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ABSTRACT: Multiwalled carbon nanotube (MWCNT) crosslinked polyurethane nanocomposites filled with iron (Fe) powders were syn-

thesized by an in situ polymerization method. The Fe powders were deposited on one side of the nanocomposites during sample forma-

tion. Because of the gradient distribution of the Fe powders, the polymer part was affected little; this resulted in good mechanical

properties of the nanocomposites. The electrical conductivities on each side of the nanocomposites were different. Because of the good

magnetic properties and high electrical conductivities of the nanocomposites, the shape-memory effect could be induced by temperature

heating (temperature 5 45�C), electrically resistive Joule heating (voltage (U) 5 30 V), and magnetic field heating (frequency (f) 5 45

kHz, intensity of magnetic field (H) 5 46.5 kA/m). The shape-memory properties were dependent on the location of the side that con-

tained the most Fe powders (Fe side), and the nanocomposites showed better shape-memory properties when the Fe side was located

inside of the folded samples. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40220.
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INTRODUCTION

During the past few years, shape-memory polymers (SMPs),

which can sense and respond to an external stimulus, have

drawn more and more attention for their novel properties. They

have many advantages in terms of their light weight, low cost,

easy processing, and so on.1 Generally, pure SMPs are thermo-

induced materials for which the shape-memory effect (SME)

can be induced by a hot liquid or gas.2,3 Nowadays, many

researches are aiming to develop new SMP composites that are

filled with functional fillers and natural materials.4–7 Thus, the

SME can be induced by several external stimuli, including tem-

perature heating,8,9 infrared light heating,10 Joule heating,11–13

and magnetic field heating.14–17 Voltage triggering and magnetic

field triggering are two convenient inductive heating methods.

The SME of the SMP composites may be realized by heating

from inside the particles under specific conditions.

Because of the power loss of magnetic particles, such as iron

(II,III) oxide (Fe3O4)18,19 and nickel zinc ferrite ferromagnetic

particles20 in alternating magnetic fields, a noncontact triggering

of SEM can be realized. Golbang and Kokabi16 synthesized a

kind of nanoclay/NdFeB/crosslinked low-density polyethylene

shape-memory nanocomposite. Good shape-memory properties

were explored in an alternative magnetic field with a frequency

of 9 kHz and a strength of 15 kW. Kumar et al.21 incorporated

silica-coated iron oxide particles into a polymer network matrix,

which was made of poly(e-caprolactone) (PCL) and poly(cyclo-

hexyl methacrylate) segments, and the SME in an alternating

magnetic field (f 5 258 kHz) was successfully realized. However,

at a high content of magnetic particles, such as Fe3O4, SMP

nanocomposites will be brittle.18,19,22 Thus, the application of

SMP composites may be restricted. The question of how to

improve the mechanical properties of SMP composites is still a

big challenge. Lu et al.23 incorporated carbon nanofiber (CNF)

nanopaper on the surface of SMP composites during the forma-

tion process and found that the fillers had little influence on

the polymer matrix. Therefore, if magnetic particles can be

located on the surface of the composites as well, the SMP nano-

composites may have good mechanical properties at a high con-

tent of magnetic particles.

Traditional polymers (plastic) are electrical insulators that have

a low conductivity. Fortunately, the introduction of highly con-

ductive materials into the polymer matrix is an effective way to

improve the conductivity. For example, electroactive SMPs are

prepared by the incorporation of inducting fillers such as car-

bon black (CB),24,25 carbon nanotubes (CNTs),13,26 CNFs,12,23,27

and other electrically conducting materials. Because carbon

materials are highly conductive, once they are introduced into

the polymer matrix, the electrical resistance will be significantly

reduced. Thus, the SME can be triggered by means of Joule

heating. Yu et al.24 synthesized a kind of CNT/CB/shape-
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memory nanocomposite. Through the application of an electric

field during sample formation, CNTs (1.0 wt %) were electri-

cally induced into aligned chains in polymer composites. They

served as long-distance conductive channels to bridge the CB

aggregations. The electrical resistivities of the samples signifi-

cantly decreased by more than 100 times. The composite

blended with 15 wt % CB and 1 wt % chained CNTs had an

electroactive shape-recovery behavior in response to 25 V elec-

trical voltages. Lee and Yu11 prepared a kind of single-walled

CNT/polyurethane nanocomposite. They found that when 30 V

electrical voltages were applied, the shape-recovery time of the

sample was 90 s, and the shape-recovery rate (Rr) was 88%. In

addition to carbon materials, metals such as copper (Cu), nickel

(Ni), and iron (Fe) are good conductive materials. A kind of

shape-memory nanocomposite filled with CNFs and submicrofi-

lamentary nickel nanostrands was prepared by Lu et al.28 The

combination of CNFs and Ni nanostrands significantly

improved the electrical conductivities. Under a constant direct-

current (dc) voltage of 36 V, a deformed SMP nanocomposite,

which was integrated with 2.5 wt % CNFs and 7.5 wt % nano-

strands, recovered its original shape in 1 min. As is known to

all, Ni and Fe have good magnetic properties, which can be

orderly arranged under a magnetic field. Leng et al.29 had incor-

porated micrometer sized Ni powders into a thermo responsive

shape-memory polyurethane. During the process of sample

preparation, they used a weak static magnetic field (0.03T) to

form conductive Ni chains in the polymer. Hence, the electrical

conductivities of the SMP nanocomposites in the chain direc-

tion were improved significantly, and the SMP nanocomposites

were suitable for electroactive shape recovery.

Nowadays, some researchers have introduced magnetic particles

into electroactive SMP nanocomposites. The SME is successfully

realized under a certain dc voltage. However, researchers have

not explored the magnetically induced SME of the same sample

yet. So in this study, we explored whether a kind of SMP nano-

composite could be induced by temperature heating, Joule heat-

ing, and magnetic field heating. As a result, a new system of

multiwalled carbon nanotube (MWCNT) crosslinked polyur-

ethane shape-memory nanocomposite filled with Fe powder was

prepared. In the prepared nanocomposites, the MWCNTs were

used as crosslinking agents, and the Fe powders were deposited

on one side of the nanocomposites; this resulted in a gradient

distribution of Fe powders in the nanocomposites. The thermal

properties, mechanical properties, magnetic properties, and elec-

trical conductivities of the Fe/MWCNT-crosslinked polyur-

ethane functional gradient nanocomposites were studied

systematically. We hoped that the nanocomposites would have

good mechanical properties and their SME could be induced by

three ways: temperature heating, Joule heating, and magnetic

field heating.

EXPERIMENTAL

Materials

PCL diol (number-average molecular weight 5 5000 g/mol) was

synthesized in our laboratory.18 MWCNTs with a diameter

range of 10–20 nm, a length range of 10–30 lm, and a purity

over 95% were purchased from Chengdu Organic Chemicals

Co., Ltd. (Chinese Academy of Sciences) and were treated by

nitric acid.30 Reduced Fe powders were purchased from Shang-

hai Jinshan Smelter. 4,40-Diphenylmethane diisocyanate (MDI;

98%, Alfa Aesar) was used directly. Dimethylformamide (DMF;

analytical reagent) was dried over calcium hydroxide and was

distilled before use. Other relative regents were purchased from

local agent companies.

Preparation of the Functional Gradient Fe/MWCNT-

Crosslinked Polyurethane Nanocomposites

The functional gradient Fe/MWCNT-crosslinked polyurethane

nanocomposites were prepared by in situ polymerization. The

molar ratio of PCL to MDI was 1:4, and the content of

MWCNTs was 0.5 wt % (relative to the monomer mixture).

Nanocomposites filled with different contents of Fe powders

were prepared by the following steps. First, a certain amount of

PCL diol, Fe powder, and MWCNTs were dispersed in a certain

volume of DMF. The mixture was heated at 70�C for 30 min

with mechanical stirring. Second, stannous octoate (0.1 wt % of

PCL diol, g/g) in dried DMF and a given amount of MDI were

added to the mixture. Subsequently, the mixture was stirred for

20 min at 70�C and for 1.5 h at 90�C. Third, the mixture was

stirred at 110�C for 2.5 h. In the end, the mixture was put into

a glass plate and dried at 80�C in vacuo for 24 h and at 60�C
for 48 h. Thus, 1–2 mm thick SMP nanocomposites were

obtained. SMP nanocomposites blended with various contents

of Fe powders were named with their weight concentrations as

PCF3 (30 wt % Fe powder), PCF4 (40 wt % Fe powder), and

PCF5 (50 wt % Fe powder), respectively.

Measurements

A Fourier transform infrared (FTIR) spectrophotometer (Nexus

670, Nicolet) was used to analyze the structures of PCF3, PCF4,

and PCF5. The thermal properties of the nanocomposites were

studied by differential scanning calorimetry (DSC) analysis

(DSC2910, TA Instruments). The testing samples weighed

around 10 mg, the constant heating rate was 10�C/min from

210 to 150�C, and the samples were purged with nitrogen. The

dispersion of particles in PCF5 was studied with field emission

scanning electron microscopy (FESEM; S4800, Hitachi, Japan).

A universal testing machine (Instron RG 3010, China) was used

to test the mechanical properties of the nanocomposites at

room temperature. Each dumbbell-type sample was tested three

times. A magnetic measurements variable field translation bal-

ance (Petersen, Germany) was used to record the magnetization

curves of the samples at room temperature. A Hall effect mea-

surement system (HMS-3000, Korea) was used to measure the

electrical conductivities of each sample.

A fold-deploy shape-memory test22,31 was carried out to study

the shape-memory properties of the nanocomposites under dif-

ferent conditions. Figure 1 exhibits a schematic drawing of a

folded sample. Because the Fe powders showed a gradient distri-

bution in the nanocomposites, the shape-memory properties of

the nanocomposites were studied in two ways, in which the Fe

side was located both inside and outside of the folded samples.

The shape-memory properties of PCF3, PCF4, and PCF5 were

induced by three ways: temperature heating, Joule heating, and

magnetic field heating. A temperature of 45�C was chosen as a
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thermotransition temperature (Ttrans). The alternating magnetic

field was provided by an inductive heating machine (SP-15A,

Shenzhen, China). A constant dc voltage of 30 V was offered by

a dc power supply (SW-17WYJ, Shanghai, China). The shape-

recovery process was recorded by a digital camera, and each

sample (30 3 10 3 1 mm3, Length 3 Width 3 Thickness) was

tested for three times. An infrared thermometer was used to

measure the temperature of these samples during the shape-

recovery process. The shape retention rate (Rf) and Rr were cal-

culated with eqs. (1) and (2):

Rf ð%Þ5
180�2hf

180�
3100 (1)

Rrð%Þ5
hr

180�
3100 (2)

where hf is the angle of the folded samples after they were

exposed to room temperature for 5 min and hr is the final angle

after one shape-recovery process.

RESULTS AND DISCUSSION

The FTIR spectra of the nanocomposites PCF3, PCF4, and

PCF5 are shown in Figure 2(a–c). As shown in Figure 2, the

NAH stretching vibration peak appeared at 3364 cm21, and the

peak at 1534 cm21 was due to NAH deformation. The peak at

1731 cm21 was attributed to the C@O bond. The peaks located

at 2942 and 2865 cm21 were the CH2 symmetric and asymmet-

ric stretching vibrations, respectively.32 The FTIR results con-

firmed the structure of the polyurethane nanocomposites, and

this indicated that the preparation of the nanocomposites was

successful.

The thermal properties of the nanocomposites were analyzed

with the DSC results. Figure 3 shows the DSC second thermo-

gram curves of PCF3, PCF4, and PCF5. The melting peak was

due to the crystalline PCL phase. The melting temperature (Tm)

and the melting enthalpy (DHm in J/g) of the nanocomposites

are summarized in Table I. We observed that Tm slightly

increased with increasing content of the Fe powders. This result

shows that the Fe powders had little influence on Tm, and they

only absorbed some heat during the test process. As reported

previously,33 the perfect PCL crystals had a DHm of 140 J/g.

The lower DHm of all of the nanocomposites indicated that the

PCL segment was partially crystallized, and the others were in

the amorphous state.

The dispersion of the Fe powders was investigated by FESEM,

and typical images of PFC5 are shown in Figure 4(a–d) in

which all of the pictures are cross-sectional drawings. Figure

4(a,c) shows the secondary electron (SE) images, whereas Figure

4(b,d) shows the backscattered electron images (BSE). Because

the specimen was cut by a knife, there was some stress tropism

on the cross sections, which resulted in some oblique lines in

Figure 4(a). In the BSE images, the visible bright points are Fe

powders, and the gray parts are the polymer matrix. The Fe

powders deposited at one side (bottom) of the SMP films dur-

ing the formation procedure. Hence, the contents of Fe powders

in the two sides of the nanocomposites were different. The side

that contained the most Fe powder was named the Fe side,

whereas the other side was named the polymer side. The thick-

ness of the layer of Fe powders was about 250 lm (the thick-

ness of PFC5 was 1.2 mm), and almost no Fe powders could be

found in the other polymer part. The thickness of the layer of

Figure 1. Schematic drawing of a folded sample.

Figure 2. FTIR spectra of the samples: (a) PCF3, (b) PCF4, and (c) PCF5.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. DSC second curves of the samples: (a) PCF3, (b) PCF4, and

(c) PCF5. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Table I. DSC Data for the Three Specimens

Specimen Tm (�C) DHm (J/g)

PCF3 57.4 57.8

PCF4 57.6 54.4

PCF5 58.2 48.9
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the Fe powders in PCF3 and PCF4 was about 200 lm, and the

thicknesses of PCF3 and PCF4 were 0.9 and 1.1 mm, respec-

tively. Figure 4(c,d) shows higher magnification images of the

boundary between the layer of the Fe powders and the polymer

part. Obviously, the Fe powders were wrapped in the polymer

matrix. Hence, the adhered strength between the Fe powders

and the polymer part was great.

Many researchers have found that the incorporation of a high

content of filler particles in the polymer matrix had a negative

effect on the mechanical properties.17–19 If the particles are

located on one side near the surface of the composites, however,

the mechanical properties may not decrease. Because the Fe

powders were gradually distributed in the nanocomposites, as

shown in Figure 4, they had little influence on the polymer

part. As a result, the nanocomposites had good mechanical

properties. The tensile strength and elongation at break of the

nanocomposites are summarized in Table II. According to the

data, all of the samples showed high values of tensile strength

and elongation at break; this indicated that they had good

toughness. Compared with previously prepared nanocomposites,

in which the Fe3O4 nanoparticles uniformly dispersed in the

polymer matrix,22 the mechanical properties of the functional

gradient Fe/MWCNT-crosslinked polyurethane nanocomposites

improved.

The room-temperature magnetic hysteresis loops of the Fe pow-

ders and the nanocomposites are shown in Figure 5. A higher

Figure 4. FESEM photographs: (a) PCF5 (SE), (b) PCF5 (BSE), (c) PCF5 (SE), and (d) PCF5 (BSE).

Table II. Mechanical Properties of the Nanocomposites

Specimen
Tensile strength
(MPa)

Elongation at
break (%)

PCF3 21.67 6 0.87 2181.49 6 193.36

PCF4 22.40 6 0.12 2181.13 6 109.75

PCF5 21.51 6 0.80 2023.39 6 120.52

Figure 5. Magnetic hysteresis loops at room temperature: (a) Fe, (b)

PCF3, (c) PCF4, and (d) PCF5. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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magnification image within a 100 Oe range is inserted in Figure

5 as well. The saturation magnetizations of the Fe powders,

PCF3, PCF4, and PCF5 were 207.9, 39.6, 56.4, and 65.3emu/g,

respectively. Because the polymer part had no magnetic proper-

ties, the nanocomposites had low saturation magnetizations,

which were close to theoretical values. On the whole, the nano-

composites showed good magnetic properties. It could be

expected that these nanocomposites would show a good mag-

netically induced SME in alternating magnetic fields.

Being metal, the Fe powders had a high electrical conductivity

as well. Because we incorporated Fe powders into MWCNT-

crosslinked polyurethane nanocomposites, the electrical conduc-

tivity of the nanocomposites may have improved a lot. A Hall

effect measurement system was used to measure the electrical

conductivity on each side of the nanocomposites. The electrical

conductivities are shown in Figure 6. As shown in Figure 6, the

Fe side has better electrical conductivities. The electrical con-

ductivities on the Fe side of the PCF3, PCF4, and PCF5 were

2.26 3 1028, 7.46 3 1026, and 3.94 3 1025 S/cm, respectively.

With increasing content of Fe powders, the electrical conductiv-

ity improved significantly. Because of the increased Fe powders

on the Fe side, there were more conductive paths formed

between the Fe powders and MWCNTs in the nanocomposites.

Hence, more electrons may easily passed through the sample,

and the electrical conductivity was higher. However, on

the polymer side, the electrical conductivity was low. The elec-

trical conductivities on the polymer side of PCF3, PCF4, and

PCF5 were 1.94 3 1028, 1.58 3 1028, and 1.46 3 1028S/cm,

respectively. Because there was almost no Fe powder on this

side, the electrical conductivities on the polymer side were

much lower than those on the Fe side. Because of the magnetic

properties and electrical conductivity of the nanocomposites,

these functional gradient Fe/MWCNT-crosslinked polyurethane

nanocomposites may have the opportunity to be used as elec-

tromagnetic shielding materials or sensors.

In all of our experiments of shape recovery of the nanocompo-

sites, the folded samples were exposed at room temperature for

5 min. During this period of time, hf remained higher than

178�. Therefore, the Rf values of all of the samples were over

99%. A typical shape-recovery process of PCF5 (Fe side inside)

in 45�C hot water is shown in Figure 7. The average values of

the shape-recovery time and Rr of the three samples are listed

in Table III. On the whole, there was little difference in the

shape-memory properties of the nanocomposites induced by

direct temperature heating. However, the shape-memory prop-

erties of the folded samples in which the Fe side was located on

the inside were better than those of the folded samples in which

the Fe side was located on the outside. Generally, metals have

high thermal conductivity. When the Fe side was located inside

the folded samples, the high-density Fe powders may have let

the inside part of the folded samples obtain more heat energy,

and the inside inner stress released first. Hence, there existed a

promotion of shape recovery, and the shape-memory properties

were better.

Figure 6. Electrical conductivities of samples with different Fe contents.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Shape-recovery process for PCF5 (Fe side inside) in hot water

(45�C).

Table III. Shape-Memory Properties of the Nanocomposites (Fe Inside) in

Hot Water (45�C)

Fe side
location Specimen

Recovery
time (s) Rr (%)

Inside PCF3 8.67 6 0.47 96.48 6 0.52

PCF4 8.67 6 0.47 96.30 6 0.26

PCF5 8.00 6 0.82 96.67 6 0.52

Outside PCF3 9.33 6 0.94 94.63 6 0.94

PCF4 9.33 6 0.47 95.19 6 0.26

PCF5 9.33 6 0.47 95.74 6 0.26
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Figure 8 shows a typical shape-recovery process of PCF5 (Fe

side inside) in an alternating magnetic field (f 5 45 kHz,

(H 5 46.5kA�m21). The whole process was about 40 s, and

Rr was 97.41%. The data of the testing samples are listed in

Table IV. When the samples were exposed to the alternating

magnetic field, a period of time was needed to let the tempera-

tures of the nanocomposites reach Ttrans. This period of time

was called the magnetic field response time. During this period

of time, no obvious change was observed. When temperatures

reached Ttrans, the shape of the nanocomposites changed

quickly. As shown in Table IV, the shape-recovery time of the

nanocomposites decreased with increasing content of Fe pow-

der, whereas Rr increased. As reported,34 the magnetic particles

could generate heat in an alternating field because of power

loss. Enough generated heat allowed the temperatures of the

SMPs to reach their Ttrans. Therefore, PFC5 with the highest

magnetic properties could absorb more heat energy in the

same magnetic field than the other samples. Hence, it showed

the shortest recovery time. The decreased Rr was due to the

stress relaxation and creep. In comparison with the shape-

memory properties in 45�C hot water, there was a similar result

where the shape-memory properties were worse when the Fe

side was located outside of the folded samples. The magnetic

field response time and recovery time increased, and Rr

decreased. When the Fe side was located outside of the folded

samples, it took some time that for the generated heat to trans-

fer from the outside to the inside. The shape recovery could be

seen only when the inside temperature of the folded samples

reached Ttrans. Therefore, the magnetic response time increased.

At the same time, the outside temperature of the folded sam-

ples already reached Ttrans, and part of the inner stress was

released. The released outside inner stress was not fully used,

and the rest of the inner stress of the nanocomposites was not

enough to realize the all of the shape recovery. Hence, Rr was

lower. When the Fe side was located inside of the folded sam-

ples, the inside part of the nanocomposites could obtain more

heat energy, and the inside inner stress released first; this pro-

moted the shape recovery. With the inner stress was released

from inside to outside, the inner stress was fully used, and Rr

was relative higher. The temperature at which the shape-

recovery process started for each sample was about 42�C, and

the ending temperature was about 53�C.

Figure 8. Typical shape-recovery process for PCF5 (Fe side inside) in a magnetic field (f 5 45 kHz, H 5 46.5 kA/m). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Table IV. Shape-Memory Properties of the Nanocomposites in an Alternating Magnetic Fielda

Fe side
location Specimen

Magnetic field
response time (s)

Recovery
time (s) Rr (%)

Inside PFC3 5.67 6 0.47 82.00 6 1.62 95.74 6 0.26

PFC4 2 6 0 43.33 6 3.40 96.85 6 0.26

PFC5 2 6 0 40.00 6 1.63 97.41 6 0.26

Outside PFC3 11.67 6 0.47 109.00 6 5.35 93.52 6 0.26

PFC4 6 6 0.82 50.00 6 0.82 95.19 6 0.26

PFC5 6 6 0.82 42.67 6 1.25 95.74 6 0.26

a f 5 45 kHz, H 5 46.5kA�m21.
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The electric-field-triggered shape recovery of PCF5 (with the Fe

side being inside) is shown in Figure 9. Under a dc voltage of

30 V, the shape recovery could be clearly seen. The shape-

recovery time was about 60 s, and Rr was 87.96 6 2.5%. The

starting temperature of the shape-recovery process was about

42�C, and the ending temperature was about 50�C. However, at

the same voltage, no shape recovery could be actuated for PFC3

and PFC4. This means that at such a voltage, the inside par-

ticles in the PFC3 and PFC4 nanocomposites could not generate

enough heat to let the temperatures reach Ttrans. The main rea-

son was the low electrical conductivities of those samples.

Because the electrode contacted two sides of the folded samples

during the shape-recovery process, there was no obvious differ-

ence in the shape-memory properties when the Fe side was

located inside or outside of the folded sample. The shape-

recovery time was about 60 s, and Rr was about 87.04 6 2.77%

when the Fe side was located outside of the folded samples.

CONCLUSIONS

In this study, we demonstrated a simple way to produce func-

tional gradient Fe/MWCNT-crosslinked polyurethane nanocom-

posites by an in situ polymerization method. The Fe powders

were distributed in a gradient in the nanocomposites, and the

polymer part was affected little; this resulted in good mechani-

cal properties in the nanocomposites. The electrical conductiv-

ities on each side of the functional gradient nanocomposites

were different; this indicated that the nanocomposites could be

used as electromagnetic shielding materials or sensors. The

shape-memory properties were dependent on the location of

the Fe side, and the nanocomposites showed better shape-

memory properties when the Fe side located on the inside of

the folded samples. The shape-memory test indicated that the

SME of the nanocomposites could be induced by temperature

heating, Joule heating, and magnetic field heating. Such a kind

of SMP composite might be used as intelligent material.
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