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In shape-memory polymers, changes in shape are mostly induced
by heating, and exceeding a specific switching temperature, Tswitch.
If polymers cannot be warmed up by heat transfer using a hot
liquid or gaseous medium, noncontact triggering will be required.
In this article, the magnetically induced shape-memory effect of
composites from magnetic nanoparticles and thermoplastic shape-
memory polymers is introduced. A polyetherurethane (TFX) and a
biodegradable multiblock copolymer (PDC) with poly(p-diox-
anone) as hard segment and poly(�-caprolactone) as soft segment
were investigated as matrix component. Nanoparticles consisting
of an iron(III)oxide core in a silica matrix could be processed into
both polymers. A homogeneous particle distribution in TFX could
be shown. Compounds have suitable elastic and thermal properties
for the shape-memory functionalization. Temporary shapes of TFX
compounds were obtained by elongating at increased temperature
and subsequent cooling under constant stress. Cold-drawing of
PDC compounds at 25°C resulted in temporary fixation of the
mechanical deformation by 50–60%. The shape-memory effect of
both composite systems could be induced by inductive heating in
an alternating magnetic field (f � 258 kHz; H � 30 kA�m�1). The
maximum temperatures achievable by inductive heating in a spe-
cific magnetic field depend on sample geometry and nanoparticle
content. Shape recovery rates of composites resulting from mag-
netic triggering are comparable to those obtained by increasing
the environmental temperature.

nanocomposite � shape-memory polymer � stimuli-sensitive polymer

Shape-memory polymers are able to recover their predefined
original shape when exposed to an external stimulus. A

prerequisite for the shape-memory effect is a preceding func-
tionalization of the material to temporarily fix a mechanical
deformation. Most shape-memory polymers are thermosensitive
materials. The shape is actuated by exceeding a specific switching
temperature, Tswitch (1). Thermoplastic shape-memory polymers
have at least two separated phases, where the domains with the
highest thermal transition (Tperm) stabilize the permanent shape
by acting as physical netpoints. A second phase having another
thermal transition Ttrans serves as switch. At temperatures above
Ttrans the chain segments forming this phase are flexible and the
material is highly elastic, whereas the flexibility of the chains
below Ttrans is limited and enables the fixation of the temporary
shape. Ttrans can either be a glass transition (Tg) or a melting
temperature (Tm). Whereas Ttrans is the thermal transition of the
switching segment phase, typically determined by differential
scanning calorimetry (DSC), Tswitch is result of a thermome-
chanical test used to quantify the shape-memory effect.

An important class of thermoplastic shape-memory polymers
are polyurethanes. They often contain a hard segment from
methylene bis(4-phenylisocyanate) (MDI) and 1,4-butanediol.
Depending on the switching segment, Ttrans can be either a
melting temperature (2) or a glass transition temperature (3, 4).
Another example for shape-memory polymers with Ttrans being
a Tm are block copolymers from poly(ethylene terephthalate)

and poly(ethylene oxide) (5). Compounds from shape-memory
polymers and inorganic particles, including SiC particles (6, 7),
carbon black (8, 9), and nanotubes (10, 11), were prepared. The
incorporation of particles leads to enhanced mechanical prop-
erties (6, 8) or electric conductivity (7, 9).

Shape-memory polymers have substantial innovation poten-
tial in different application areas, e.g., as intelligent implant
materials in medicine (12–14) or in smart textiles (15). If
polymers cannot be warmed up by heat transfer using a hot liquid
or gaseous medium, noncontact triggering will be required.
Light-activation has been realized by heating thermally induced
shape-memory polymers by irradiation (10, 16, 17). In addition,
light-induced shape-memory polymers (18) have recently been
developed, which use photosensitive functional groups as mo-
lecular switches. The magnetically induced shape-memory effect
will extend the concept of noncontact triggering significantly.

In this article, we introduce magnetically induced shape-
memory composites that are prepared by incorporating mag-
netic nanoparticles in thermoplastic shape-memory polymers.
By inductive heating in an alternating magnetic field, the shape-
memory effect of the composites can be triggered. Prior studies
reported inductive heating of smart hydrogels (19), ferrogels (20,
21), and ferrofluids (22, 23) in alternating magnetic fields by
using embedded magnetic particles (21–27). The mechanisms of
heat generation are hysteresis loss and�or related processes that
are direct result of superparamagnetism (23).

We show that magnetic nanoparticles can be homogeneously
incorporated in the shape-memory polymer matrix. Based on the
thermal and (thermo)mechanical properties of the composites,
tailored programming procedures are developed. It is demon-
strated that the shape-memory effect of these composite mate-
rials can be triggered magnetically. Finally, the magnetically
induced recovery is quantified and compared with thermally
induced recovery rates.

Results and Discussion
Formation of Composites. Two different thermoplastic shape-
memory polymers were investigated as matrix material for the
composites. Ttrans of the aliphatic polyetherurethane Tecoflex
EG72D (TFX) (28, 29) synthesized from methylene bis(p-
cyclohexyl isocyanate) (H12 MDI), 1,4-butanediol (BD), and
poly(tetramethylene glycol) (PTMG) (Fig. 1a) is a glass transi-
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tion at 74°C. In addition, the multiblock copolymer PDC was
selected, which is prepared from hard segment forming poly(p-
dioxanone)diol (PPDO), switching segment forming poly(�-
caprolactone)diol (PCL) and 2,2(4),4-trimethylhexanediisocya-
nate (TMDI) as junction unit (12) (Fig. 1b). PDC has been
developed for medical applications and is biodegradable. Ttrans
of PDC is a melting temperature, which is only slightly higher
than body temperature to avoid any damage of surrounding
tissue when heated to induce the shape-memory effect.

Iron oxide particles with average diameters at the nanoscale
were chosen to support a preferably homogeneous distribution
within the polymer matrix. If the composite is designed as a
biodegradable biomaterial system, particle diameters in the
range of 6–15 nm will have the additional advantage to be
small enough for removal through extravasations or renal
clearance (25).

Magnetite particles (� � 20–30 nm) (30) were incorporated
in TFX by an extrusion process. X-ray computer-tomographic
investigations of the resulting composites indicated the forma-
tion of particle agglomerates in the range of micrometers (Fig.
6, which is published as supporting information on the PNAS
web site). A homogeneous distribution of nanoparticles within
the TFX polymer matrix could be achieved with particles having
an iron(III)oxide core embedded in a matrix of silica (31) (Fig.
2). The silica apparently improves the compatibility between the
two composite components. The black points in Fig. 2b are the
iron oxide domains embedded into silica matrix (dark gray
wrapping). The few agglomerates, which are occasionally ob-
served in the composite structure, could be formed by compres-
sion of the mixed component, which has not yet melted in the
feed zone of the extruder. To minimize influences from irreg-
ularities in the particle distribution within the polymer matrix,

investigations on thermal and mechanical properties as well as
on the shape-memory functionalization are focused on compos-
ites with the iron(III)oxide�silica particles.

Thermal and (Thermo)Mechanical Properties of Nanocomposites. The
influence of the particle content on the thermal and (thermo)-
mechanical properties was investigated by DSC, tensile tests, and
dynamic mechanical analysis at varied temperature (DMTA).

In the DMTA measurements of all TFX materials, a broad
peak was observed in the tan �-curve with a maximum at 74°C,
which is attributed to the glass transition of the switching phase.
In the temperature range of 120–140°C a second thermal
transition was found, which is related to the hard segment (Fig.
7b, which is published as supporting information on the PNAS
web site). Both thermal transitions are not affected by the
incorporation of particles.

The tensile tests were performed for TFX samples at 25°C and
at Thigh � 80°C (Table 1). At 25°C the mechanical properties of
TFX and the different TFX composites are similar. Only a slight
decrease in elastic modulus was observed for the highest particle
content.

At Thigh � 80°C, TFX materials are significantly softer.
Elongation at break �b increases with growing particle content.
The material properties at Thigh are predominantly determined
by the hard segment. Therefore, it is speculated that particles
reduce the interaction between polyurethane segments.

PDC consist of two crystallizable segments: poly(p-
dioxanone) and poly(�-caprolactone). In the thermograms ob-
tained from DSC, four thermal transitions are observed (Table
4, which is published as supporting information on the PNAS
web site). The glass transition Tg,1 at �60°C is attributed to
amorphous PCL-chains, and Tg,2 at �12°C is related to amor-
phous poly(p-dioxanone)diol. Tm,1 at 39°C corresponds to crys-
tallites of the PCL phase, and Tm,2 at 93°C is attributed to the
hard segment phase. Peak maxima of tan � at �62°C and �12°C
observed in DMTA are in good agreement with DSC results
(Fig. 7a). Glass transition temperatures as well as melting points
are not affected by incorporation of nanoparticles.

Tensile tests were performed at 25°C and at Thigh � 55°C
(Table 2). The mechanical properties at 25°C are identical for
PDC and the PDC composites. The values for the elastic
modulus is in the range of 130–150 MPa, and the elongation at
break �b decreased from 660% for PDC to 460% with increasing
particle content (Table 2). At Thigh � 55°C PCL segments are
amorphous and E module is lowered by �70–75% compared
with room temperature.

The influence of particle content on �b at Thigh is different for
Fig. 2. Transmission electron microscopy pictures of TFX100 with 10 wt %
particle content. (Scale bars: a, 2 �m; b, 200 nm.)

Fig. 1. Chemical structures of thermoplastic shape-memory polymers. (a) Polyetherurethane TFX (28), which is synthesized from methylene bis(p-cyclohexyl
isocyanate) (H12 MDI), 1,4-butanediol (BD), and poly(tetramethylene glycol) (PTMG). (b) Multiblock copolymer PDC. PPDO, poly(p-dioxanone); TMDI, 2,2(4),4-
trimethylhexanediisocyanate; PCL, poly(�-caprolactone).
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PDC and TFX materials. This observation needs to be taken into
account for selecting suitable programming procedures.

Inductive Heating in Alternating Magnetic Field. Inductive heating of
the composites was investigated to determine the temperatures,
which can be reached within a magnetic field characterized by its
field strength H being a function of location (Fig. 8, which is
published as supporting information on the PNAS web site). As
soon as the magnetic field is switched on, the sample’s temper-
ature begins to increase. Within a few minutes the temperature
measured at the sample surface reaches a constant level that is
characterized by the maximum achievable temperature Tmax.
Tmax depends on the sample geometry characterized by surface
to volume ratio, S�V (Fig. 3), and results from an equilibrium
between heat generation and heat transfer to the environment.
The smaller the S�V ratio, the higher is the achievable temper-
ature and the slope of the heating curve. Tmax increases with the
particle content and the magnetic field strength. Temperatures
up to 88°C were obtained for TFX100 (Fig. 4).

Shape-Memory Properties. The magnetically induced shape-
memory effect is exemplarily demonstrated for composite
TFX100 in Fig. 5 and Movie 1 (which is published as supporting
information on the PNAS web site), where a change in shape
from a corkscrew like spiral (temporary shape) to a plane stripe
(permanent shape) occurring within 22 s is shown. Shape-
memory properties of the TFX samples were investigated by
cyclic thermomechanical tests (12). Results of cyclic thermome-
chanical experiments for pure TFX-polymer and TFX100 are
shown in Fig. 9, which is published as supporting information on
the PNAS web site. At first, the sample is elongated at temper-
ature Thigh, which is higher than Tswitch but lower than the
thermal transition of the hard segment, Tperm. To allow relax-
ation, strain is kept constant for a certain time interval. The
elongated sample is now cooled for fixation of the temporary
shape. This step is performed under stress control, which results
in an increase of strain as a consequence of entropy elasticity.
Once the switch phase is glassy, strain decreases with tempera-
ture because of thermal contraction. Finally, the shape-memory
effect is initiated by reheating under stress control conditions.

The effect can be quantified by using two characteristic
factors. The shape fixity rate Rf(N) describes the ability of the
switching segment to fix the mechanical deformation, which is
applied during the programming process. Rf(N) is defined as the
quotient of the elongation in the tension-free state after cooling
to Tlow �u(N) of cycle N and the extension �m, which is a
programming parameter.

Rf�N� � �u�N���m. [1]

For TFX composites, Rf (1) values between 100% and 118% are
determined (Table 3).

The recovery of the original shape is quantified by the shape
recovery rate, which was calculated from �u(N) and the extension
at the tension-free states �P(N � 1) and �P(N) while expanding
the sample in two subsequent cycles N � 1 and N.

Rr�N� �
�u�N� � �p�N�

�u�N� � �p�N � 1�
. [2]

The TFX materials have shape recovery ratios of �80% in the
first cycle, independent from the particle content.

Limitations in the elasticity of PDC composites at Thigh require
an alternative programming procedure. Programming by cold-
drawing (32) enabled the realization of comparable deformations
�u to those applied for TFX (Table 3). The sample was elongated
at Tdeform � 25°C, which is below the thermal transition of the
switching segment Ttrans. Fixation of the temporary shape is caused
by strain-induced crystallization and strain-oriented reorganization.
Shape fixity rates between 50% and 60% were reached for PDC
materials. Thus the shape fixity rates achieved by applying cold-
drawing for pure PDC polymer is �40–50% lower compared with
the programming by deformation at Thigh (12), which is caused by
the loss of the rubber elastic part of the deformation after external
stress was released. The recovery experiments were performed at
Thigh � 55°C. Shape recovery rates are between 47% and 65% for
samples programmed by cold-drawing.

For magnetically induced recovery experiments, TFX com-
posite samples were programmed by deformation at Thigh �
80°C, as described above, and PDC composite samples by

Table 1. Mechanical and thermal properties of TFX and TFX composites determined by tensile test and DMTA

Sample ID*

25°C 80°C

Ttrans Tmax,�, °CE, MPa �m, MPa �b, % E�, MPa E, MPa �m, MPa �b, % E�, MPa

TFX000 396 57 320 1,220 7 4 650 11 74
TFX050 270 52 380 1,180 3 1.5 1,200 11 74
TFX075 295 52 320 1,110 3 nd nd 11 74
TFX100 138 57 420 1,110 4 nd nd 10 74

E is the elastic modulus (Young’s modulus), �m is the maximum stress, �b is the elongation at break, E� is the storage modulus, Tmax,�

is the temperature at peak maximum of tan � determined by DMTA, and Ttrans is the thermal transition of the switching segment phase.
nd, not determined, geometrical limit of the tensile tester for maximum deformation is reached before the sample breaks.
*The three-digit number gives the particle content in wt % � 10.

Table 2. Mechanical and thermal properties of PDC and PDC composites determined by tensile test and DMTA

Sample ID*

25°C 55°C

Ttrans Tm,1, °CE, MPa �m, MPa �b, % E�, MPa E, MPa �m, MPa �b, % E�, MPa

PDC000 145 22 660 170 29 9 600 60 39
PDC050 132 15 460 220 30 4 40 72 39
PDC100 150 15 470 170 37 4 40 76 39

E is the elastic modulus (Young’s modulus), �m is the maximum stress, �b is the elongation at break, E� is the storage modulus
determined by DMTA, Tm is the melting temperature determined by DSC, and Ttrans is the thermal transition of the switching segment
phase.
*The three-digit number gives the particle content in wt % � 10.
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cold-drawing. S�V-ratio of the specimen was adjusted to reach a
temperature above Tswitch but below Tperm.

The results of the magnetically induced shape recovery rates
Rr,mg (Table 4) give evidence that magnetically and thermally
induced shape recovery results are comparable. As a control
experiment, pure polymer samples were exposed to the alter-
nating magnetic field. As expected, the temperature of these
samples did not change.

Speculation About Potential Applications. Magnetically triggered
shape-memory composites have an high application potential in
medicine. Smart implants or instruments could enable surgeons to
perform mechanical adjustments in a noncontact mode. Examples
given in the patent literature include smart catheters (33) or
intelligent implants for treating ocular hypertension (34). Another
area of applications could be on-demand drug delivery from an
implanted depot, which could be triggered noninvasively by a
magnetic field. Especially, the PDC composite system is suitable to
be further developed into a medical application, because the PDC
polymer has been developed as a degradable biomaterial, and Ttrans
of the PDC materials is slightly above body temperature.

Conclusions
Noncontact triggering of shape changes in polymers has been
realized by incorporating magnetic nanoparticles in shape-
memory polymers and inductive heating of these compounds in
alternating magnetic fields. Magnetic nanoparticles having an
iron(III)oxide core in silica matrix could be incorporated in the
thermoplastic shape-memory polymers PDC and TFX. Whereas
introduction of nanoparticles in TFX having an amorphous
switching phase improved the elastic properties even at in-
creased temperature, the contrary effect was observed for PDC
having a crystallizable switching segment. Despite the relatively
low �b at elevated temperature, elongations between 57% and
85% could be temporarily fixed for PDC by cold-drawing at

25°C. For both compound systems, shape recovery rates ob-
tained by magnetically induced actuation are comparable with
those reached by increasing the environmental temperature.

Potential applications for magnetically induced shape-
memory composites include smart implants and controlled
medical instruments.

Materials and Methods
Thermoplastic Shape-Memory Polymers. Cycloaliphatic TFX was
purchased from Noveon (Wilmington, MA).

Multiblock copolymer (PDC) has been synthesized from
oligo(p-dioxanone)diol, oligo(�-caprolactone)diol, and 2,2(4),4-
trimethylhexanediisocyanate, as a junction unit according to ref.
12. The weight average molecular weight, Mw, was 110,000. The
hard segment content was 67 wt %.

Nanoparticles. Nanoscaled particles AdNano MagSilica 50 were
provided by Degussa Advanced Nanomaterials (Degussa,
Hanau, Germany). The particles consist of an iron(III)oxide
(Fe2O3; CAS no. 1309-37-1) core in a silica matrix (SiO2; CAS
no. 7631-86-9). The mean aggregate size (photon correlation
spectroscopy of an aqueous dispersion) was 90 nm, the mean
domain size (x-ray diffraction) was 20–26 nm, and the domain
content (x-ray fluorescence analysis) was 50–60 wt %. The
particles had a surface area of 50–65 m2�g�1 and a saturation
magnetization of 22–32 A�m2�kg�1. The density was in the range
of 2.5–3.5 g�cm�3.

Nanoscaled particles iron(II,III)oxide (Fe3O4; CAS no. 1317-
61-9) were purchased from Sigma-Aldrich. The spherical parti-
cles had a particle size of 20–30 nm, a surface area of �60 m2�g�1,
and a density of 4.8–5.1 g�cm�3.

Preparation of Polymer Composites. TFX composites. Compounding
of nanocomposites was carried out with a co-rotating twin screw
extruder HAAKE PolyLab system (PTW 16�25; Thermo Elec-
tron Corporation). The processing temperature was in the range
between 165°C and 170°C. Before the processing, the materials
were milled, mixed, and dried in a vacuum oven at 65°C for 4 h.
Extrusion was performed at screw speeds of 100 and 150 rpm.
PDC composites. PDC-based compounds were performed in a
small conical counter rotating twin screw extruder HAAKE
PolyLab system (Rheomex CTW5; Thermo Electron Corpora-
tion). PDC was gravimetrically mixed with the nanoparticles
before extrusion. After starting the extruder, the material was
filled in the hopper. When the pressure rises in the back-flow
channel, the mixing time started. The processing temperature
was 160°C, and the screw speed was 150 rpm.

Morphology Characterization. Transmission electron microscopy
analysis was conducted by using a Zeiss 909�50 at different
magnification levels. Images were captured from ultrathin spec-

Fig. 3. Heating curves for samples with different S�V ratios. f � 258 kHz, H �
12.6 kA�m�1. – � – � – � –, S�V � 1.4; ——, S�V � 1.5; - - - -, S�V � 1.6; – � � – � � –,
S�V � 8.1.

Fig. 5. Series of photographs showing the macroscopic shape-memory effect
of TFX100 composite with 10 wt % particle content. The permanent shape is
a plane stripe of composite material, and the temporary shape is a corkscrew-
like spiral. The pictures show the transition from temporary to permanent
shape in a magnetic field of f � 258 kHz and H � 30 kA�m�1 in an inductor.
Movie 1 shows the shape change.

Fig. 4. Temperatures achieved for TFX composites when exposed to mag-
netic field depending on particle content and magnetic field strength. f � 258
kHz, sample size length � 30.0 mm; thickness � 0.3 mm; width � 4.0 mm; Tmax

is the maximum temperature achieved by inductive heating. —■ —, 5 wt %
particle content; --F--, 7.5 wt % particle content; ��Œ��, 10 wt % particle content.
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imens of 50 nm of the material samples, which were prepared
with a Leica Ultracut UCT microtome. Microtomographic in-
vestigations were conducted by using a SkyScan (Aartselaar,
Belgium) 1072 x-ray microtomograph.

DSC. DSC experiments were performed on a Netzsch (Selb,
Germany) DSC 204. All experiments were performed with a
constant heating and cooling rate of 10 K�min�1. Whenever a
maximum or minimum temperature in the testing program was
reached, this temperature was kept constant for 2 min. The PDC
samples were investigated in the temperature range from �80°C
to 150°C. The sample was heated from 20°C to 150°C, then
cooled down to �80°C and again warmed up to 150°C. The
melting temperature was determined from the first heating cycle,
and the glass transition temperature was determined from the
second heating run. The TFX samples were investigated in the
temperature range from �50°C to 200°C.

DMTA. The determination of the dynamic mechanical properties
was performed on a Gabo (Ahlden, Germany) Eplexor 25 N. All
experiments were performed in temperature sweep mode with
a constant heating rate of 2 K�min�1. The oscillation frequency
was 10 Hz. PDC samples were investigated in the temperature
interval from �100°C to 100°C. TFX samples were investigated
from 0°C to 200°C. Tmax,� is the maximum peak temperature of
the tan � curve.

Tensile Tests and Cyclic Thermomechanical Experiments. Tensile tests
at room temperature were carried out on Zwick (Ulm, Germany)
Z005 and Z2.5 tensile testers. Experiments at extended temper-
ature and thermomechanical tests were performed on Zwick
Z1.0 and Z005 tensile testers equipped with thermo chambers
and temperature controller (Eurotherm Regler, Limburg, Ger-
many). The strain rate was 5 mm�min�1 in all experiments.

Test specimens for mechanical characterization were pro-
cessed on a polymer press (type 200 E; Dr. Collin, Ebersberg,
Germany). TFX materials were processed at 170°C under a
pressure of 100 bar for 5 min. Processing parameters for the PDC
materials were 100°C and 100 bar for 5 min. The film thickness
typically was 0.3 mm for the cyclic, thermomechanical experi-
ments and 0.5–0.6 mm for measurements in the magnetic field.
Specimen type no. 1BB according to European Standard for
tensile test (35) was cut with a punching tool, lo � 20 mm and
width � 2 mm.

Programming of PDC materials by cold-drawing. PDC samples were
programmed by cold-drawing at Tdeform � 25°C by stretching to
�m. After keeping this deformation for 5 min to allow relaxation,
stress was released to 0 MPa.
Programming of TFX materials by deformation at Thigh. The sample is
deformed to �m � 50% at Thigh � 80°C. After keeping this
deformation for 5 min to allow relaxation, the stress was held
constant while the sample was cooled to Tlow � 0°C, whereby the
temporary shape is fixed. Stress was then completely removed.
Thermally induced recovery procedure. The thermally induced shape
recovery experiment was performed by heating the sample to
Thigh (PDC, 55°C; TFX, 80°C) in an oven for 10 min.
Magnetically induced recovery procedure. For magnetically induced
recovery the programmed samples were exposed to a magnetic
field with a field strength of 30 kA�m�1 in the center of the coil,
and a frequency of 258 kHz.
Cyclic thermomechanical tensile test. In a first step, the sample was
deformed to �m � 50% at Thigh � 80°C. After keeping this
deformation for 5 min to allow relaxation, the stress was held
constant while the sample was cooled to Tlow � 0°C, whereby the
temporary shape was fixed. Then stress was lowered to zero. The
sample now was in its temporary shape. Finally, the sample was
warmed up again to Thigh � 80°C with a heating rate of 2
K�min�1. After waiting for 10 min, the next cycle was performed.

Magnetic Field Application. Inductive heating was accomplished by
positioning the sample in an alternating magnetic field at a
frequency of f � 258 kHz. The equipment consisted of a
high-frequency generator (TIG 5�300; Huettinger Electronic,
Freiburg, Germany), a water-cooled coil with a diameter of 4 cm
with 6 loops, and an IR pyrometer (Metis MY84, Sensortherm;
Frankfurt) for noncontact measuring of the sample temperature.
This experimental setup allows one to infinitely vary the mag-
netic field strengths in the center of the coil between 7 and 30
kA�m�1 by adjusting the power output of the generator. Details
about the determination of the magnetic field strength are
available in Fig. 8.

We thank H. Kosmella (Institute of Polymer Research) for assistance
with (thermo)mechanical tests, M. Zierke for assistance with synthesis,
and F. Klein for assistance with processing PDC. We thank Degussa
Advanced Nanomaterials for providing material samples of AdNano
MagSilica 50. This work was supported by Arbeitsgemeinschaft indust-
rieller Forschungseinrichtungen AZ VI A2-404245�2 initiative program
Zukunftstechnologien für kleine und mittlere Unternehmen.

Table 3. Strain fixity and strain recovery rates for cycle N � 1

Sample ID* �m, %

Thermally induced recovery Magnetically induced recovery

�u(1), % Rf(1), % Rr(1), % �u(1), % Rf(1), % Rr,mg(1), %

TFX000 50 50† 100† 80† 50‡ 100 0
TFX050 50 49† 98† 81† 59‡ 118 38§

TFX075 50 49† 98† 82† 54‡ 108 88
TFX100 50 50† 100† 78† 53‡ 106 91
PDC000¶ 100 50 50 50� 50 50 0
PDC000¶ 150 75 50 47� 75 50 0
PDC100¶ 100 57 57 59� 57 57 65
PDC100¶ 150 85 57 65� 91 60 68

�u is the elongation achieved at stress zero after cooling to Tlow, Rf is the strain fixity rate, Rr is the strain recovery
rate calculated according to Eqs. 1 and 2, and Rr,mg is the strain recovery rate obtained by inductive heating in the
magnetic field.
*The three-digit number gives the particle content in wt % � 10.
†Cyclic thermomechanical experiments Thigh � 80°C; Tlow � 0°C.
‡Programming including deformation at Thigh � 80°C.
§Tswitch not completely reached.
¶Programming by cold-drawing.
�Shape recovered at 55°C.
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