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Abstract: The self-made hollow porous micro/nano-fiber structure Sn,,,Sb, Sm, O, and thermoplastic polyurethane (TPU) were
0845D0,0s5M 150, is OWt%, 3wt%, 6wt%, and
9wt%) composite micro/nano-fiber films by electrostatic spinning method. Results show that the microstructures of composite films

used as raw materials to prepare the Sn,,Sb .Sm; O,/TPU (the addition content of Sn Sm
all present a fibrous 3D network structure. The tensile strength and elongation of the composite film are increased firstly and then
decreased with increasing the addition content. When the addition amount is 6wt%, the tensile strength and elongation of the film are
2.68 MPa and 573%, which are 1.5 and 8.3 times higher than those of TPU film, respectively. The addition of Sn,,Sb Sm/ O,
increases the thermal decomposition temperature and contact angle of the composite films to 303 °C and 120°, respectively. The
infrared emissivity of the composite film is decreased with increasing the filler content. When the addition content is 9wt%, the
infrared emissivity of the specimens at wavelength of 3—5 and 8—14 um is 0.576 and 0.652, respectively. This composite film has
good hydrophobicity, thermal stability, flexibility, and infrared stealth performance, providing experimental basis for the research of
lightweight infrared stealth materials and showing certain application potential in the infrared stealth field.
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Infrared stealth materials have received extensive attention
in the infrared camouflage!, energy-saving windows"™, and
heat shielding films" fields. According to the Stefan-
Boltzmann law!", W= geT* (W is the amount of infrared
radiation of the object; o is the Boltzmann constant; ¢ is the
emissivity of the object surface; 7 is the thermodynamic
temperature of the object surface), when the material surface
temperature is difficult to change, the lower the infrared
better the stealth
performance. However, in the practical application, the

emissivity of material, the infrared
material surface may be subjected to high temperature, high
humidity, and severe impact. Thus, the infrared stealth
materials with excellent thermal stability, hydrophobicity, and
flexibility are highly required™. The infrared stealth materials
with single function can hardly meet the practical application
requirements, so the multifunctional infrared stealth materials
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show great potential.

Currently, the common infrared stealth materials mainly
consist of inorganic low-emissivity fillers coupled with
organic fillers. The combination of inorganic phase and
organic phase can improve the comprehensive performance of
the material, laying a certain foundation for the practical
application'. Common fillers mainly include the metal and
semiconductor. Although metal fillers have low infrared
emissivity, their high density is detrimental to the stealth
performance. The addition of semiconductor fillers can reduce
the composite mass and improve the comprehensive proper-
ties through the morphology regulation and doping modifica-
tion”. Common inorganic-organic composite materials with
low emissivity are the coatings and thin films. The infrared
stealth coatings have been widely researched, and the infrared
stealth films have attracted even more attention due to their
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good flexibility and permeability™'”. Fang et al"' prepared
ATO/PAN-xVO, (x=20wt%, 40wt%, 60wt%) composite fiber
membrane by electrostatic spinning method, and found that
the material has good infrared stealth performance, thermal
adaptability, and mechanical properties. Fang et al"” prepared
ZnO(Al, La)/PAN fiber film by electrostatic spinning method,
and reported that its infrared emissivity at wavelength of 8—14
um is 0.793. Jeong et al™* developed the wearable ATO/PU
composite fiber fabric and found that the fabric has good
mechanical properties and hydrophobicity, showing great
potential in cloth manufacture. Thermopolymer polyurethane
(TPU) has excellent flexibility, hydrolysis resistance, and
abrasion resistance!*", which is widely used in sensors!?,

U7 and medical materials"® due to its high

lithium batteries
quality and low cost. TPU is a fine matrix material for
functional fillers to increase and optimize the composite
functionality™”.

The electrostatic spinning method was combined with heat
treatment to prepare the Sn,,Sm,Sb,,O, micro/nano-fiber
material with hollow porous structure, and the prepared
material had low infrared emissivity of 0.558 and 0.672 at
wavelength of 3—5 and 8—14 um, respectively, showing great
potential as a functional filler with low infrared emissivity.
Therefore, in this research, the Sn,,,Sm, ,,Sb, ,,O, micro/nano-
fiber material with hollow porous structure was used as filler,
TPU was used as binder, and the Sn,,Sm,,Sb,,O,/TPU
composite micro/nano-fiber films with Sng,,Sm,,Sb, O,
addition of Owt%, 3wt%, 6wt%, and 9wt% were prepared by
electrostatic  spinning method. The thermal stability,
mechanical properties, hydrophobicity, and infrared stealth
properties of composite films were investigated. This research
provided a certain experimental basis for the development of
high-temperature-resistant, lightweight, and easily-prepared
multifunctional infrared stealth film.

1 Experiment

SnCl,-2H,0, Sm(NO,),-6H,0, and SbCl, were used as raw
materials and dissolved in anhydrous ethanol according to the
stoichiometrical ratio of Sn,,,Sm,,Sb,O,. The solution was
mixed with polyvinyl pyrrolidone (PVP) + N, N-dimethyl-
formamide (DMF) solution in the mass ratio of 1:2 and stirred
for 12 h to prepare the shell solution. PVP was dissolved in
DMF+anhydrous ethanol solution in the mass ratio of 1:2 and
stirred for 12 h to prepare the core solution. The shell solution
was put into the outer container of the coaxial electrostatic
spinning device, and the core solution was put into the inner
container of the coaxial electrostatic spinning device. The
coaxial electrostatic spinning was conducted at voltage of 18
kV with the outer diameter of coaxial stainless steel needle of
1.4 mm, inner diameter of coaxial stainless steel needle of 0.7
mm, flow rate of shell/core solution of 0.05 mL/h, distance
between needle and receiver of 20 cm, and the receiving speed
of 140 r/min. The precursor micro/nano-fibers were firstly
dried in a vacuum drying oven at 100 °C for 12 h, then placed
in an intelligent temperature control box of resistance furnace,
heated to 600 °C at heating rate of 3 °C/min, calcined for 2 h,

and finally cooled to room temperature in the furnace.

The analytical pure TPU and the hollow porous Sn,,,Sm, -
Sb, 0, micro/nano-fibers were used as raw materials. The
addition content of Sn,,Sb,,Sm,,O, was Owt% , 3wt% ,
6wt%, and 9wt%. Sn,,,Sb, ,,Sm, .0, was added according to
the stoichiometrical ratio and dissolved in a mixed solution of
DMF-+tetrahydrofuran (THF) with the mass ratio of DMF:THF
=3:2. Firstly, the solution was ultrasonically dispersed for 30
min and then magnetically stirred for 6 h to prepare the
spinning precursor solution. The precursor solution was
transferred into a syringe with stainless steel needle for
electrostatic spinning. The spinning was conducted at room
temperature under voltage of 15 kV, spinning needle diameter
of 0.75 mm, distance between needle and receiver of 20 cm,
solution propulsion speed of 0.2 mL/h, and receiving speed of
140 r/min. The spun films were dried in a vacuum drying oven
at 50 °C for 6 h. The schematic diagram of preparation
process is shown in Fig.1.

Thermogravimetric analysis (TGA) was performed by
differential thermogravimetric analyzer (SDT-Q600, TA,
USA). The specimen phases were analyzed by polycrystalline
X-ray diffractometer (XRD, XD6, Purkinje, China). The
infrared spectrum analysis of the specimens was conducted by
Fourier transform infrared spectrometer (380, Nicolet, USA).
The specimen morphologies were characterized by field
emission scanning electron microscope (SEM, SU-8010,
HITACHI, Japan). The contact angle tests were conducted by
the contact angle tester (OCA40, Dataphysics, Germany). The
infrared emissivity of the specimens was tested by the IR-2
dual-band infrared emissivity tester (FT-IR, Chengbo, China).
The infrared thermal images of specimens were taken by
infrared thermal imager (120S, UTi, China). The mechanical
properties of the specimens were tested by universal testing
machine (5982, INSTRON, USA).

2 Results and Discussion

2.1 XRD analysis

Fig. 2 shows XRD patterns of specimens with different
Sn,,Sm, ,.Sb, ,,O, addition contents. It can be seen that the
specimens with different Sn,,,Sm, . Sb, O, addition contents
all have broad dispersion peaks at around 26=20°, indicating
that TPU is an amorphous substance. Besides, with increasing
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Fig.1 Schematic diagram of preparation process
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the addition content of Sn,,Sm,,Sb,,O, the diffraction
peaks of each specimen at (110), (101), (200), (211), and
(220) crystal planes become obvious and sharp. The intensity
of main diffraction peaks is arranged from the strongest to the
weakest as (110)>(101)>(211)>(200), which is consistent with
JCPDS41-1445  reference, indicating that the
Sn, ,Sm, ,,Sb, O, is rutile SnO,.
2.2 FT-IR analysis

In order to further clarify the phase structure of the

doped

specimens, FT-IR analysis was conducted on the 6wt%
Sn, ,Sb, xSm, ,;O,/TPU composite micro/nano-fiber film, as
shown in Fig.3. It can be seen that the absorption peaks appear
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Fig.3 FT-IR spectrum of 6wt% Sng,,Sb,,.Sm O,/TPU composite

micro/nano-fiber film

at 2943, 1411, and 713 cm™, which are caused by the tensile
vibration of C-H in TPU™"". The absorption peaks at 3350 cm™
can be attributed to the N-H groups in TPU™™, and those at
1717 and 1100—1280 cm™ are related to the C=0O and C-O-C
groups, respectively™’. Besides, the absorption peak of SnO,
can also be observed at around 610 cm™ ™, which belongs to
the E,TO vibration mode®. This is consistent with the XRD
analysis results.
2.3 SEM analysis

Fig. 4 shows SEM morphologies and fiber diameter
distributions of Sn,Sb, ,,Sm, ,;O,/TPU composite micro/nano-
fiber films. It can be seen that all specimens are fibrous, and
the fibers are interlaced with each other, forming a three-
dimensional network structure. The average fiber diameter of
all specimens is 300 — 400 nm, and the fiber diameter is
increased gradually with increasing the filler content. When
the Sn,,,Sb,,Sm, O, addition is Owt%, the fiber surface is
smooth and the fiber has good continuity. When the
Sn, ,Sb, :Sm, O, addition increases to 3wt% , the fiber
diameter is increased and its distribution becomes dispersed.
When the Sn,,Sb,,Sm, O, addition further increases to
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Fig.4 SEM morphologies (a—d) and fiber diameter distributions (e—h) of different Sn,,Sb, .Sm; O,/TPU composite micro/nano-fiber films:

(a, e) OWt%, (b, f) 3wt%, (c, g) 6Wt%, and (d, h) Iwt%
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6wt% , although a small number of specimen fibers are
broken, they are locally oriented and arranged and the fiber
diameter distribution is relatively uniform. When the
Sn, ,Sb, ;Sm, O, addition is 9wt% , the fiber continuity
decreases, some fibers are broken, and the fiber diameter
distribution is dispersed. The difference in fiber diameter
distribution and fiber continuity may be related to the effect of
different additive contents on the properties of spinning
solution.
2.4 TGA

Fig. 5 shows TGA curves of different Sn,,,Sb,,Sm, O,/
TPU composite micro/nano-fiber films. It can be seen that the
thermal decomposition of Sn,,,Sb, ,Sm,,O,/TPU composite
micro/nano-fiber film can be divided into four stages. The first
stage is from room temperature to 303 °C. At this stage, the
TGA curves are basically horizontal, and the mass loss is
slight, indicating that the specimens have a certain thermal
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stability from room temperature to 303 ° C. It can also be
observed that the thermal decomposition temperature of fiber
film is increased from 274 °C to 303 °C after Sn,y,Sb,
Sm,,,O, is added into the TPU film, indicating that the
introduction of Sn,,,Sb,,Sm, O, can improve the thermal
stability and thermal decomposition temperature of TPU. The
second stage is 303—380 °C, where obvious mass loss occurs.
The mass loss of all specimens is about 75%, which may be
caused by the decomposition of TPU hard segment, i.e., the
break of polyurethane bonds, thus generating diisocyanate and
diol and releasing carbon dioxide®™. The third stage is 380—
480 °C, where the mass loss rate slows down. This may be
caused by the decomposition of TPU soft segment, i.e., the
decomposition of polyols™. The fourth stage is 480—700 °C.
In this stage, the TGA curves are stable and horizontal, and
there are only a small amount of residue and Sn,,Sb .-
Sm, ,,O, in the thermal decomposition products. The mass of
calcined residue is increased with increasing the Sn, g, Sb, -
Sm, ,,O, filler content, and the residual proportion is basically
consistent with the addition proportion.
2.5 Hydrophobicity analysis

Fig. 6a shows the contact angles of different Sn,.,Sb, -
Sm, ,,O,/TPU composite micro/nano-fiber films. It can be
seen that the addition of Sn,,Sm,Sb, O, micro/nano-fiber
filler into the TPU film has a significant effect on the contact
angle of films. When the Sn,,,Sm, ,Sb, .0, addition increases
to 3wt%, the contact angle of TPU film increases from 106° to
114° . When the Sn,,Sm,Sb,,O, addition is 9wt% , the
contact angle of composite film is about 120°. Although the
contact angle of composite films is different from that of the
super hydrophobic material (150°), it is still much higher than
the contact angle required in hydrophobic standard (90°). The
appearances of contact angles of different composite films are

, E== I n

Fig.6 Contact angle results (a) and appearances of contact angles (b—e) of different Sn

(b) 0Wt%, (c) 3Wt%, (d) 6Wt%, and (e) Iwt%

Sb,

05450 0s5M, ;0,/TPU composite micro/nano-fiber films:
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shown in Fig. 6b—6e. The main reason for the increase in
contact angle is that the Sn,,,Sb,,Sm, O, micro/nano-fibers
have good hydrophobic performance, and the hydrophobic
micro/nano-fibers are evenly distributed in TPU matrix, which
increases the vapor/liquid interface between water droplets
and the film to a certain extent, reduces the surface energy of
composite film, and enhances the hydrophobic performance™.
2.6 Mechanical properties

Fig. 7a—7c show the stress-strain curves, tensile strength,
and elongation of different Sn,,Sb, ,,Sm,,O,/TPU composite
micro/nano-fiber films. It can be seen that when the
Sn, ., Sb, ,xSm, O, addition increases from 0wt% to 3wt%, the
tensile strength increases from 1.82 MPa to 4.95 MPa. The
tensile strength of 3wt% Sn,,Sb,,Sm,,,O,/TPU composite
micro/nano-fiber film is 2.72 times higher than that without
fillers. The elongation is increased from 69% to 161% with
increasing the Sng,,Sb,,Sm,,O0, addition from O0wt% to
3wt% . The elongation of 3wt% Sn,,Sb,,Sm,,O,/TPU
composite micro/nano-fiber film is 2.33 times higher than that
without fillers. The appearances of 3wt% Sn,,,Sb,,,Sm, ,,O,/
TPU composite micro/nano-fiber film before and after
stretching are shown in Fig. 7d, and 7d,, respectively. When
the Sn,,,Sb,,Sm, O, addition further increases to 6wt%, the
mechanical properties of the film are further improved. The
tensile strength and elongation are 2.68 MPa and 573%, which
are 1.5 and 8.3 times higher than those without fillers. The
appearances of 6wt% Sn,gSb,,.Sm,,,O,/TPU composite
micro/nano-fiber film before and after stretching are shown in
Fig. 7e, and 7e,, respectively. When the Sn,.Sb,,Sm, O,
addition is 9wt%, the tensile strength is reduced to 1.21 MPa

and the elongation is 230%, indicating that the tensile strength
is decreased but the elongation is increased with excess filler
addition, compared with those without filler. In general, the
tensile strength and elongation of the specimens are increased
firstly and then decreased with increasing the filler content.
This is because in the Sn,,Sb, ,Sm, ,O,/TPU composite fiber
films, a small amount of Sn,,Sb, ,,Sm, O, fills the defects of
TPU matrix. The fibers can maintain the good continuity and
smoothness with appropriate addition amount, as shown in
Fig.4b, so the mechanical properties of composite film can be
greatly improved. With excess addition of filler, the continuity
of fibers is decreased, some fibers begin to break, and the
surface smoothness is also decreased to a certain extent, as
shown in Fig.4d, which results in the reduction of mechanical
properties. When the filler content is 6wt% , the composite
micro/nano-fiber film has the highest elongation, which may
be related to the local orientation of fibers and the uniform
fiber diameter distribution. Compared with disordered fibers,
the oriented fibers with uniform diameters have stronger
tensile strength and larger fracture strain, which can
effectively improve the strength and plasticity of the
specimens’.
2.7 Infrared emissivity and thermal imaging analysis

Fig. 8 and Fig. 9 show infrared emissivity, morphologies,
and infrared thermal images of Sn,,Sb,,Sm,,O,/TPU com-
posite micro/nano-fiber films. Fig. 8a shows the infrared
emissivity of different SngSb,,Sm,,O,/TPU composite
micro/nano-fiber films. It can be seen that with increasing the
Sn, ,Sb, xSm, O, addition, the infrared emissivity of the
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Fig.7 Stress-strain curves (a), tensile strength (b), and elongation (c) of different Sn,
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Fig.9 Infrared thermal imaging images of Owt% (a), 3wt% (b), 6wt% (c), and 9wt% (d) Sn,,,Sm . Sb,O,/TPU composite micro/nano-fiber

films under different numbers of membrane layers

specimens at wavelength of 3—5 and 8—14 pm is decreased.
When the Sn,,Sb,,Sm, O, addition is 9wt% , the infrared
emissivity of specimens at wavelength of 3—5 and 8—14 pum is

0.576 and 0.652, respectively. The reasons for the decrease in
infrared emissivity are as follows. First of all, the
microstructure of composite micro/nano-fiber film presents a
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fibrous three-dimensional network, and the Sn,,,Sm,,Sb, O,
filler with low emissivity is distributed among the fibers, thus
forming a conductive network. Secondly, the Sn,,Sm, ,Sb, .-
O, filler is composed of porous hollow fiber, which can
effectively reduce the infrared emissivity. This is the main
mechanism of infrared emissivity loss of composite film. The
dual infrared emissivity regulation mechanism can also
effectively reduce the infrared emissivity of specimens. SEM
images of composite micro/nano-fiber films and fillers are
shown in Fig.8b.

In order to further characterize the stealth
performance of Sn,,Sm,,Sb,,O,/TPU composite micro/
nano-fiber films, the infrared thermal imaging images of

infrared

different specimens under different numbers of membrane
layers were recorded, as shown in Fig.9. It can be seen that the
infrared stealth performance is improved with increasing the
Sn,,,Sm, . Sb, ,,O, filler content. In addition, with increasing
the number of layers of the composite film, the infrared stealth
performance is also enhanced. When the filler content is 6wt%
and 9wt% , the good stealth
performance. The thickness of four layers of composite fiber
film is 0.18—0.19 mm, which is still an ultra-thin thickness,
thus showing good infrared stealth performance with a broad
application prospect.

specimen has infrared

3 Conclusions

1) The Sny 5, Smy 4 Sby 50,/
thermoplastic polyurethane (TPU) composite micro/nano-
fiber films is a fibrous three-dimensional network, and the
fiber continuity is decreased with increasing the filler
content.

2) The addition of Sn,,Sm,,Sb,,O, filler increases the
thermal decomposition temperature of TPU film from 274 °C

microstructure  of  the

to 303 °C, decreases the surface energy of TPU film, and
increases the contact angle to 120° , indicating that the
composite fiber film has good thermal stability and
hydrophobicity.

3) Appropriate addition of Sn,,Sm, ,Sb, O, filler can fill
the defects in TPU film and enhance the mechanical
properties. When the filler content increases from Owt% to
3wt% , the tensile strength of the composite film increases
from 1.82 MPa to 4.95 MPa, and the elongation increases
from 69% to 161%. When the filler content is 6wt% , the
tensile strength and elongation of the composite film is 2.68
MPa and 573%, which are 1.5 and 8.3 times higher than those
without filler addition, respectively.

4) The addition of Sn,,,Sm,,Sb, O, filler improves the
infrared stealth performance of composite film. When the
addition amount is 9wt% , the infrared emissivity of the
composite film at wavelength of 3—5 and §8—14 pum is 0.576
and 0.652, respectively. With increasing the filler content and
the number of film layers, the infrared stealth performance of
the composite micro/nano-fiber film is enhanced. This
research provides a certain experimental basis for the
development of high-temperature-resistant, lightweight, and
easily-prepared multifunctional infrared stealth film.
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