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Magnetic-Responsive Triple Shape Memory Polymer from 

Bio-Based Benzoxazine/Urethane Polymer Alloys with Iron Oxide Nanoparticles 

Abstract 

Novel magnetic-responsive triple shape memory polymers (SMPs) derived from bio-based 

benzoxazine-urethane (V-fa/PU) polymer alloys containing iron oxide nanoparticles (Fe3O4 NPs) 

were developed in this work. Shape memory effect and curing behavior of the alloys were 

investigated at various bio-based PU contents. The polymerization of V-fa/PU polymer alloys with 

a heterogeneous network generated a broad glass transition temperature, which is a crucial feature 

for the development of triple SMPs. The influence of Fe3O4 NPs incorporation into the polymer 

nanocomposites on the SMP performance triggered by magnetic fields was also investigated. It 

was found that the addition of Fe3O4 NPs can enhance the dynamic mechanical properties and 

magnetic characteristics of the V-fa/PU polymer alloys thanks to the superparamagnetic property 

of Fe3O4 NPs. Moreover, the performance of the SMPs based on V-fa/PU polymer nanocomposites 

filled with Fe3O4 NPs showed high shape fixity of up to 98%, a shape recovery of 98%, and a 

recovering time of 8 s. Furthermore, bio-based V-fa/PU polymer alloys containing Fe3O4 NPs were 

developed as magnetic responsive triple SMPs with shape fixity in the range of 95–97% and shape 

recovery in the range of 85–95%. The results suggested that magnetic responsive triple SMPs from 

bio-based V-fa/PU polymer alloys filled with Fe3O4 NPs are promising candidate for advanced 

applications. 

Keywords : Triple shape memory polymers; Bio-based polymers; Polybenzoxazine; Urethane; 

Magnetic field 
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1. Introduction 

The manufacturing of environmentally friendly products that derive from biobased 

materials has recently gained interest due to environmental concerns.  Among the new bio-based 

materials being developed, smart materials derived from shape memory polymers ( SMPs)  have 

demonstrated great promise for industrial, structural, aerospace and biomedical applications [1-9].  

Natural resource-based polybenzoxazines are currently researched as a stable network 

segment in thermosetting SMPs with excellent shape memory properties [10, 11]. The bio-based 

benzoxazine demonstrated exceptional mechanical characteristics, thermal stability, and SMP 

performance, in addition to its simple polymerization process of benzoxazine monomers [12, 13]. 

The bio- based SMPs reported, are triggered by various external stimuli, such as heat [11], light 

[14-16] and magnetic field [1]. Hombunma et al. (2019) have proposed heat-responsive dual SMPs 

from a novel bio-based benzoxazine/epoxy copolymers. They suggested that SMP made by 

vanillin-furfurylamine-containing benzoxazine copolymerized with epoxidized castor oil 

possessed good shape memory performance. Srisaard et al. (2021) [15] have continuously 

developed a near-infrared (NIR) light triggered dual SMPs based on bio-based benzoxazine/epoxy 

copolymer by the addition of graphene nanoplatelets (GNPs). They proposed that the photothermal 

fillers incorporation of GNPs into the copolymer could effectively exhibited NIR induced SMP 

effect.  

Magnetic sensitive SMPs are mechanically functional materials that can return to their 

original shape following significant deformation caused by a magnetic field stimulus. They 

demonstrated the ability to regain a predetermined form by remote heating using magnetic 

nanoparticles embedded in the polymer matrix and subjected to an alternating magnetic field [17-

19]. They are non-toxic to organisms and are widely used in a range of medical devices, including 

minimally invasive surgical techniques. The materials are transplanted into the human body and 
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activated in vitro by a magnetic field, where they recover their previous shape and function [20-

22]. To enable magnetic field-based actuators, magnetic nanoparticles can be added into SMPs. 

Iron oxide nanoparticles (Fe3O4 NPs) are a widely utilized filler in the production of magnetic-

responsive SMPs [1, 23]. Leungpuangkaew et al. (2023) [1] developed magnetic- and light-

responsive dual SMPs from Fe3O4 NPs filled bio-based benzoxazine/epoxy nanocomposites. They 

suggested that the addition of Fe3O4 NPs in the range of 0-5 wt% into the nanocomposites could 

significantly improve SMP performance i.e., shape fixity (Rf) and shape recovery (RN) up to 93% 

and 98%, respectively. Mirasadi et al. (2024) [23] have also proposed magneto-thermal dual SMP 

derived from PETG–ABS–Fe3O4 nanocomposites. Their results revealed that the SMP effect was 

improved by the addition of Fe3O4 providing potential uses for 4D printing. 

Furthermore, research has suggested that polymers possessing a wide range of 

thermomechanical transition temperatures may exhibit a triple shape memory effect; they can take 

and recover up to three shapes [24-28]. Prathumrat et al. (2018) [29] have developed heat-

responsive multiple-thermoset SMP derived from petroleum-based materials i.e., aniline based 

benzoxazine (BA-a) and PU. They suggested that the BA-a/PU alloys having broad Tg can be 

shaped into two temporary shapes with high SMP performance. 

Therefore, in this work, a novel magnetic-responsive triple SMPs made entirely of bio-

based benzoxazine/urethane polymer alloys incorporated by Fe3O4 NPs were developed. Bio-

based raw ingredients, such as vanillin, furfurylamine, paraformaldehyde, and bio-based urethane, 

were used to create the polymer alloys. It was investigated SMP performance and curing behavior 

of the polymer alloys were affected by the amount of PU present. Additionally, different amounts 

of Fe3O4 NPs were added to the polymer alloys to enable their ability to respond to magnetic fields. 

The mechanical response to a magnetic field and their triple shape memory characteristics under 

magnetic field stimulation of the developed bio-based SMP nanocomposites were also examined. 
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2. Materials and Preparation 

2.1 Material 

The suppliers of furfurylamine (>99%) and vanillin (99%) were Sigma-Aldrich Pte. Ltd. 

(Singapore). Merck Co., Ltd. (Darmstadt, Germany) provided the paraformaldehyde (AR grade). 

Siripanit Industry Co., Ltd. (Thailand) provided the castor oil polyol having viscosity of 2,500-

3,200 mPa•s and hydroxyl number of 110-120 mg KOH/g. The Vencorex (Thailand) Co., Ltd. 

provided kind support for 2,4-toluene diisocyanate (TDI). Fe3O4 nanoparticles (97%) with a 

diameter ranging from 50-100 nm, bulk density of 4.8-5.1 g/cm3, a surface area of approximately 

6-8 m2/g and thermal conductivity of 4-8 W/m•K were acquired from Sigma-Aldrich Pte. Ltd. 

located in St. Louis, MO, USA. All chemicals were used as received. 

 

2.2 Preparation of benzoxazine resin 

Benzoxazine resin (V-fa) was produced using vanillin, furfurylamine, and 

paraformaldehyde according to the solventless method with no further removing of solvent [30]. 

The reactants were combined at a ratio of 1:1:2 and stirred for 1 h at 105 °C to induce the Mannich-

like condensation without using of catalyst. After the reaction mixture was cooled to room 

temperature, a transparent yellow monomer product was produced. The synthesized V-fa was 

utilized in the manufacture of the benzoxazine/urethane alloys subsequent stage. 

Castor oil polyol and 2,4-toluene diisocyanate (TDI) were combined at a molar ratio of 1:2 

to produce urethane prepolymer (PU). The two reactants were combined at 70 °C with a nitrogen 

purge in a round-bottom flask with five necks. The liquid PU was stored in a closed container with 

nitrogen gas purged and allowed to cool to ambient temperature before being kept in a refrigerator. 
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2.3 Preparation of benzoxazine/urethane alloys filled with Fe3O4 NPs 

Benzoxazine/urethane alloys (V-fa/PU alloys) were synthesized by mixing V-fa with PU 

at the appropriated ratio. The Fe3O4 NPs were kept in a desiccator at room temperature after being 

dried at 80°C for 24 h in an air-circulated oven until a consistent weight was reached. Then, to 

create a well-dispersed mold, different amounts (i.e., 0, 1, 3, 5, 7 and 10 wt%) of the Fe3O4 NPs 

were mixed into the PU at room temperature for 24 h. This was followed by a gentle mixing with 

V-fa resin at 105 °C under stirring until a homogeneous mixture was obtained and poured into an 

aluminum mold. The samples were step-cured in an oven at 130 °C for 1 h, 140 °C for 1 h, 150 °C 

for 1 h and 160 °C for 1 h, respectively. Finally, the samples were cooled down to room 

temperature to obtain V-fa/PU alloys filled with Fe3O4 NPs. 

 

2.4 Sample characterization 

The molecular properties and network formation of each sample were investigated with a 

Perkin Elmer spectrum GX FT-IR spectrometer with an ATR attachment (Waltham, MA, USA). 

The specimen surface was placed onto a flat diamond crystal IRE with a 1.5 mm sampling diameter 

in order to get an infrared spectrum. Using a pressure apparatus, the specimen was forced up 

against the flat diamond crystal until the maximum pressure that could be achieved was reached. 

All spectra were collected as a function of time using 32 scans with a resolution of 4 cm-1 and a 

wavenumber range of 4000 to 400 cm-1. 

A dynamic mechanical analyzer (DMA) model DMA242 from Netzsch, Inc. (Bavaria, 

Germany) was used to study dynamic mechanical properties. The samples were test under tension 

mode with dimensions of 20 ×5 ×0.3 mm3 at a frequency of 1 Hz and a strain amplitude of 10 𝜇m. 

Heating rate was 2 °C/min from -100 °C to 200 °C under air atmosphere. Gage length of the 
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samples was measured to be approximately 10 mm. The storage modulus (E'), and loss tangent 

(tan δ) of the samples were measured. The local maxima of the loss tangent curves were used to 

determine the glass transition temperature (Tg). 

A thermogravimetric analyzer (Mettler Toledo, model TGA1 Module, Thailand) was used 

to examine the thermal stability of samples with varying amounts of Fe3O4 NPs. The specimens 

were analyzed under a nitrogen atmosphere at flow rate of 50 mL/min from 25 to 800 °C with a 

heating rate of 20 °C/min. Every specimen was put in a crucible with a notional mass of 5-10 mg. 

The degradation temperature at 5% weight loss (Td5) and residual weight at 800oC of the sample 

were determined. 

The morphology and dispersion of Fe3O4 NPs in the polymer matrix was investigated by 

scanning electron microscope (SEM, model JSM-6510A from JEOL Ltd., Tokyo Japan) using an 

acceleration voltage of 15 kV. All specimens were coated with a thin layer of gold using a JEOL 

ion sputtering device (model JFC-1200). 

A vibrating sample magnetometer (VSM, Lakeshore 7404) was used to measure the sample's 

magnetization curves while it was at room temperature. The magnetic field's range was between -

10000 and 10000 Oe. 

Shape fixity of the specimen under bending load were programed as shown in Fig. 1(a) – 

Fig. 1(c). In the first step, the specimens having dimensions of 30 ×3 ×0.3 mm3 (Fig 1(a)) were 

heated to Tg+20°C while being bent at a 90° angle to form first temporary V shape (Fig 1(b)). In 

the second step, the specimen was then cooled to Tg-20°C while being bent at a 180° angle to form 

second temporary U shape (Fig 1(c)). After that, the specimen was cooled to room temperature 

while applying load; the bending force was then eliminated. The specimen was recovered with a 
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magnetic field at the bending point to initiate the shape recovery procedure as shown in Fig 1(d) – 

Fig 1(f). A digital camera was used to record the shape recovery procedure. 

The deflection after unloading was then measured and the shape fixity of each sample was 

determined according to Eq. (1) 

Rf = (θF/ θ0) ×100%     (1) 

Where: θ0 is the original storage angle, θF is the angle of the tested sample at the fix state 

 In the shape recovery process, the sample was placed into an alternating magnetic field at 

a frequency of 750-1150 kHz (Inductive Heating Machine).  The fixed shape was subsequently 

recovered. The shape recovery values were calculated by Eq. (2). 

  RN = (θR/ θ0) ×100%          (N = 1, 2, 3, . . .)   (2) 

Where  RN represents the shape recovery ratio of the Nth thermo-mechanical bending cycle 

obtained through Eq. (2). 

θR is the angle of the tested sample at the recovery state.  

 

Fig. 1 Scheme of the programming for triple shape memory performance test.  
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3. Results and discussion 

3.1 Network formation of V-fa/PU mixture and V-fa/PU polymer alloys  

The structure of the monomers and network formation of V-fa/PU polymer alloys were 

investigated by FT-IR technique. Fig. 2 depicts the FT-IR spectra of a V-fa resin, a castor oil 

polyol-based PU, V-fa/PU mixture and V-fa/PU polymer alloys. From Fig. 2(a), the absorption 

peaks of V-fa monomer assigned to C-O-C of the oxazine ring were found at 905, 923 and 1229 

cm- 1 [31]. The IR absorption peaks at 760, 997, and 1583 cm-1 validated the furan group of V-fa 

monomer [31]. The IR absorption peak at 1686 cm-1 verified the carbonyl (C=O) group of vanillin 

[32]. The spectra also revealed a peak at 1364 cm-1 that corresponds to the tetra-substituted benzene 

ring of the V-fa monomer [31]. In the case of castor oil polyol-based urethane prepolymer, as 

shown in Fig. 2(b), the characteristic IR absorption peak at 1736 cm-1 represented the C=O fatty 

acid ester group of the polyol, while the peaks at 1532 and 2276 cm-1 represented the urethane 

group and free isocyanate (N=C=O) group, respectively. These peaks demonstrated that the 

urethane prepolymer and V-fa monomer had been successfully synthesized [33, 34], which are 

ready for further polymer alloy preparation.  

The network formation of the uncured V-fa/PU mixture compared to the cured V-fa/PU 

polymer alloy was studied as shown in Fig. 2(c) and Fig. 2(d), respectively. Regarding the 

polymerization of the V-fa/PU mixture, the reaction starts with the thermally accelerated ring-

opening polymerization of the benzoxazine resin, resulting in the release of a free hydroxyl group. 

The free hydroxyl group of polybenzoxazine generated then interacts with the free isocyanate 

group of the urethane prepolymer, causing urethane linkages (-NH-CO-O) [35, 36]. The 

disappearance of the absorption bands at 905, 933, and 1229 cm-1 corresponding to the oxazine 

ring of V-fa, the disappearance of the isocyanate peak at 2276 cm-1, and the decrease in intensity 
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of the hydroxyl group peaks around 3200-3550 cm-1 suggest that the isocyanate of urethane 

prepolymer and hydroxyl group of polybenzoxazine have been consumed. The results suggested 

that the V-fa/PU polymer alloys generated via a chemical crosslinking network were successful. 

 

Fig. 2. FT-IR spectra of (a) V-fa monomer, (b) bio-based PU, (c) V-fa/PU binary mixture and 

(d) V-fa/PU polymer alloy. 

Fig. 3 depicts a potential chemical reaction between the PU prepolymer and the V-fa 

monomer. Theoretically, heating at an appropriate curing temperature opened the V-fa oxazine 

ring (Fig. 3(a)). As shown in Fig. 3(b), the hydrogen-bonded urethane carbonyl linkages in the 

polymer alloy networks were created by the reaction between the isocyanate group of the urethane 

prepolymer and the phenolic hydroxyl groups of the ring opened polybenzoxazine (poly(V-fa)). 

Additionally, these outcomes correlate well with earlier reports by Mora et al. [37] and Parnklang 

et al.  [34]. 
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Fig. 3. (a) Curing reaction of V-fa monomer and (b) A possible chemical reaction between 

poly(V-fa) and bio-based PU. 
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3.2 Dynamic mechanical properties of V-fa/PU polymer alloys at various PU Content 

Utilizing dynamic mechanical analysis (DMA), the dynamic mechanical properties of 

benzoxazine–urethane polymer alloys with varying PU concentrations were examined. One of the 

most important parameters for improving shape fixity performance is specimen stiffness, which is 

related to the storage modulus. Fig. 4 illustrates the storage modulus at glassy state (-100 °C) of 

V-fa/PU polymer alloys which was determined to be 2.34, 2.12, 1.86, 1.42, and 1.13 GPa with the 

addition of PU at 40, 50, 60, 70, and 80 wt%, respectively. The decrease in storage modulus at the 

glassy state of polymer alloys with increasing PU content can be attributed to the more flexible 

structure of castor oil polyol-based PU compared to V-fa, which supplied more flexibility to the 

developed polymer alloys [38]. 

Tg of the specimens which is one of the most important variables under programming SMPs 

was determined from the maxima tan δ peak as also shown in Fig. 4. The Tg of V-fa/PU polymer 

alloys were substantially decreased i.e. 60, 57, 51 and 47oC with increasing PU content i.e. 40, 50, 

60, and 70 wt%, respectively. Tgs of V-fa/PU polymer alloy tended to decrease with increasing 

PU mass concentrations due to the polymer network flexibility contributed by soft chain of PU 

[38]. Furthermore, the results demonstrated that the Tg of V-fa/PU polymer alloys with PU content 

ranging from 40-70 wt% displayed two broad, separate peaks, indicating that the V-fa/PU polymer 

alloys possessed a heterogeneous network. The heterogeneous network of the V-fa/PU polymer 

alloys plays a key influence in its microstructure and performance, which may account for its broad 

glass transition range [39]. Due to the lower degree of phase separation between benzoxazine and 

urethane, the V-fa/PU sample with a 20/80 mass fraction only shows a single peak with a Tg value 

of around 11 °C. Also, as the amount of V-fa in the system increased, the Tg of the alloy was also 
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increased. This was because the polybenzoxazine and urethane had a much stiffer conjugated 

structure and a heavily crosslinked network [29]. 

 

Fig. 4. Dynamic mechanical properties of V-fa/PU at various PU Content. 

 

3.3 Shape Memory Performance of V-fa/PU polymer alloys as various PU content 

The performance of a specific heat-responsive SMP system was determined and programed 

as shown in Fig. 5. According to Eq. (1) and Eq. (2), the shape fixity and shape recovery ratio were 

computed, respectively. The shape fixity parameter specifies the capacity to fix a structure into a 

temporary shape while the shape recovery ratio expresses the ability of the structure to return to 

each original shape. Table 1 displays the shape fixity and shape recovery characteristics of V-

fa/PU polymer alloys. The value of shape fixity of V-fa/PU polymer alloys was increased with 
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decreasing PU content. When PU contents decrease, the increasing storage modulus of V-fa/PU 

polymer alloys at glassy state reflected to low cohesive energy and an optimum propensity for 

creep associated to shape change [34, 40]. As a result, shape fixity values increased as the PU 

content decreased. 

The shape recovery values decreased with decreasing the PU concentration. It was caused 

by the fact that PU has a more flexible chain than V-fa and that heat can cause V-fa/PU polymer 

alloys to recover its shape. Entropy-driven shape recovery is achieved via coordinated movements 

of net-points and chain segments, and a bulky substituent might inhibit chain conformation 

changes for deformation specimens under motion restrictions [41]. The findings indicates that V-

fa/PU polymer alloys with a 40% PU content demonstrated an excellent balance of shape memory 

performance and the broadest thermomechanical transition temperature, which is a crucial feature 

for additional triple-shape memory properties. 

 

Fig. 5. Programming for heat-responsive shape memory performance test of V -fa/PU polymer 

alloys. 
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Table 1. Shape memory performance of V -fa/PU polymer alloys at various V-fa contents. 

Sample type Shape Fixity, Rf (%) Shape Recovery, RN (%) Recovering time (s) 

V-fa/PU (20/80) 68 ± 1.4 100 ± 0.0 8 ± 0.71 

V-fa/PU (30/70) 78 ± 0.2 100 ± 0.0 13 ± 1.6 

V-fa/PU (40/60) 85 ± 1.1 100 ± 0.0 17 ± 2.1 

V-fa/PU (50/50) 93 ± 1.4 98 ± 0.8 26 ± 1.9 

V-fa/PU (60/40) 96 ± 0.6 94 ± 1.0 30 ± 2.6 

 

 

3.4 Magnetic property of V-fa/PU at various Fe3O4 NPs Content 

Using a VSM, the magnetic characteristics of V-fa/PU polymer alloys loaded with Fe3O4 

NPs at room temperature were analyzed. Fig. 6 depicts the isotherms of magnetization (M) with 

applied magnetic field (H, from -10000 to 10000 Oe) for V-fa/PU polymer alloys containing Fe3O4 

NPs (1-10wt%) and pure Fe3O4 NPs. According to the magnetometer, pure Fe3O4 nanoparticles 

have a saturation magnetization of 89.3 emu/g as shown in inserted figure. The saturation 

magnetization of V-fa/PU polymer alloys containing 1, 3, 5, 7, and 10 wt% Fe3O4 nanoparticles 

increased to be 0.8, 2.5, 3.3, 4.9, and 7.0 emu/g, respectively. The increased mobility of the Fe3O4 

NPs made it easier for them to move in the direction of the magnetic field. The saturation 

magnetization increased as a result [42]. 
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Fig. 6. Magnetization curves of pure Fe3O4 NPs and V-fa/PU polymer alloys at 60/40 wt% 

containing different contents of Fe3O4 NPs. 

 

3.5 Molecular information of V-fa/PU polymer alloys filled with Fe3O4 NPs 

FT-IR spectra were collected from V-fa/PU polymer alloys filled with Fe3O4 NPs and are 

presented in Fig. 7. The FT-IR spectra of pure Fe3O4 nanoparticles exhibited an absorption band 

at 547 cm-1, which is remarkably equivalent to the finding reported by Kim et al. [43]. The addition 

of Fe3O4 nanoparticles to V-fa/PU polymer alloys caused the formation of a new absorption band 

at 570 cm-1, linked with the stretching vibration mode of the metal-oxygen Fe-O bond in the 

crystalline lattice of Fe3O4 [44]. The intensity of an absorption band at 570 cm-1 tended to increase 

with increasing Fe3O4 content of the polymer alloys. This indicated the strong interaction between 

nanoparticles of Fe3O4 and the polymer matrix which can affect to further thermal properties and 

SMP performance. The broadened band corresponding to Fe–O in Fe3O4 nanoparticles suggests 
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that polymer chains are attached to the surface of the nanoparticles. [45]. Overall, the findings 

demonstrated that V-fa/PU polymer alloys containing varying concentrations of Fe3O4 NPs were 

successfully formed. 

 

Fig. 7. FT-IR spectra of pure Fe3O4 NPs and V-fa/PU polymer alloys at 60/40 wt% containing 

different contents of Fe3O4 NPs. 

 

3.6 Thermal Stability of V-fa/PU polymer alloys at various Fe3O4 Content 

TGA was employed to determine the thermal stability of V-fa/PU polymer alloys 

containing Fe3O4 NPs (Fig. 8). The Td5 of V-fa/PU polymer alloys was determined to be 287 ℃. 

In contrast, the Td5 of V-fa/PU polymer alloys loaded with 1, 3, 5, 7, and 10 wt% Fe3O4 NPs were 

determined to be 290, 294, 311, 316, and 316 ° C, respectively. Furthermore, the residual weights 

of V-fa/PU polymer alloys containing Fe3O4 NPs at 1, 3, 5, 7, and 10 wt% were determined to be 

41, 43, 46, 47, and 50 wt%, respectively. The good dispersion and strong interfacial adhesion 
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between Fe3O4 NPs and the polymer matrix, with polymer chains attached onto the surface of the 

nanoparticles, could be responsible for the increase in Td5 and residual weight at 800 °C in V-

fa/PU filled the with Fe3O4 NPs [45]. 

 

Fig. 8. TGA thermograms of pure Fe3O4 NPs and V-fa/PU polymer alloys at 60/40 wt% 

containing different content of Fe3O4 NPs. 

 

3.7 Dynamic Mechanical Analysis (DMA) of V-fa/PU at various Fe3O4 Content 

Fig. 9 illustrates the storage modulus of V-fa/PU polymer alloys with a V-fa/PU ratio of 

60/40 and a loading of 1–10 wt% Fe3O4 NPs. The storage modulus of V-fa/PU polymer alloys 

loaded with Fe3O4 NPs was higher than that of V-fa/PU polymer alloys in a glassy state (-100 °C). 

This occurs as a result of the rigid Fe3O4 NPs increasing the stiffness of the sample, hence raising 

the specimen's modulus. The storage modulus of polymer alloys containing Fe3O4 nanoparticles 
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at concentrations of 1, 3, 5, 7, and 10 wt% were 2.56, 2.99, 3.41, 4.11, and 3.68 GPa, respectively. 

The storage modulus of the samples improved up to 7 wt% Fe3O4 NPs, with the value thereafter 

decreasing. Comparing V-fa/PU sample filled with 10 wt% Fe3O4 against the sample  filled with 

7 wt% Fe3O4, we find that the storage modulus of the higher Fe3O4 content sample reveals a relative 

decrease, indicating nanoparticle aggregation [46]. 

According to the tan δ curve, V-fa/PU polymer alloys have two peaks or two Tgs. The initial 

rise at 6 °C in the polymer alloys was entirely connected to the polyurethane part. The second peak 

at increased temperatures is due to alloys of copolymerized V-fa/PU polymers. The Tg of V-fa/PU 

polymer alloys was determined to be 60 ℃. In contrast, the V-fa/PU polymer alloys incorporating 

Fe3O4 nanoparticles at 1, 3, 5, 7, and 10wt% were increased to 70, 77, 79, 98, and 87 °C, 

respectively. This might be because the increased Fe3O4 NPs concentration up to 7wt% impeded 

the segmental mobility of polymer alloy chains, which may have contributed to an increase in Tg. 

The magnetite filler agglomerating in the V-fa resin is probably to blame for the drastic fall in Tg 

for 10 wt% Fe3O4 NPs filled polymer composite. 
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Fig. 9. Dynamic Mechanical Analysis (DMA) of V-fa/PU polymer alloys at 60/40 wt% containing 

different content of Fe3O4 NPs (1-10wt%). 

 

3.8 Morphology and dispersion  

The morphology of V-fa/PU polymer alloys loaded with Fe3O4 NPs was examined using 

scanning electron microscopy (SEM). Fig. 10 shows cross-sectional micrographs of V-fa/PU 

polymer alloys and V-fa/PU with various amounts of Fe3O4 NPs. Fig. 10(a) demonstrates that the 

surface of pure V-fa/PU polymer alloys is rather smooth. Fig. 10(b)–(e) show images obtained 

from composites with 1, 3, 5, and 7 wt% of the Fe3O4 NPs and reveals that Fe3O4 NPs were well 

dispersed in the matrix. On the contrary, Fig. 10(f) shows that an excessive number of 

nanoparticles led to agglomeration at 10 wt%. This might be the reason for the decrease in storage 

modulus and Tg presented in the previous DMA results. 
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Fig. 10. SEM images of (a) neat V-fa/PU and cross section V-fa/PU at 60/40 wt% polymer 

alloys at various Fe3O4 NPs content: (b) 1 wt%, (c) 3 wt%, (d) 5 wt%, (e)7 wt%, (f) 10 wt%. 

 

3.9 Infrared Thermographs of V-fa/PU (60/40) Polymer Alloys at Various Fe3O4 NPs 

Contents 

In this study, the effect of Fe3O4 NPs content on recovery temperature actuated by magnetic 

field was investigated. The samples were then exposed to magnetic heating by the application of 

an alternating magnetic field (750-1150 kHz). All specimen was captured by thermal camera, when 

they were in temporary shape at room temperature and recover their shape into original shape at 

high temperature actuated by magnetic field. Fig. 11 depicts thermal images obtained from samples 

with different Fe3O4 NPs content at room temperature (left) and the corresponding images under 

magnetic field (right). When exposed to an external magnetic field, the shape recovery process 

could be done in 5 seconds. The specimen temperature of V-fa/PU 60/40 wt% polymer alloys filled 

with Fe3O4 NPs of 1 wt% was relatively low due to insufficient magnetic induced heating. 

However, increasing the amount of Fe3O4 NPs in specimens can increase heat generation and 

temperature from 48.6 to 77.9 oC, enabling the specimens to achieve the appropriate transition 
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temperature. The results revealed that the incorporation of Fe3O4 NPs could help to generate 

magnetic heating in the polymer alloys. 

 

Fig. 11. Infrared Thermographs of V-fa/PU polymer alloys at 60/40 wt% containing different 

content of Fe3O4 NPs: (a) 1 wt%, (b) 3 wt%, (c) 5 wt%, (d) 7 wt% and (e) 10 wt% at room 

temperature (left) and under magnetic field actuation (right). 

3.10 Shape Memory Performance of V-fa/PU as various Fe3O4 NPs content 

Table 2 shows the values for shape fixity and shape recovery for V-fa/PU polymer alloys 

at 60/40 wt% filled with various Fe3O4 NPs content. The shape fixity value of neat V-fa/PU 

polymer alloys was around 96%. While the shape fixity values resulting from the inclusion of 

Fe3O4 NPs at concentrations of 1, 3, 5, 7, and 10 wt% were 96%, 97%, 97%, 98%, and 99%, 

respectively. A slight increase in shape fixity may be attributed to the presence of Fe3O4 

nanoparticles (NPs) in composites, which improves the interaction between nanoparticles of Fe3O4 

and the polymer matrix mentioned in previous subsection 3.5, resulting in a more rigid and stable 

polymer network that prevents the chains mobility, thereby increasing the shape fixity values. This 
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phenomenon was similar to those of previously reported with SMP based on particle-filled 

polymer composites systems [15, 47]. 

The shape recovery value of pure V-fa/PU polymer alloys was around 94%, whereas the 

shape recovery values of V-fa/PU polymer alloys loaded with 1,3,5,7 and 10 wt% Fe3O4 NPs were 

approximately 85%, 90%, 97%, 98%, and 99%, respectively. This is because the nanoparticles are 

spread out evenly and there are more physical and chemical interactions taking place inside the 

system. This can also be attributed to the higher magnetic absorption of the nanocomposites as a 

result of the increased loading of magnetically active Fe3O4 NPs. The nanocomposites kept their 

shape and returned to their initial state well over several test cycles. These results show that they 

could be used as advanced shape memory materials in a number of industries [45, 48]. As it is 

commonly known that polymers have a low thermal conductivity, improving the thermal 

conductivity and, consequently, the heat transfer efficiency, might improve the performance of 

SMPs [49]. 

 

Table 2. Shape memory performance of V-fa/PU polymer alloys at 60/40 wt% containing 

different content of Fe3O4 NPs. 

Fe3O4 content 

(wt%) 

Shape Fixity, Rf (%) Shape Recovery, RN (%) Recovering time (s) 

1 96 ± 0.9 85 ± 2.1 32 ± 0.8 

3 97 ± 0.5 90 ± 1.7 21 ± 2.5 

5 97 ± 0.7 97 ± 1.6 18 ± 0.7 

7 98 ± 1.1 98 ± 1.1 8 ± 1.2 

10 99 ± 1.3 99 ± 0.4 8 ± 1.2 
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3.11 Triple shape memory Properties of V-fa/PU polymer alloys at different Fe3O4 Content 

The Tg range depicted by the onset and endset of the tan δ is a crucial variable in the triple 

shape memory process (Table 3). In this range of temperatures, the polymer can be temporarily 

changed into many different shapes. The highest V-fa content for the V-fa/PU polymer alloys was 

60 wt% and was filled with 7 wt% Fe3O4 NPs; and it was this percentage of V-fa which showed 

the broadest Tg temperature range and the optimum shape memory performance. 

Fig. 12 depicts the triple shape memory performance of the flower-shaped V-fa/PU (60/40) 

polymer alloys loaded with 7 wt% Fe3O4 NPs. For shape fixity process, the specimen was heated 

for 20 minutes at 120°C. Then, it was bent into the 1st temporary shape and cooled down to 80°C 

for 20 min. After that, the specimen was curved into the 2nd temporary shape and cooled down to 

40°C for 20 min. Finally, the 3rd temporary shape was bent at 40 °C and cooled down to -10°C for 

20 min. For the recovery process, the 3rd temporary shape changed into the 2nd temporary shape 

when it was heated to a temperature of 40 °C. Then, the specimen was recovered from the 2nd 

shape to the 1st shape at 80 °C before recovering its original shape again at 120 °C. Infrared 

temperature thermometer gun was used to confirm that the specimen has a temporary shape at pre-

defined temperatures as also shown in Fig. 12. 
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Table 3. The glass transition temperatures of V-fa/PU polymer alloys at 60/40 wt% containing 

different contents of Fe3O4 NPs. 

Fe3O4 contents Tg (oC) Tg range (oC) ∆Tg (oC) 

1 83 -58 to 114 172 

3 85 -41 to 112 154 

5 87 -73 to 128 201 

7 98 -68 to 145 213 

10 90 -49 to 132 181 

 

 

Fig. 12. Triple shape memory behavior of V-fa/PU polymer alloys at 60/40 wt% containing 7 

wt% Fe3O4 NPs: a) thermal shape programming and b) magnetic shape recovery. 
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3.12 Electric Circuit Application of Triple Shape Memory Polymer  

SMPs could be used as sensors and actuators in aerospace engineering, 4D printing, self-

healing, electroactive SMPs, biological fields, automobile etc. [50]. In this study, a remote-

controlled electric circuit in a broad temperature range was considered. Fig. 13 shows the electric 

circuit working with the applying triple SMP as remote bridge materials. The triple SMP acted as 

switch to control 3 different light bulbs working by changing its shape into 3 different shapes when 

triggered by heating. In the triple SMP programming step, the sample of V-fa/PU polymer alloy 

at 60/40 wt% containing 7 wt% Fe3O4 NPs was heated to approximately 120°C while being bent 

at a 90° angle to form 1st temporary shape. The sample was then cooled to 80°C while being bent 

at a 180° angle to form 2nd temporary shape followed by cooling to 40oC while being twisted to 

form 3rd temporary V shape. The sample then is cooled to -10oC and the force was then removed 

to obtain the programmed triple SMP. In the recovery step, the programed SMP based on V-fa/PU 

polymer alloy at 60/40 wt% containing 7 wt% Fe3O4 NPs was actuated by heating to 40oC, the 

sample was changed its shape from 3rd temporary shape to 2nd temporary shape to turn on the light 

on the right-hand side by completing circuit loop. After that, the sample was heated to 80 oC to 

change its shape from 2nd temporary shape to 1st temporary shape to turn on the light on the left-

hand side. Finally, the sample SMP was then heated to 120 oC to change its shape from 1st 

temporary shape to original shape to turn in the middle. As demonstrated in Fig. 13, infrared 

temperature thermometer gun can establish that the specimen has a transient form at predetermined 

temperatures.  

Jo
urn

al 
Pre-

pro
of



26 

 

 

Fig. 13. Triple SMP from V-fa/PU polymer alloy incorporated by Fe3O4 NPs in electric circuit. 

 

4. Conclusion 

In summary, high-performance magnetic responsive triple SMPs from bio-based 

benzoxazine/urethane polymer alloys filled with Fe3O4 NPs have been successfully fabricated. The 

effect of PU content on shape memory performance of V-fa/PU polymer alloys was systematically 

studied. The results demonstrated that the incorporation of PU into polymer alloys not only 

increased the Tg but also generated a heterogeneous network, resulting in a broad range of Tg; a 

crucial feature for multiple SMPs. The results indicated that the optimal composition of V-fa/PU 

polymer alloys at a mass ratio of 60/40 displayed excellent shape memory ability, with shape fixity 

of 96 % and shape recovery of 94%. In addition, it has been shown that the magnetic properties of 

the Fe3O4 NPs-filled V-fa/PU SMPs could be efficiently induced by an external magnetic field. V-

fa/PU polymer alloys with a mass ratio of 60/40 containing 7 wt% Fe3O4 NPs exhibited the highest 

shape memory performance, with shape fixity of 98%, shape recovery of 98%, and shape 

recovering time of 8 s. Furthermore, magnetic responsive SMP based on Fe3O4 NPs filled V-fa/PU 

polymer nanocomposites were discovered to exhibit triple shape memory behavior which can be 

used in electric circuit applications. 
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