A-X coded
samples (Figure 2b). It can be explained by the size
of the particles, which is 4-6 um for carbonyl iron
and 28 pm for natural magnetite. Therefore, smaller
particle size is a more substantial effect on modules.

10000
@ 1000 4
o
=
W
100
10 T r - -
-60 —40 -20 0 20 40
d) Temperature [°C]
1000
< 100
o
=
-LU 10 E
1 T - - -
-60 —40 -20 0 20 40
e) Temperature [°C]
T
[%=]
C
]

60 -40 -20 0 20 40

Temperature [°C]

Figure 2. (a, d) Storage modulus, (b, ) loss modules and (c, f) tand of the PU composites.
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Additionally, almost all samples showed a sharp
transition in the £ curve, indicating high chemical
resistance [34, 42].

The peak of the tan d curve gives the glass transition
temperature (7) of a polymeric system. An increase
in T in a polymer composite leads to a decrease in
free volume and, therefore, a restriction of molecular
motion [43]. Figures 2¢c and 2f show that the peak
shifted to a higher temperature with increasing mag-
netic particles. As reported in the literature, this in-
dicates that the loading of magnetic particles im-
proves the elasticity of the PU composites [44], and
the system had more energy dissipation potential,
which provides them with good adsorption ability of
shocks and vibrations [45, 46]. So, the greater the
tan d, the more dissipative the material is. Across all
samples, the PU composites, including 10% of mag-
netic particles, displayed the highest damping capa-
bility and adding magnetic particles improves poly-
mer composites’ damping behavior.

DMA determines the 7, of neat PUs as —24.9 and
-28.1°C for PU-A-0 and PU-B-0, respectively
(Table 2). PU-A-0 has a higher 7, than PU-B-0. DSC
data confirmed the same trend. As explained above,
increasing in 7, value is an indicator of a restriction
in molecular motion. This result is probably due to
the PEG content in polymer formulation. B-type
composites have higher PEG content than 4-type
composites. It is very well known that linear-long
PEG chains act as plasticizers in polymeric systems
[47]. The higher PEG content causes higher chain
mobility. Besides its lower PEG content, the HSC
percentage of the A-type composite is higher than
PU-B-0. The hard segments of the polyurethane limit
the chain mobility [48].

TGA analyses were conducted from room tempera-
ture to up to 500 °C to determine the organic and in-
organic contents of the composites. Additionally, the
thermal resistance of the composites was also inves-
tigated by using this method. The results are given
in Table 3. The temperature at which the addition of
magnetic particles to the polymer decreased 10%
weight loss. 10 and 50% weight loss for B-type com-
posites occurred at lower temperatures than for
A-types. At the final temperature of 500 °C, the weight
losses were higher than 99% for pure PUs. As expect-
ed, the weight loss at 500 °C decreased with increas-
ing the particle content for both composite types. Ac-
cording to the obtained data, the procedure of the
composite preparation was successfully applied, and

Table 3. Results of TGA analyses of PU composites.

Temperature Weight loss at
Code [°C] 500°C

10% Weight loss | 50% Weight loss [%]
PU-A-0 339.9 420.2 99.2
PU-A-3 329.1 418.1 97.4
PU-A-10 330.2 420.9 89.8
PU-B-0 329.8 408.9 99.4
PU-B-1 326.6 412.0 98.5
PU-B-3 321.9 409.4 95.5
PU-B-5 321.3 409.0 94.7
PU-B-7 318.0 410.6 93.0
PU-B-10 317.2 410.7 89.3

magnetic particles could be homogeneously dis-
persed in the polymer matrix.

3.3. SEM and optical microscopy images of
composites
The photographs of the PU films are given in Figure 3.
As shown, the PU-B-0 sample, a yellowish transpar-
ent film, turned black after adding the magnetite.
Overall, homogenous composite films could be pre-
pared on a macro-scale.
The optical microscopic images of the dry and
swollen B-type composites obtained in the same
magnification are given in Figure 4. The black areas
show the presence of magnetite particles. The distri-
bution of magnetic particles at low concentrations
tended to deteriorate slightly at higher concentra-
tions. Therefore, the images of swollen samples are
more bright than dry counterparts. The best particle
distribution was achieved for 1% particle content.
However, the distribution was acceptable even at
high concentrations.
Surface and cross-sectional SEM images of the PU
samples are given in Figure 5. Surface images
(Figure 5a—5f) demonstrate a rough ridge-and-valley
structure of PU films. Also, it was observed that the
formation of a flower pattern on the polymer surface
became more regular for polymer composites due to

l PU-B-3 l PU-B-5 'PU-B-7IU-B-1 (

I
6 14 8

D G |
Qw1 2 5
Figure 3. The photographs of the PU films.
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Dry PU composites

AN, A

R \f
X
X

b !

PU-B-5 PU-B-7

Figure 4. Optical microscopy images of dry and swollen PU composites.

the iron particles dispersed in the polymer matrix.  3.4. Swelling properties, contact angle, and
Cross-sectional SEM images (Figures 5g and 5h) re- density of composites

vealed that the iron particles (the red arrow refers to  The swelling ratios of the pure polymers and com-
embedded iron particles) were distributed in the posites are given in Table 4. These values were cal-
polymer matrix, in line with the results of optical mi-  culated by dividing the weight of the sample by the
croscopic observations. weight of the absorbed water. The swelling ratio was
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Figure 5. (a—f) Surface and (g, h) cross-sectional SEM images of PU samples.

Table 4. Swelling ratio, gel content, contact angle, and density of the composites.

Code Swelling ratio Particle-free swelling ratio Contact angle Density

(%] [70] [°] [grem™|
PU-A-0 71.0 65.4+1.1 1.086
PU-A-3 61.9 63.7 67.9+0.8 1.095
PU-A-10 51.6 57.3 56.0+1.4 1.172
PU-B-0 73.9 64.3£1.2 1.051
PU-B-1 69.8 70.5 87.6%1.3 1.072
PU-B-3 61.8 65.3 93.9+0.9 1.106
PU-B-5 56.3 60.4 91.8+1.1 1.136
PU-B-7 57.4 61.7 93.5+0.8 1.163
PU-B-10 51.2 57.1 86.9£1.5 1.277

also calculated for each composite, excluding the
weight of the magnetic particles. The pure polymers
had the highest swelling ratios. As might be expect-
ed, the swelling ratio decreased with an increase in
the percentage of particles for both polymer series.
The swelling ratio of pure polymer B was slightly
higher than that of polymer A due to the existence
of PEG300 in the former one. These results suggest
that the magnetic particles retain less water than the
polymer. On the other hand, the swelling ratios of
the composites calculated on a particle-free basis
were still lower than that of pure polymers. This re-
sult may be interpreted that magnetic particles pre-
vented polymer relaxation.

The contact angle analysis results may provide valu-
able information about the protein adsorption of a
polymer surface when the material is used in bio-
medical applications. Hydrophobic surfaces have
more affinity to proteins than hydrophilic surfaces
[23]. In some applications, protein adsorption is a

preferable property for a biomaterial, for example,
wound treatment, but in some applications, protein
adsorption of the material is undesirable. As seen in
Table 4, carbonyl iron particles decreased the surface
contact angle. On the other hand, natural magnetite
addition caused a significant increase in contact
angle. These results indicate that, unlike carbonyl
iron particles, magnetite particles may enhance the
ability of the protein adsorption of the polymer sur-
faces in a biological medium.

The density of the samples is also given in Table 4.
As expected, the densities of the composites are
higher than that of pure PU, and they increase as the
number of magnetic particles increases.

3.5. Shape memory properties

The bending test determined the composites’ shape
fixity (Ry) and shape recovery (R;) ratios. Firstly, the
film was heated to 65 °C and bent, applying a known
force. Then, the bent film was cooled to +4 °C to fix
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its temporary shape. In the final step, a magnetic
field or heat was applied after removing the force,
and R, was determined. The shape-fixity temperature
was chosen as +4 °C because our previous results in-
dicated that the PEG-based hydrogels displayed a
better shape memory at low temperatures [24]. The
test results are given in Table 5.

The Rf was measured between 87.8-95.3% for all
samples. According to the results, the Ry decreased
with increasing concentration of magnetic particles
for both composite types. It shows the increasing mo-
tion of polymer molecules with increasing particle
amounts. This may be because the magnetic particles
positioning between the chains inhibit the hydrogen
bonds between the hard segments. DMA data also
supports this comment that tan 4 shown in Figures 2¢
and 2f is the highest for the composites having the
highest magnetic particle content in each series of
PU at +4°C, which is the temperature applied for
shape fixity. It indicates decreasing flexibility and
increasing viscous behavior of the composite with
increasing magnetic particle amount.

The shape recovery of all composites was deter-
mined either under a magnetic field or directly heat-
ed at two different temperatures of 40 and 65. 40°C
is the average of the melting temperatures of com-
posites measured in the range of 31.5 and 43.5°C.
The results obtained at this temperature allow us to
evaluate the potential use of the samples in biomed-
ical applications. The shape recovery tests were also
conducted at 65°C to compare the results of this
study with our previous findings [24].

As seen in Table 5, the R, of the composites was meas-
ured between 78.2-98.1%. B-type composites had bet-
ter shape recovery performance than A-type samples

Table 5. Shape memory performance of the composites.

R,
o,
Code ['5‘:] - Under the
atd0°C | at65°C magnetic field

PU-A-0 94.0 87.0 91.7 -
PU-A-3 93.8 87.0 92.7 83.9
PU-A-10 90.9 92.3 96.8 86.4
PU-B-0 95.3 88.4 94.4 -
PU-B-1 94.4 83.5 94.7 78.2
PU-B-3 93.6 84.6 92.3 86.4
PU-B-5 93.3 92.0 91.7 91.5
PU-B-7 91.6 87.4 95.8 86.9
PU-B-10 87.8 93.5 98.1 96.1

under all test conditions due to their formulation. It is
well known that the hard domains of a segmented
PU consist of a rigid diisocyanate, a low molecular
weight (generally below 500 g-mol™') diols, or
amines as a chain extender and/or crosslinker [49].
Hard domains are responsible for memorizing the
material's permanent shape [50, 51]. The hard seg-
ment content (HSC) and crosslink density are major
factors behind the shape memory performance of a
PU material. HDI, BDO, CO, and PEG300 form the
hard segments. CO was used as a crosslinker in our
study. As shown in Table 1, the HSC is calculated as
72.5% for A-type composites and 53.4% for B-type
composites. According to this result, the expectation
is that 4-type materials should perform better shape
memory performance.

On the other hand, the amount of crosslinker is much
higher in B-type composites (44.7% by weight) than
in A-type composites (7.2% by weight). This result
explains why B-type materials show a better shape
recovery ratio. The positive influence of crosslink
density on the shape recovery behavior of a material
is also reported by Calvo-Correas et al. [38].

The samples in higher magnetite amounts have good
shape recovery ratios (R, = 86.9% for PU-B-7 and
96.1% for PU-B-10) in the magnetic field.

Our results are consistent with the literature. Cai et
al. [15] reported the shape recovery ratios varying
in the range of 94-98% for poly(e-caprolactone)-
polyurethane nanocomposites in the alternating mag-
netic field. The nanocomposites were proposed as
potential magnetic-sensitive shape-memory materi-
als for biomedical applications. Wang et al. [17] re-
ported 97.5% of the shape recovery ratio for the
poly(styrene-b-butadiene-b-styrene) copolymer/lin-
ear low-density polyethylene/Fe,O3 composites with
the addition of 9% magnetic particles. In the case of
18% of particle addition, 99% of shape recovery was
obtained. On the other hand, Calvo-Correas et al.
[38] obtained thermally induced PUs from CO and
L-lysine amino acid (LDI) as a shape-memory ma-
terial. They synthesized crosslinked polymers in var-
ious monomer ratios for biomedical applications.
They reported that Ry and R; values are between
72.0-96.9 and 72.4-100%, respectively. Compared
to the literature, we obtained similar results under
the magnetic field.

We also investigated the contribution of magnetic
particles to the shape memory performance of the
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PU composites when thermally induced. As shown
in Table 5, R, for both types of composites at 40 and
65 °C tends to increase with increasing amounts of
magnetic particles. When the results are evaluated
together with our previous findings [24], in this
study, we obtained relatively higher R, values than
those of the previous one at 65 °C, most probably
due to the increased thermal conductivity of the sam-
ples. In brief, we showed that adding magnetic par-
ticles positively affects the shape recovery of the ma-
terials even when thermally induced.

The shape recovery performances of the B-type
composites were tested in 10 consecutive cycles.
For this purpose, the sample was first programmed,
then heated to 65 °C in the shape recovery step, and
reprogrammed. Results are presented in Figures 6
and 7. As seen in Figure 6, the shape fixity of some
composites remained fairly stable and not affected
by the number of cycles, while others have fixity
considerably fluctuating as a function of cycle num-
ber. However, all composites endured the test cycles
with drop-in fixity of less than 10%.

As seen in Figure 7, the shape recovery tends to de-
crease with cycle number continuously but at a con-
siderably low pace for most composites. For exam-
ple, after 10 cycles, the decrease in the shape recovery
ratios of the pure polymer and three composites was

100

80

Shape fixity [%]

1 2 3 4 5 6 7 8 9 10
Number of recycling

Figure 6. Changes in the shape fixity ratio in multiple bend-
ing test cycles.

Shape recovery [%]

1 2 3 4 5 6 7 8 9 10

Number of recycling

Figure 7. Changes in the shape recovery ratio in multiple
bending test cycles.

less than about 5%, while PU-B-3 and PU-B 5 suf-
fered a drop of about 20%.

4. Conclusions

In this study, a series of PU composites were synthe-
sized from castor oil, PEG3000, hexamethylene di-
isocyanate, butanediol, and/or PEG300 via in situ
polymerization. Natural magnetite or carbonyl iron
was added to the reaction medium in various
amounts as magnetic particles. After the characteri-
zation of all samples using various methods, their
shape memory performances were determined by
bending tests in magnetic fields. Shape fixity de-
creased with increasing amounts of magnetic parti-
cles. On the other hand, shape recovery increased
with increasing concentration of magnetic particles.
Magnetite-added samples showed a higher shape re-
covery ratio. After evaluating all results, we sup-
posed that 10% of magnetic particle added PU com-
posite has the highest damping capability. This
formulation can be used as a new magnetic material
in various engineering applications.
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