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Abstract
At present, infrared stealth materials for advanced detection and stealth
technology is usually prepared with low emissivity coating on the surface, but there
are very few efficient infrared stealth materials based on textiles with lightweight and
flexible features. In this paper, we designed a carbon nanotube-doped aerogel (CNTAs)
sandwich structure on polyimide (PI) fabric by hot pressing and then coated with a
low emissivity Al-doped ZnO (ZAO) on the outer surface. The surface emissivity
lower than 0.5 due to the existence of ZAO and the thermal conductivity of the
intermediate interlayer aerogels as low as 0.013 W/(m•K). Additionally, through
experiments, theoretical derivation and simulation analysis, we found the resultant
composite demonstrated a high infrared stealth performance with super insulation
effect, implying it will have a fine prospect in infrared stealth and thermal insulation
protection fields with its unique structure and excellent properties.

Keywords: Infrared Stealth; Thermal Insulation; Carbon Nanotube-doped Aerogel;
Al-doped ZnO; Sandwich Structure; Polyimide Fabric.
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1 Introduction
With the rapid development of infrared (IR) detection systems and the
improvement of detection accuracy, the security and survival of military equipment
and facilities have been seriously threatened [1-3]. Therefore, IR stealth provides a
guarantee for the survival of soldiers and weapons, and plays an extremely important
role in the battlefield [4, 5]. However, all objects above absolute zero will emit IR
radiation [6], and IR detection just relies on the difference in IR radiation between the
target and the background to detect the target [1]. Needless to say, soldiers and
weapons often have higher temperatures than their environment, especially at night,
as they will exhibit high brightness on an infrared thermal imaging in contrast with
the background[6]. According to Stefan-Boltzmann's law[7], there are two main
methods to reduce the infrared radiation of the target: one is to reduce the emissivity
of the target surface; the other is to control the temperature of the target surface.
Therefore, take these two factors into account; the key to stealth technique is to
prepare a functional composite with isolate heat structure inside combining with low
surface emissivity outside.
This functional composite can not only used in infrared stealth fields, but also in
high-temperature environments such as steelmaking, ironmaking, and firefighting
when based on textiles as it has a good heat isolation function with flexible and
lightweight features[8]. This composite can also be used in the energy-saving fields
like building upholstery [8, 9]. Therefore, the development of infrared stealth material
based on textiles with excellent thermal insulation properties is great significance,
while fire retardancy, resilience and flexibility are also demanded in practical use [8,
10].
Typical insulation materials, including wool, Styrofoam, and cork, usually
exhibit near air thermal conductivity (0.03 W/(m•K)), which is essentially isotropic
and not ideal for effective thermal management [11]. It is reported that the thermal
conductivity of the insulating material prepared by silica aerogel is very low, which is
about 0.013 W/(m•K) [8, 12]. In addition to good thermal insulation properties, the
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Al-doped ZnO (ZAO) has an infrared emissivity as low as 0.5. This is because ZnO is
a kind of semiconductor filler, but due to the gap of ZnO itself, the vacancies of Zn2+
and oxygen result in higher resistivity and narrow band gap, therefore pure ZnO has
weak infrared stealth performance [13]. When doped with the aluminum element can
increase the free carrier concentration, so that the infrared light region is strongly
absorbed and reflected, and the electrical conductivity and optical properties are
improved [14]. Furthermore, ZAO has high reflectivity in the infrared band (about
1,000-10,000 nm). It can reflect a large amount of thermal radiation energy when
applied to coatings. For example, Li Gong et al.[15] prepared a ZAO film by pulsed
laser deposition with low transmittance (<15% at 1,500 nm) and high reflectance (<50%
at 2,000 nm) in the near-infrared region.
The form of fillers and the structure of composite materials are both vital to the
thermal insulating effect. For example, Faheem Ahmad et al. [16] synthesized a novel
composite of aerogel with polyester nonwoven fabric by a sol-gel method. The
thermal diffusivity of the composite of aerogel was significantly lower than that of the
pure polyester nonwoven material. Chang-Yeoul Kim et al. [17] prepared the glass
fiber doped aerogels composite by using glass fiber as reinforcing phase through
surface modification. However, as a material with the high porosity and porous
network structure, aerogel prone to break easily and even collapse, how to improve its
mechanical properties is still a challenge. Aiming this, we choose carbon nanotubes
(CNTs), which has the highest elastic modulus of known materials and their diameters
are about several nanometers to dozens of nanometers, which is equivalent to the
aerogel microstructure size, so they can be used to enhance the mechanical properties
of aerogels. At present, the preparation of infrared stealth materials is usually coated
with metal particles on the surface, and there are few high-efficiency and lightweight
infrared stealth materials based on textiles [18]. To our knowledge, there are no
reports on the design of structures with super thermal insulation inside joined with
low surface emissivity outside. In addition, the relation of infrared stealth
performance with the structured design is not fully understood by previous literatures.
Hence, we proposed to investigate the mechanism by theoretical derivations and
3

simulations.
In this paper, a carbon nanotube-doped aerogel (CNTAs) with sandwich structure
was hot pressed on polyimide (PI) fabric, and then coated a low emissivity Al-doped
ZnO (ZAO) on the outer surface. The preparing process of multilayer sandwich
fabric-based composite material (ZAO/CNTAs/PI fabric) was illustrated in Fig. 1. The
composites we prepared have high infrared stealth performance, super thermal
insulation effects and excellent flame-retardant properties. We believe it will make
them useful in many fields.

Fig. 1 The process of the preparation of multilayer sandwich fabric-based composite material
(ZAO/CNTAs/PI fabric).

2 Experimental section
2.1 Materials
In the study, the PI fabric is purchased from Jiangsu Aoshen Hi-tech Materials
Co. Carbon nanotubes (CNTs) were purchased from Sinopharm Chemical Reagent
Co., Ltd. Ethylsilicate (TEOS) purchased from Shanghai Maclean Biochemical
Technology Co., Ltd. Hydrochloric acid and ammonia water purchased from
Shanghai Ling Feng chemical reagents Co., Ltd., diffusing agent purchased from
Deqian (Shanghai, China) Chemical Co., Ltd., anhydrous alcohol purchased from
Shanghai and Chemical Co., Ltd., thickener CN-WW purchased from Guangzhou
4

Cheng Na Chemical Co., Ltd., Zinc nitrate, aluminum nitrate, resin binder and
polyethylene glycol-1540 were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China) without further purification, and the polyethylene glycol 1540
was chemical pure. The rest of the drugs were all analytically pure and no further
purification were needed in the use process. All chemicals were analytic grade
reagents and used without further purification.
2.2 Preparation of carbon nanotube aerogel
Ethylsilicate (TEOS), ethanol and deionized water were mixed at a molar ratio of
1:5:4 and stirred uniformly. Dilute hydrochloric acid was used to adjust the pH value
of the solution to 3~4, stirring 30min, and let stand for 24 h. After the hydrolysis
reaction was sufficient, an appropriate amount of dilute ammonia water was slowly
added to adjust the pH to 6~7. At the same time, a small amount of carbon nanotubes
was added to the solution. After stirring for 10 min, it was poured into a plastic
container and allowed to stand and sealed until the sol was converted into a SiO2
alcohol gel.
In order to further enhance the network skeleton structure, the alcohol gel was
immersed in ethanol solution containing tetraethyl silicate for aging. After aging, the
gel was replaced by a solvent with a lower surface tension. Then the hydroxyl
alkylation on the surface of the gel was carried out with a surface modifier.
Subsequently, n-hexane was replaced to remove the modified reactants and moisture
remaining in the gel. Finally, the wet gel was dried at atmospheric pressure for 12
hours, and then the hydrophobic carbon nanotube aerogels were obtained. The process
of the preparation of CNTAs was depicted in Fig. 2. The aerogel was prepared as
following reaction (1)-(3) [19, 20]:
(1)
(2)
(3)
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Fig. 2 The process of the preparation of carbon nanotube-doped aerogel (CNTAs).

2.3 Preparation of ZAO
The Zn(NO3)2 solution and the Al(NO3)3 solution were mixed and placed in a
beaker, stirred and polyethylene glycol-1540 was added. Aqueous ammonia solution
was added dropwise to the beaker to obtain a white precipitate, which was
continuously added until the pH of the solution was 8 to 9. After dispersing, it was
allowed to stand, and it was centrifuged and dried for 12 hours. Finally, calcined in a
muffle furnace, the Al-doped ZnO (ZAO) powder is obtained. The ZAO was prepared
as following reaction (4)-(5) [21, 22]:
(4)
(5)
2.4 Preparation of sandwich fabric-based composite material
The CNTAs obtained in step 2.3 is added to adhesive and the weight fraction of
each component is: solvent (deionized water) is 60%, carbon nanotube aerogel is 15%,
adhesive is 15 %, thickener is 5%, dispersant is 5%, mixing, stirring evenly, coated on
PI fabric, hot pressed at 180 ℃ for 120 s, and obtained CNTAs/PI fabric.
The ZAO obtained in step 2.4 is added to adhesive, and the weight fraction of
each component is: solvent (deionized water) is 70%, ZAO is 10%, adhesive is 10%,
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and thickener is 5%, dispersing agent is 5%, mixing and stirring evenly, coated on
CNTAs/PI fabric, drying and baking to obtain a sandwich fabric-based composite
material (ZAO/CNTAs/PI fabric).
2.5 Characterizations
Scanning Electron Microscopy (SEM) was carried out on a TM-1000 scanning
microscope (Hitachi, Japan) with a thin layer of gold film spraying on the surface of
the samples to determine the morphology of samples at a microscale. The surface
morphologies of the ZAO and CNTAs were observed by transmission electron
microscopy (TEM, JEM-2100, Japan). The crystal structures of samples were
recorded using X-ray diffraction (XRD, D/Max-2550, Japan) at room temperature
with 2θ ranges from 5° to 90°, and were further confirmed by high-resolution TEM
(JEM-2100, Japan) Thermogravimetric (TG) analysis was performed in 204 F1
analyzer (Netzsch, Germany) at the heating rate of 20 ℃/min and the temperature has
ranged from 25 to 880 ℃. Thermal infrared imaging device (KREVOR FLIR ONE3,
FLIR Systems, Inc., USA) was utilized to test infrared radiation intensity of coating
PI fabric. The samples were heated at 60 ℃ for 20 seconds. (The infrared stealth
properties of fabrics can be distinguished in a short time under high temperature.) The
temperature differences on the surface of the samples were measured by a
thermocouple thermometer. The limiting oxygen index (LOI) values of samples were
measured according to an international standard ASTM D2863-2000 with FAA digital
oxygen index apparatus (ATSFAAR, Italy). The thermal conductivity W/(m•K) of the
PI fabric and CNTAs was measured using the DRL-III Thermal Conductivity
Instrument. Ansys (Ansys, Inc. Canonsburg, Pennsylvania, USA) develops finite
element analysis software for simulating engineering problems. In this paper, Ansys
Workbench software is used for thermodynamic analysis. Typically, Ansys users break
down larger structures into small components that are each modeled and tested
separately. We start by defining the dimensions of the object and then increasing the
thermal conductivity, temperature and other physical properties of the material.
Finally, Ansys software simulates and analyzes the temperature distribution of the
sample.
7

3 Results and discussion
3.1 Morphology of PI fabric, ZAO and CNTAs

Fig. 3 Morphology of PI fabric, ZAO and CNTAs: (a) SEM image of PI fabric; (b)
high-resolution TEM (HRTEM) image of ZAO; (c) fast Fourier trans-form (FFT) image of
ZAO; (d) and (e) TEM image of CNTAs.

The original PI fabric has a smooth surface and a cylindrical shape with a fiber
diameter of 10-15 μm from the scanning electron microscopy (SEM) images (Fig.
(a)). Transmission electron microscopy (TEM) was performed to investigate the
detailed structural features of the prepared ZAO and CNTAs, as shown in Fig.
3((b)-(e)). The distinct lattice fringes of 0.246 nm and 0.162 nm in Fig. 3(b)
correspond to the (101) planes and the (110) planes of ZAO, respectively. The TEM
results are consistent with the crystal orientation observed by the XRD patterns. Fig.
3(c) is a fast Fourier trans-form (FFT) image, and the (101) and (110) planes are
confirmed in the corresponding FFT image in Fig. 3(b). It can be seen from Fig. 3 (d)
that the CNTAs have a porous structure, leading to a high specific surface area. In the
8

Fig. 3(e), tubular CNTs can be seen embedded in the aerogel (marked with red circles
in Fig. 3 (e)). Doping a small amount of CNTs can enhance the strength of the
aerogels. When subjected to external forces, they are not easy to crush, and the
thermal performance of the aerogel is not affected.
3.2 Thermogravimetric (TG) differential thermogravimetric (DTG) analysis

Fig. 4 The thermogravimetric (TG) and differential thermogravimetric (DTG) analysis
curves.

The thermal stability at different temperatures is an important parameter.
Thermogravimetric (TG) and differential thermogravimetric (DTG) analysis are
carried out in nitrogen to investigate thermal stability of PI, CNTAs and ZAO, as
shown in Fig. 4. It can be seen from the Fig. 4 that there is almost no loss in the
quality of the ZAO and the mass loss rate is almost zero from 0 ℃ to 900 ℃. This
indicates that the synthesized ZAO is very pure and does not decompose at high
temperatures. It exhibits very good thermal stability and has very good
high-temperature resistance. As can be seen from the Fig. 4, due to de-intercalation of
water absorbed in the CNTAs, it displays a slight mass loss below 100 ℃. The CNTAs
exhibits a weight loss of about 16.8% at 100 ℃~900 ℃ due to degradation of the -OH
group and the CNTs, exhibiting excellent thermal stability up to 900 ℃. Fig. 4 shows
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the weight loss of PI against temperatures and the rate of weight loss as a function of
temperature. As shown, PI left 53.8% char at 900 ℃, these chars act as physical
barrier and reduce the decomposition rate at higher temperatures. T10% and Tmax,
which are defined as the temperatures for the first 10% weight loss and the fastest
weight loss, respectively. T10% =206.56 ℃, Tmax =606.56 ℃, compared with ordinary
fabrics such as PI and wool, PI fabrics have high decomposition temperature and
strong thermal stability. Therefore, the sandwich fabric-based composite material
prepared by ZAO, CNTAs, and PI with strong thermal stability and flame retardancy
can successfully avoid combustion.
3.3 XRD analysis

Fig. 5 XRD patterns of (a) ZAO and (b) CNTAs.
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The XRD spectrum of ZAO has no diffraction peak of Al2O3 (Fig. 5(a)), which
means that the Al element is not mixed in the ZnO crystal in a separate form, but
replaces some Zn atoms in ZnO lattice by doping or occupies the voids in ZnO lattice
[23]. Because the radius of the Al3+ (RAl = 0.053 nm) is smaller than the radius of the
Zn2+ (RZn = 0.072 nm), and the aluminum ion easily replaces the position of the zinc
ion, forming oxygen vacancies and interstitial atoms and ZAO solid solution (Fig. 6).

Fig. 6 The crystalline structure changes from ZnO to ZAO.

It can be seen from the Fig. 5(a) that the position of the main peak is still
consistent with the zinc oxide standard diffraction card JCPD36-1451, indicating that
all products are ZnO, belonging to the hexagonal system [23-25], in the figure 2θ =
31.94°, 34.60°, 36.44°, 47.70°, 56.74°, 63.00°, 66.55°, 68.03°, 69.20° corresponds to
the (100), (002), (102), (101), (102), (110), (103), (200), (112), (201) diffraction
planes of zinc oxide, and the diffraction peak shape is sharp and the diffraction
intensity is high, demonstrating that the good crystallinity.
The Fig. 5(b) is an X-ray diffraction spectrum of a CNTAs sample. It can be seen
from the figure that there is a diffuse diffraction peak in the range of 2θ = 0~90°,
indicating that the CNTAs has a typical amorphous structure at room temperature, that
is amorphous silica.
3.4 Thermodynamics analysis
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Fig. 7 Thermal conductivity of CNTAs, PI fabric, air and common fabrics.

Compared with ordinary commercial fabrics [26], PI has the lowest thermal
conductivity, so it has good thermal insulation properties. At room temperature and
low relative humidity, the thermal conductivity of CNTAs was measured to be 0.13
W/(m•K) (Fig. 7), which is clearly lower than most commercial insulating thermal
materials and air. Because its solids are composed of tiny three-dimensional network
structures which connected to each other, the heat transfer through the solid phase will
undergo complex tortuous passages, leading to good insulation effect. Similarly, since
the mean free path of gas molecule motion is larger than the pore size of the aerogel,
gas phase heat transfer is also greatly restricted. The total thermal conductivity of the
CNTAs are: convective thermal conductivity, conducted thermal conductivity and
thermal radiation. Thermal conductivity conduction contributions include gas
conduction (λgas) and solid conduction (λs). Due to the low mass fraction and large
surface area of aerogels, thermal radiation is also greatly limited. When the pore size
of the material under normal pressure is smaller, the heat conduction caused by
convection is negligible, so the heat conduction in the aerogel does not consider the
influence of convective heat transfer. Due to the low temperature, the radiation
contribution of CNTAs is negligible.
Solid phase conduction thermal conductivity[27, 28]:

s    v 

s
 s  vs

(6)

where ρ is the apparent density of CNTAs (kg/m3), measured value is 3.0 kg/m3;
ρs is the skeletal density (kg/m3) = 50~150 kg/m3; v' is the apparent density of CNAs
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corresponding sound velocity (m/s); vs is the CNAs skeleton density corresponding to
the speed of sound (m/s); λ is the thermal conductivity of the base material (W/(m•K)),
it is reported that the thermal conductivity of the base material is 1.34 W/(m•K) [27].
J. Fricke et al.[29, 30] give the relationship between aerogel thermal conductivity
and density. The relationship between the aerogel solid phase thermal conductivity
and its skeleton density is satisfied:

s  C  s

(7)

where C is a constant and α is an index, ≈1.6.
The relationship between sound speed is [29, 30]:

 
v  k   
 s 

0.88

 vs

(8)

In the above relationship, for the aerogel, k' = 0.39.
The tortuous complex solid-phase three-dimensional network structure can
increase the heat transfer path in solid-phase heat conduction, which will result in low
thermal conductivity. Granular aerogels have very low solid phase conduction due to
the small amount of contact between the particles.
The CNTAs achieves its low thermal conductivity by utilizing the Knudsen
effect without applying a vacuum in the pores. The gas thermal conductivity λgas
considering the Knudsen effect can be written in a simplified way as [12, 31, 32]:

gas 

gas ,0
gas ,0

1  2  Kn 1  2  kbT  d 2 p 

(9)

where
Kn 

 mean
kbT


2 d 2 p

(10)

where λgas = gas thermal conductivity in the pores (W/(m•K)), λgas,0 = gas
thermal conductivity in the pores at standard temperature and pressure (W/(m•K)), β=
coefficient characterizing the molecule-wall collision energy transfer efficiency
(between 1.5 and 2.0), kb = Boltzmann’s constant ≈ 1.38 × 10-23 J/K, T = temperature
(K), d = gas molecule collision diameter (m), p = gas pressure in pores (Pa), δ =
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characteristic pore diameter (m), σmean = mean free path of gas molecules (m).
According to the formula (6) and (9), the total thermal conductivity can be
obtained the formula (11):

    v 

gas ,0
s

 s  vs 1  2   kbT  d 2 p 

 
Let v  k   
 s 


0.88

 vs

gas ,0

1.88

  
  0.39s  
 s 

(11)

1  2   kbT  d 2 p 

(12)

(13)

According to the above formula (13), the effective thermal conductivity is
estimated to be 0.05037 W/(m•K) and the simplified model conforms to the actual
measured value. However, there is still an error between the simulated value and the
measured value due to changes in density, temperature and humidity.
3.5 Flame retardant properties

Fig. 8 The LOI value of PI fabric, ZAO/PI fabric, CNTAs/PI fabric, and ZAO/CNTAs/PI fabric.

According to international standards (ASTM-D2863-2000), the limiting oxygen
index (LOI) value refers to the volume fraction of oxygen in a mixed gas of oxygen
and nitrogen that can maintain 1 cm of combustion. It is an index that characterizes
the burning behavior of materials and is used to evaluate the flame retardancy of
materials. The flame retardancy of the samples was evaluated by measuring the LOI
values of PI fabric, ZAO/PI fabric, CNTAs/PI fabric, and ZAO/CNTAs/PI fabric,
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sample size was 150 mm × 50 mm, and each set of samples was tested five times.
Mostly, the higher the LOI value, the higher the flame retardancy of the substrate and
the quantitative display of any change in the plasticity of the sample. As shown in the
Fig. 8, the LOI values of PI fabric, ZAO/PI fabric, CNTAs/PI fabric, and
ZAO/CNTAs/PI fabric were: 26.6%, 27.5%, 27.6%, 29.7%, respectively. The
synergistic effect of ZAO and CNTAs effectively improve the flame retardant
properties of PI fabric. This is may be due to the increased char yields as indicated by
the TG results in Fig. 8. They can act as an effective barrier to heat, hindering the
transfer of heat and fuel, and preventing the combustion. All in all, the material with
this sandwich structure can successfully improve the flame retardancy of PI fabric.
3.6 Infrared stealth and thermal insulation simulation
Thermal analysis follows the first law of thermodynamics, the law of
conservation of energy, for a closed system (no inflow or outflow of mass):

Q  W  U  KE  PE

(14)

Where: Q is heat; W is work; ΔU is system internal energy; ΔKE is system
kinetic energy; ΔPE is system potential energy;
For most engineering heat transfer problems:
KE =PE =0

(15)

Usually consider not doing work: W  0 , then:

Q  U

(16)

For steady-state thermal analysis: Q  U  0 , the heat that flows into
the system is equal to the heat that flows out;
If the net heat flow rate of the system is zero, that is, the heat flowing
into the system plus the heat generated by the system itself is equal to the heat
flowing out of the system:

qinflow  qgeneration  qout  0

(17)

the system is in a hot steady state. The temperature of any node in the
steady state thermal analysis does not change with time. The energy balance
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equation for steady-state thermal analysis is (in matrix form):

 KT  Q

(18)

where  K  is the conduction matrix, including thermal conductivity,
convection coefficient and radiance and shape factor; T  is the node
temperature vector;

Q

is the node heat flow rate vector, including heat

generation; ANSYS uses model geometric parameters, material thermal
performance parameters and applied boundaries conditions to generate  K  ,

T  and

Q .

According to the structural characteristics of the sandwich fabric-based
composite material, the geometric model of the multi-layer fabric system was
established, and the thermal conductivity of the multilayer fabric system was
numerically simulated by selecting the steady-state heat conduction calculation
model.
According to the law of conservation of energy, the energy equation between
multilayer fabrics is as follows:

  c  Tt  x  T Tx   qx
p

(19)

where ρ is the density of the fabric (kg/m3); cp is the specific heat capacity of the
fabric (J/(kg•K)); λ is the thermal conductivity of the fabric (W/(m•K)); t is the time
(s); x is the position of any point of the fabric in the x-axis direction; q is the heat
absorbed by the fabric (W/m2).
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Fig. 9 ANSYS Workbench software simulates the temperature distribution of the sandwich
fabric-based composite material after heating 60 ℃ for 20 s.

The steps are as follows: (1) Steady-state thermal (ANSYS); (2) Setting the
thermal performance parameters of various materials in the Engineering Data project,
mainly the thermal conductivity, density and specific heat capacity of the material; (3)
Establish geometric modeling of multi-layer fabrics in the Geometry project; (4) Enter
the Mechanical analysis environment in the Setup project to define the corresponding
materials for the geometric model established in the Geometry module; (5) Meshing
in the Mesh module. (6) Applying a boundary condition to apply a temperature load
on one side of the sandwich fabric-based composite material; (7) Set the required
solution results, including the overall temperature field distribution cloud map of the
multi-layer fabric, and the overall heat flux density distribution cloud map; (8) Save
the solution result, perform post-processing, and so on [33].
The simulation results are shown in the Fig. 9((a)-(h)), and the overall
temperature field distribution of the sandwich fabric-based composite material in 20s
is captured. The Fig. 9 shows that the thermal conductivity is very slow due to the
influence of the insulation. When a temperature load is applied on one side, the
temperature on the other side has little effect (marked with black and red circles in Fig.
9 (h): (1) and (2) respectively).
The radiation intensity of the target is proportional to the radiation flux density
of the target. According to the Tiffin-Boltzmann law, the radiation capacity of the
target depends on the temperature of the target and the emissivity of the target. ZAO
with low emissivity can reduce the surface emissivity of sandwich fabric-based
composite material to 0.5. For imaging detection, which mainly detects the
background and the thermal radiation energy emitted by the target, and compares the
difference between the two radiant energy to identify the target. The contrast of the
recognition is as follows [34]:

G =

E0  EB
EB

(20)

where ΔG is the contrast, E0 is the target radiant energy density, EB background
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radiant energy density.
The maximum distance Rmax that the infrared detection system can detect is:

Rmax 

J  a   Vn
2  NA  D Vs    f

(21)

where J is the target radiation intensity; τa is the atmospheric transmittance; NA
is the numerical aperture of the optical system; D* is the detector's detection rate; ω is
the instantaneous field of view; ΔF is the system bandwidth; Vn is the noise level; Vs
is the signal level.
It can be seen from the formula (21) that one of the main purposes of infrared
stealth is to reduce the infrared radiation characteristic (J) of the target, so that its
detectable distance can be reduced. The radiation intensity of the target is proportional
to the radiation emission of the target.

Fig.10 The IR thermal images of (a) PI fabric, (b) ZAO/PI fabric, (c) CNTAs/PI fabric, and (d)
ZAO/CNTAs/PI fabric.

IR thermal images of PI fabric, ZAO/PI fabric, CNTAs/PI fabric, and
ZAO/CNTAs/PI fabric heated under a heat source by an infrared thermal imager. As
shown in the Fig. 10((a)-(c)), the PI fabric has a large infrared radiation intensity
under the heat source, while the ZAO/PI fabric and CNTAs/PI fabric are slowly raised
under heating. However, the infrared radiation intensity of ZAO/CNTAs/PI fabric is
very small and the temperature difference with the environment is also subtle when
18

heated under the heat source (Fig. 10(d)). Therefore, the sandwich fabric-based
composite material produced in this paper can effectively lower the target radiation
intensity and reduces the probability of being detected by the infrared detector.

Fig. 11 A simple device for testing the temperature change of samples under sunlight.

In order to test the temperature change of the samples under direct sunlight, the
samples were heated to 30 ℃. As shown in the Fig. 11, the self-made open
insulation-can places the sample in the opening and is exposed to the direct sunlight.
(The outdoor humidity is 37%, located in Shanghai, China, the weather is clear.) Test
the temperature rise of the samples in direct sunlight for 120 s. As shown in the Fig.
12, the environment temperature is 42±1 ℃, a very high outdoor temperature. The PI
fabric heating rate is very fast and rises to 41 ℃ within 60 s. The heating rate of PI
ZAO/PI fabric and CNTAs/PI fabric are slower. While the heating rate of the
sandwich fabric base composites was significantly slowly raised and the surface
temperature was 41 ℃ after 120 s. This indicates that the as-prepared ZAO/CNTAs/PI
fabric has obvious heat insulation effect, and making it a good candidate in outdoor
infrared stealth and thermal protection fields.
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Fig. 12 The temperature change curves of the samples under direct sunlight in 120s.

4 Conclusions
At present, infrared stealth materials for advanced detection and stealth
technology are imporant in many fields. A CNTs-doped aerogel was firstly hot
pressed on the surface of PI fabric, and then coated low-emissivity ZAO on the outer
surface. The surface emissivity of the resutlant composite is less than 0.5, and the
thermal conductivity of the intermediate layer aerogel is as low as 0.013 W/(m•K).
Through experiments, theoretical derivation and simulation, the results demonstrated
that it had high-performance infrared stealth and super insulation effect. Therefore,
the as-prepared functional material based on PI fabric can be used as a potential
military textile material for infrared camouflage outfits and thermal protection for
people working under high temperature and so on.
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Fig. 1 The process of the preparation of multilayer sandwich fabric-based composite material
(ZAO/CNTAs/PI fabric).
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Fig. 2 The process of the preparation of carbon nanotube-doped aerogel (CNTAs).
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Fig. 3 Morphology of PI fabric, ZAO and CNTAs: (a) SEM image of PI fabric; (b)
high-resolution TEM (HRTEM) image of ZAO; (c) fast Fourier trans-form (FFT) image of ZAO;
(d) and (e) TEM image of CNTAs.
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Fig. 4 The thermogravimetric (TG) and diﬀ erential thermogravimetric (DTG) analysis
curves.
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Fig. 5 XRD patterns of (a) ZAO and (b) CNTAs.
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Fig. 6 The crystalline structure changes from ZnO to ZAO.

28

Fig. 7 Thermal conductivity of CNTAs, PI fabric, air and common fabrics.
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Fig. 8 The LOI value of PI fabric, ZAO/PI fabric, CNTAs/PI fabric, and ZAO/CNTAs/PI fabric.

30

Fig. 9 ANSYS Workbench software simulates the temperature distribution of the sandwich
fabric-based composite material after heating 60 ℃ for 20 s.
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Fig.10 The IR thermal images of (a) PI fabric, (b) ZAO/PI fabric, (c) CNTAs/PI fabric, and (d)
ZAO/CNTAs/PI fabric.
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Fig. 11 A simple device for testing the temperature change of samples under sunlight.

33

Fig. 12 The temperature change curves of the samples under direct sunlight in 120s.
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