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a b s t r a c t

The high temperature infrared stealth glassfiber reinforced polymer composite based on silver particles
modified carbon nanotube paper (SMCNP) material is fabricated successfully by a facile method, which
possesses thin, lightweight, broad wavelength band and low infrared emissivity features. The conduc-
tivity increases 673% after being modified by small amount silver particles retaining the original me-
chanical property. Infrared emissivity decreases more than 38.9e55.7% from 0.85 to 0.65 in 3e5 mm and
0.45 to 0.2 in 8e14 mm, respectively. The specific radiant energy decreases by 43.2% in full wavelength
after modified and the radiant power maximally reduce 72.5%. Above all, compare with the as-prepared
CNP, the SMCNP broaden the absorption wavelength of the infrared spectra, especially in the range of 3
e5 mm indicating the silver particles have significant contribution to increase the property. Considering
the engineering application, this modified material was integrated with engineering matrix material,
using glassfiber prepreg as an example, and still showed excellent energy saving results. Therefore, the
SMCNP is a progressive candidate for infrared stealth application.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Infrared stealth is an indispensable technique in the modern
detection industry and it has become a major focus with increasing
demands for advanced detection and stealth technology. Generally,
objects were exposed easily under the infrared detectors due to the
high emissivity. In order to achieve infrared stealth camouflage, the
infrared emissivity intensity discrepancy between the background
and target object should be close enough that it is negligible for
detection [1]. Nevertheless, the radiation intensity of most objects
is higher than the background. The objects were invisible to
infrared detectors under the protection of materials with low
emissivity. Therefore, variousmaterials with low emissivity, such as
conductive polymeric materials [2], metallic powder composite
[3,4], inorganic/organic composite [5] and semi-conductive mate-
rials [6], and manufacture processes have been reported in many
literature. However, metallic powder was easily exposed to visible
light due to the reflection of the metallic feature and was easy to be
oxidized in long-term use, which leads to decrease the infrared
stealth performance. Above all, the metallic film easily increases
the total weight of the materials which is the most important
problem in aerospace vehicles. Moreover, the conductive polymer
and inorganic/organic composite coating were limited due to the
poor infrared stealth performance, mechanical property and the
complex binder manufacturing process [7]. Instead, advanced
infrared stealth materials are required to be lightweight, thin and
possess a broad wavelength band [8e10]. As the fiber reinforced
polymer composite (FRP) developed gradually, the use of the FRP
composite has significance in the modern aircrafts. Due to the FRP
composites are manufactured by hot pressing or resin transfer
molding (RTM), the metallic additive composite and inorganic/
organic coating are different to achieve by integrally forming. In
addition, metallic additive has a bad interface compatibility with
the resin of FRP composite. Therefore, the typical infrared stealth
methods, low-emissivity coating, metallic film and conductivity
polymer, are not suitable for FRP composite. In this study, a silver
particle modified carbon nanotube paper (SMCNP) infrared stealth
material with lightweight, thin and broad wavelength band prop-
erties was proposed, which can be fabricated in an integral
manufacture forming process.
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Scheme 1. The photolytic equation of the silver nitrate exposed in light.
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Carbon nanotube (CNT) remains one of the most attractive and
well-studied materials systems in the scientific community due to
its amazing variety and versatility in combine with easy prepara-
tion, availability, and wide ranging properties such as the infrared
stealth [11e13], thermal [14], electronic [15,16], mechanical
[17e19], optical properties [20e22] based on its structure,
morphology and modified strategies. In most recent years, the
study of carbon CNP has expanded into many areas from sensor
[23], electronic devices [24], electrochemical batteries [25,26], su-
per capacitors [27], flexible electronic [28], deicing composite [29]
to energy harvester [30]. CNP is a porous assembly of CNTs, usually
fabricated by filtration from their dispersion in a solvent [31e33],
CNT forest [31,34] and the floating catalyst chemical vapor depo-
sition. Moreover, due to the high electrical conductivity, thermal
conductivity and mobility [35], CNP has been extensively used for
sensing, photovoltaic and storage application.

CNT has been used as an additive in the infrared stealth coating
materials [11e13,36e40]. In this paper, an integral manufacture
forming process of an ultra-low infrared emissivity material of
SMCNP/glassfiber reinforced polymer (GFRP) composite for
infrared stealth was developed successfully. To broaden and in-
crease the absorption of the infrared wavelength band, a little
amount guest material, silver nano-particles, was introduced to the
hosted CNP which was achieved by absorbing silver nitrate
aqueous. The silver nitratewas decomposed as guest silver particles
on the CNP surface when it was exposed in the fluorescent lamp. In
terms of the previous reports [41e44], for film material, infrared
emissivity is associated with the sheet resistance (SR). Therefore,
the sheet resistance is a key parameter for low infrared emissivity
material. After introducing the guest component, the SR was
reduced by more than 92.9%. The infrared emissivity decreases
dramatically of the atmospheric window wavelength, 3e5 mm and
8e14 mm, maximum 38.9% and 55.7%, respectively, especially in
3e5 mm performing much better than the as-prepared CNP. In the
full-wavelength test, the infrared emissivity presents SMCNP and
SMCNP/GFRP composite is below 0.65 much lower than CNP per-
formance. The maximum radiant energy decreases by 43.2%.
Therefore, the SMCNP is a promising candidate in the future
infrared stealthy technique for the FRP composite structure.

2. Experimental section

2.1. Materials

SWCNT were purchased from Chengdu Organic Chemicals Co.
Ltd., Chinese Academy of Sciences and used without further puri-
fication. The average diameter and lengths of the individual tube
are 3e5 nm and 5e30 mm respectively synthesized by a chemical
vapor deposition with carbon content more than 90wt%.
Commercially available polyoxyethylene octylphenylether,
biochemical grade, was obtained from Aladdin Chemical Reagents
Co., Ltd., China employed as a non-ionic surfactant to prevent ag-
gregation of the SWCNT. Silver nitrate was provided by Aldrich and
used as received. Glassfiber presoak used in this study was pur-
chased from ShangWei Wind Power Material Co., Ltd., China.

2.2. Measurements

Conductivity was measured using a Napson Resistivity Mea-
surement System (RG-7C) Four Point Probe with 0.4 mm probe
diameter and 1.0 mm tip spacing. The load on the probe was 50 g.

The Roman spectra were recorded using an Almega-Dispersive
Raman (Thermo Nicolet) with 532 nm excitation.

Thermal gravity analysis (TGA) was performed with a Mettler
Toledo TGA/DSC1 instrument at a heating rate of 10 �C/min from 25
to 1000 �C in air atmosphere Scanning electron microscopy (SEM)
observations were characterized using a Quanta 200 F Field-
Emission Scanning Electron Microscope (FE-SEM) with an oper-
ating voltage of 30 kV. Atomic Force microscope (AFM) image were
achieved by Bruker Multimode 8 with the ScanAsyst in air exper-
iment method.

The contact angle test was carried out using a microscopic
Contact Angle Measurement (OCA20, GFR), at room temperature.
The characterization was used to demonstrate the resin spread
capacity on the CNP surface.

Infrared radiant property of composite and CNPwas detected by
an infrared temperature camera (VarioCAM HiRes sl, JENOPTIK
Infra Tec) with recognizable wavelength ranging from 8 to 14 mm.

Nitrogen adsorption isotherm measurement was analyzed by a
Micrometrics ASAP 2020 volumetric adsorption analyzer at 77 K
using Barrett-Emmett-Teller (BET) to calculate the specific surface
area. The pore size distribution was illustrated on the adsorption
branch of the isotherm using density functional theory (DFT)
model.

Mechanical properties of the CNP were studied using a Zwick/
roll Materials Testing Machine with a 100 N load cell, following the
mounting specification indicated by ASTM standard D638 TypeⅥ.
The crosshead speed applied was 2 mm/min. At least 5 dumbbell
samples prepared by laser cutting machine were tested and
selected three of the results were averaged.

Continuous wavelength infrared emissivity at different tem-
perature is performed by CI System SR-5000 N Spectroradiometer.

The mixture of SWCNT and surfactant was dispersed by three
roll shearing disperser (DS50, EXAKT).

2.3. Methods

2.3.1. Fabrication of self-assembly hosted CNP
To fabricate the self-assembly CNP, typically, 0.25~1 g SWCNT

were mixed with 1~4 g Triton X-100. To fully mix the SWCNT with
surfactant, themixturewas dispersed by shearing disperser to form
a pasty hybrid compound. Subsequently, the pasty mixture was
diluted in 5 L deionized water and dispersed using a ultrasonic
processor as our previous report [29].Then, the CNT solution was
filtered through a porous membrane to form the as-prepared CNP.
The CNP was peeled off the membrane after drying treatment at
90 �C for 2 h. The thickness of the hosted CNP was controlled by the
concentration of CNT solution with three kinds of samples, 67 mm,
130 mm and 200 mm, which were used in this study. The as-
prepared CNP was treated under 380 �C according to the TGA re-
sults (Fig. S1) for 2 h in a muffle furnace to remove the Triton. Then
the different thickness samples were cut into circular sheets with
the diameter of 4 cm.

2.3.2. Preparation of silver particles modified CNP
The silver nitrate aqueous solution with the concentrations of

0.1 ml/L, 0.3 mol/L and 0.5 mol/L was prepared in the deionized
water without exposing the light during the processes. CNP circular
sheets were immersed into the silver nitrate aqueous solution for
5 h. Because of large surface area of the CNT, silver and nitrate ions
adsorb gradually on the surface of hosted CNP until reach the
adsorption equilibrium. Subsequently the sheets were dried under
50 �C for 3 h to remove the deionized water. As we know, when
silver nitrate is exposed under the light, it decomposes into silver,
nitrogen dioxide and oxygen as shown in Scheme 1. Dried CNPs



H. Chu et al. / Carbon 98 (2016) 557e566 559
were irradiated under a fluorescent lamp for 4 h to form the silver
particles.

2.3.3. Fabrication of the Glassfiber/SMCNP (SMCNP/GFRP)
SMCNP/GFRP composite was prepared by vacuumed hot

pressing method and the layout is shown in Fig. S2a. The size of the
GFRP laminate was 100 � 100 � 2 mm3 with orthogonal ply be-
tween each layer. The SMCNP was laid out on the surface of GFRP
prepreg. Then the composite was vacuumed to 10�3 Pa in the
autoclave under 0.4 Mpa of the outside pressure with the heating
process treatment as indicated in Fig. S2b. The fabricated schematic
diagram of the SMCNP/GFRP composite in an integral forming
process was shown in Fig. 1.

3. Results and discussion

3.1. Self-assembly CNP fabrication and morphology
characterization

The detailed fabrication procedures of CNP were described in
the previous report [29]. The gross visual appearance of the as-
prepared CNP is demonstrated in Fig. 2a with the size of
265 � 180 � (0.067/0.13/0.2) mm3. It is obvious that the CNP is
smooth as the copy paper. The insert picture is the surface
morphology change of the as-prepared CNP before and after folding
by a minimal radius of curvature. After unfolding the CNP, the
surface of the CNP wasn't damaged in the crease line, which shows
that the CNP possesses high flexibility compared with the previous
works [45e47]. This property ensures the hosted CNP can be
manipulated in the vacuumed hot-forming process. The FE-SEM
image of the as-prepared CNP before heating treatment is shown
in Fig. 2b. Obviously, a random network is formed between CNTs
and large amounts of physical crosslinked points are achieved due
to the electrostatic force, which is in favor of electronic conduction.
Insert red rectangle is the partial enlarged image, it is clear that
amorphous particles distribute in the pores of CNT networks and
the surfaces are a bit rough distinguishing from the bright reflec-
tion. This is caused by the agglomeration and residual surfactant
wrapping up the CNTs. The morphology of the CNP after heat
treatment at 380 �C is demonstrated in Fig. 2c. It reveals homoge-
neous CNP is obtained by the self-assembly processing. The Raman
spectroscopy of the CNTs and the heat treated CNP is shown in
Fig. S3. The ration of D/G band intensity has a small increase from
0.023 to 0.036 indicating that the ultrasonic caused week defects
on the CNTs. Compared with Fig. 2b, the smooth surfaces indicate
the residue surfactant is removed entirely under the heat treatment
and the blocked holes between the tubes are open. Subsequently,
the treated CNPwas immersed in silver nitrate aqueous for 5 h until
the adsorption equilibrium. The CNP after the photolysis was
Fig. 1. Schematic diagram of the SMCNP/GFRP composite prepared by an integral ma
shown in Fig. 2d. As displayed in the image, uniform size silver
particles deposit discretely around CNT bundles and also fill in the
void space in the network indicating the high affinity of the silver
nanoparticles to the CNT frameworks. From the insert enlarged
image, silver particle diameter is around 100 nm.

Therefore, this is a facile and helpful strategy to deposit tiny
amount silver particles on various substrates. Compared with the
commonly used methods such as electrochemical deposition
[48e51], a remarkable advantage is immersed method can be used
for preparing large scale particle modified material which is a sig-
nificant factor for engineering application. The crystal structure
was measured by XRD as shown in Fig. 2d. It indicates that the
silver nitrate has decomposed after exposing in the light for a
period of time. The corresponding lattice planes are marked on the
curve, which is detected by contrasting the phase with standard
data.

3.2. Pore structure and polymer compatibility

As an engineering application, SMCNP need to cover on FRP
surface such as GFRP prepreg or carbon fiber reinforced polymer
(CFRP) composite. Therefore, it is a key perimeter to investigate the
interface compatibility between polymer and CNP. To present the
porous structure of the CNP, the high-resolution AFM image of the
CNP after heat treatment is presented in Fig. 3a. The random CNTs
formed a high porous film, meaning that resin is able to infiltrate
into these pores to enhance the interface feature between resin and
CNP. The inner blue curve is the height variation in the z axis of the
white arrow presenting that a hierarchical porous morphology was
self-assembly successfully. Moreover, the pore diameter distribu-
tion curve (Fig. 3b) achieved by BET further confirms that the CNP is
porosity structure. Two peaks at 2 nm and 25 nm exhibit the main
pores belong to the mesoporous range.

Additionally, pore diameter distributes in a wide range from
2 nm to 100 nm, indicating CNP has high pore volume fraction. The
epoxy spreadability on the CNP was determined by contact angle
test shown in Fig. 3b. The contact angle of the interface is 24.5�

meaning that resin can spread on the surface easily. Fig. 3c is the
polished cross section FE-SEM image of CNP/GFRP composite
fabricated by vacuumed hot-pressing integral manufacture forming
process. It is obvious that the interface of the CNP and resin is no
crack and contact together closely on the boundary shown in the
two red dash line rectangles. The similar contrast between the CNP
layer and epoxy resin layer means that part of the epoxy has
infiltrated into the CNP, and the top rectangle indicates a small
amount resin permeates the CNP. Therefore, there is a good inter-
face compatibility property between CNP and GFRP composite,
which determines the feasibility of engineering manufacture pro-
cess and the application.
nufacture forming process (A color version of this figure can be viewed online).



Fig. 2. Morphology of CNP and SMCNP. a) Digital photo of as-prepared CNP and the flexibility test. b) FE-SEM image of the as-prepared CNP. c) Morphology of the CNP after heating
treatment. d) FE-SEM image of SMCNP after being modified and the inner curve is the Ag XRD deposited on the SMCNP surface (A color version of this figure can be viewed online).
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3.3. Conductivity and mechanical properties

Conductivity and SR are the significant properties for low
thermal radiant materials, due to the absorption of sub-bandgap IR
light by free carriers gives a measure of the free carrier density,
which is relevant to the SR value [41e44]. High SR value means
possess higher infrared radiant ability, whereas the low SR implies
thematerial has a lower infrared emissivity. Fig. 4a are the electrical
conductivity results after various treatments. The sintered CNP has
amodest increase, from108 S/cm to 220 S/cm. Due to the surfactant
is a poor conductor; the residual surfactant between tubes hinders
the conduction of electrons. It is apparent, however, the conduc-
tivity rises sharply, from 220 S/cm to 1700 S/cm, after introducing a
small amount of guest silver particles. The conductivitymodified by
0.5 mol/L silver nitrate increases by 16 times compared with the as-
prepared CNP, and over 50 times higher than the flexible graphite
foils [52,53]. Based on the above discussion, in the FE-SEM image,
the guest silver particles only discretely distribute on the surface of
hosted CNP as shown in the schematic (Fig. 4b). Hence, why a small
amount discrete guest silver particles can improve the conductivity
significantly. According to the previous reports, for the bundled
CNP, electric current only flow on the outer metallic tubes of a
bundle, while the inner tubes do not contribute significantly to the
current [54]. As shown in Fig. 4b, the electrons mostly conduct on
the outer metallic CNTs of the bundles; therefore the outer layer is
the main factor influencing the electrical conductivity while the
inner metallic and semiconducting tubers can be negligible. For the
outer tubes, the silver particles deposit around the tubes and also in
the void space. In this case, the contact points between nanotubes
are equivalent to a resistor [54] as illustrated in the enlarged
schematic diagram of Fig. 4b and the inserted silver particle shorts
out the three contact resistors due to the intrinsic great electrical
conductivity. Therefore, silver particles on the surface imply to
short out a lot of resistors resulting in the sharp improvement of
conductivity, although just a small amount and discontinuous sil-
ver particles. As silver nitrate concentration increased, the SR de-
creases dramatically from 700 to 50 mU/sq and reach an
approximate constant value at the 0.5 mol/L. In view of the pro-
portional relationship between infrared emissivity and SR, it should
be concerned to reduce the SR for the low infrared emissivity
materials.

The silver amount of the modified hosted CNPs by different
concentration solutionwas measured by the TGA in air atmosphere
from room temperature to 1000 �C as displayed in Fig. 4c and the
residual amount are listed in Table 1. The residual component is the
oxidizing catalyst using for growing CNTs of the blank sample.
However, the SMCNP has many weight loss steps demonstrated in
the other three curves which are attributed to silver nitrate



Fig. 3. a) AFM phase image of the CNP after heating treatment, the blue curve is the height change of the z axis on the white arrow. b) The pore diameter distribution of the CNP and
the interface, contact angle test for displaying the spreadability of epoxy on CNP. c) The cross section FE-SEM picture of CNP/GFRP composite (A color version of this figure can be
viewed online).
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decomposition. By increasing the solution concentration, the silver
amount rises gradually according to the residual values as shown in
Table 1.

Mechanical property was tested by a Zwick/roll Materials
Testing Machine using dumbbell samples. As presented in Fig. 4d,
the rupture stress and strain of the as-prepared CNP is about
16 MPa and 2.25%, respectively lower than the heating treated and
SMCNP samples. The reason causing the mechanical decrease is the
surfactant cover on the CNT's surface, preventing the interaction
between CNTs resulting in a lower strain, because surfactants play a
role of lubrication. Additionally, Triton is a liquid chemical at room
temperature and it should slide when the molecule suffers a shear
force between CNTs under the tensile stress; therefore it is a nature
the slide easily reduces the breaking stress. Comparing the heat-
treated and SMCNP samples, breaking stress and strain has a little
change around 25 MPa and 3.5%, respectively, indicating that the
guest silver particles maintain the original mechanical structure
after the modification, which ensures that the maneuverability of
the later integrated process.

3.4. Infrared emissivity

Thermal radiant properties of the SMCNP are studied by the
infrared emissivity which is a significant parameter for low thermal
radiant materials. The low thermal radiant material is a kind of
insulating materials by reflecting the infrared. The performance of
reflective insulation depends on many factors such as emissivity of
the material, temperature gradient on both sides of the reflective
material and the direction of heat flow. The following Eq. (1) can
describe the energy reaction approach for materials where ameans
the absorbed fraction of incident radiation through the material; t
means the transmitted fraction of incident radiation through the
material; r means the reflected fraction of incident radiation of the
material. Based on the Kirchhoff's radiant law, at the temperature
equilibrium, the emissivity and reflectivity are a proportional
relation of any kind of materials. Therefore, it is reasonable that the
infrared stealth performance can be characterized by testing the
emissivity.

aþ tþ r ¼ 1 (1)

The SMCNP was cut as a circular sample with the diameter of
4 cm as shown in Fig. 5a and was integrated with glassfiber prepreg
by vacuum hot-pressing to form the SMCNP/GFRP composite as
presented in Fig. 5b.

The infrared emissivity was characterized by an infrared camera
and schematic diagram of the test system as shown in Fig. S4.
SMCNP samples were heated on the heating plate to a balanced
temperature. Infrared camera detected the temperature discrep-
ancy between the background and the samples to calculate the
infrared emissivity of samples. Furthermore, considering the en-
gineering application, the SMCNP/GFRP composite samples were



Fig. 4. a) Conductivity and SR test of different types of CNP and SMCNP. b) Schematic diagram of the modified SMCNP. c) TGA test of SMCNP modified by different solution
concentration. d) Mechanical property of different kinds of CNP and the dumbbell shape sample using in this experiment (A color version of this figure can be viewed online).

Table 1
Residual amount and Ag mass fraction of different modified samples.

Blank 0.1 mol/L 0.3 mol/L 0.5 mol/L

Residual amount (wt%) 5.9 10.5 15.1 21.9
Catalyst (wt%) 5.9 5.7 5.4 5.2
Ag amount (wt%) 0 4.8 9.7 16.7
Atomic ration (C:Ag) 0 168:1 79:1 42:1
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fabricated to simulate the composite component of an aircraft
structure. Therefore, it is essential to study the infrared emissivity
variation after being integrated manufacture forming process.
Fig. 5c is the 2D and 3D temperature field distribution identified via
color change after the heater temperature balancing at 223 �C with
three round samples modified by different concentration of silver
nitrate solution. In the 3D thermography, it is clear to realize the
temperature field distribution. The line temperature distribution of
the triangle drawn in the 2D thermography is presented in
Fig. 5c.The start point is the ambient temperature and the pink
surface is the heating plate area. From the curve, it is obvious that
the temperatures of ambient and heating plate are about 33 �C and
223 �C, respectively. However, when the line crosses the samples, it
drops sharply close to 80 �Ce95 �C. The average temperatures of
the three round samples are 92.15 �C, 85.64 �C and 79.56 �C,
respectively, as the concentration increased meaning that guest
silver particles enhance the infrared stealth performance. It in-
dicates the SMCNPs radiatemuch less energy than the heating plate
background. In terms of the Kirchhoff's radiant law, the SMCNPs
have a low infrared emissivity and are able to decrease the SMCNP
temperature to ambient temperature, which camouflages the
target object. The supplementary movie 1 is the dynamic equilib-
rium radiant process of the SMCNP modified by different concen-
tration aqueous at 150 �C. The supplementary movie 2 is an odd
sample modified by 0.3 mol/L silver nitrate aqueous in a oven. Af-
terward, the oven lid was opened quickly, when the oven reached
an equilibrium temperature measured by a thermocouple. The
infrared camera recorded the dynamic radiant process. The
boundary of the odd shape (blue area) is clearly distinguished from
the movie indicating there is a big temperature discrepancy be-
tween the sample and the background. The dynamic line temper-
ature change of the odd sample after opening the lid is shown in
Fig. S5. The infrared emissivity of the as-prepared CNP with
different thickness was studied at various temperatures from room
temperature to 230 �C (Fig. 5d) with the infrared wavelength be-
tween 8 and 14 mm. As the thickness increased, the infrared
emissivity decreases a little while the temperature over 160 �C, the
infrared emissivity of different samples has a small discrepancy
which demonstrates sample thickness has a weak effect on the
infrared emissivity.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.carbon.2015.11.036.

Fig. 5e is the surface temperature of the different SMCNPs at
various plate temperatures. As can be seen in the curves, sample
temperatures are much lower than the heating plate temperatures
because the SMCNP has a weaker infrared emissivity than the
heating plate. Moreover, the sample modified by higher concen-
tration shows lower surface temperature than the as-prepared CNP,
such as decreasing by more than 30 �C between the as-prepared

http://dx.doi.org/10.1016/j.carbon.2015.11.036


Fig. 5. a) Image of SMCNP sample for infrared emissivity test. b) Image of SMCNP/GFRP composite sample prepared by the integral manufacture processing. c) 2D and 3D ther-
mography of the heating plate and SMCNP modified by different solution concentration and line temperature field distribution of the triangle on the thermography is shown in the
right figure d) Comparison sample temperature data of different types of CNP at different heating plate temperature. e) Variable temperature infrared emissivity of the different
thickness CNP samples. f) Variable temperature infrared emissivity of the different SMCNP sample. The infrared emissivity of different thickness and various SMCNP samples
modified by 0.1 mol/L, 0.3 mol/L and 0.5 mol/L silver nitrate solution of g) the CNP/SMCNP and corresponding composite at 3e5 mm; h) the CNP/SMCNP and corresponding
composite at 8e14 mm (A color version of this figure can be viewed online).
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CNP and 0.5 mol/L SMCNP at 230 �C, which suggests the amount of
 the guest silver particles on the hosted CNP surface is helpful to
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reduce the infrared emissivity. In order to study the guest silver
particles amount effect on infrared emissivity at varying tempera-
tures, the infrared emissivity of SMCNPs modified by different
concentration is shown in Fig. 5f. Small fluctuation is achieved as
the temperature increase in a wide range which demonstrates the
SMCNP has a stable infrared emissivity even though in a high
temperature. According to the above analysis, the optimized
SMCNP thickness is 130 mm and the proper silver nitrate concen-
tration is 0.5 mol/L, which are used as the optimal prepared
conditions.

Given the engineering application, the SMCNP should be man-
ufactured with other FRP composite. In this case, SMCNP/GFRP
composite was prepared by vacuum hot-pressing manufacture.
Fig. 5g and h are the comparison infrared emissivity results of
SMCNP and SMCNP/GFRP composite at room temperature under
different infraredwavelengths becausewavelengths between 3 and
5 mm and 8e14 mm are the atmospheric infrared window which is
the main investigated bands in the infrared stealth. Therefore, the
emissivity of the both wavelengths is the key parameter that de-
termines infrared camouflage performance. Based on Fig. 5g, as the
thickness of the as-prepared CNP increase, the infrared emissivity is
almost the same varying around 0.85 while the emissivity de-
creases to 0.65 as modified solution concentration increased, from
0.1 mol/L to 0.5 mol/L. The infrared emissivity shows that the as-
prepared CNP has weak infrared stealth performance in 3e5 mm
wavelength while the performance improves dramatically after
introduce the guest silver particles because of the synergistic effect
between CNTs and the silver particles. For the 8e14 mm, the
infrared stealth performance also improves gradually as the
modified concentration increased and reach a constant emissivity
around 0.2 at 0.3 mol/L and 0.5 mol/L which means the SMCNP has
an excellent infrared insulating property. From the both figures, the
infrared emissivity of SMCNP decreases by 38.9% and 55.6%,
respectively of the both wavelengths. The performance is much
better than the previous reported non-metallic materials which are
compared in Table 2. In the both wavelength ranges, 3e5 mm and
8e14 mm, the emissivity of this work decreases sharply than the
previous work.
3.5. Variable temperature full-wavelength infrared emissivity and
radiant energy

In terms of the practical application, it is essential to investigate
the infrared stealth property of the composite material after
manufacture and the valid operating temperature range. Therefore,
the full-wavelength infrared emissivity of the CNP/GFRP composite
and SMCNP/GFRP composite results at various temperatures are
demonstrated in Fig. 6a. It is obvious that the SMCNP/GFRP com-
posite samples have a much lower emissivity than CNP/GFRP
composite, especially in the short wavelength below 4 mm exhib-
iting a sharp decrease from ~1 to ~0.6 at low temperature. The
result presents the guest silver particles not only enhances the
infrared stealth in the wavelengths of 3e5 mm and 8e14 mm but
Table 2
The compared infrared emissivity of this work with the previous reports.

Materials Infrared emissivity

SiO2 film 0.87
SiO2@Bi2O3 composite 0.75e0.82
W-doped VO2 film coating 0.75e0.95
ZnO: (Al, La) particles 0.62e0.79
NieP modified hollow cenosphere 0.6e0.9
This work 0.20e0.26
SMCNP or SMCNP/GFRP composite 0.64e0.8
also improves the performance to the full wavelength.
In the full wavelength, the SMCNP/GFRP infrared emissivity is

lower than the CNP/GFRP composite as the wavelength increasing.
The performance presents the guest silver particles provide posi-
tive effects for infrared stealth in the short wavelength and enhance
the camouflage property in the full wavelength. To test the oper-
ating temperature range, the composite was carried out at various
temperatures as high as the GFRP available. Below 300 �C, SMCNP/
GFRP composite emissivity is much lower than CNP/GFRP com-
posite and has a tiny variation at different temperatures. Based on
the above test, it is can also support the guest silver particle
contribute to the infrared stealth in the host-guest material. Obvi-
ously, the infrared emissivity of SMCNP/GFRP composite is below
0.65 in the full wavelength from 100 �C to 400 �C (resin decom-
position temperature) meaning that SMCNP is a progressive
candidate as an infrared camouflage material at the high back-
ground temperature, which can be used in the high temperature
components of an aircraft. High operating temperature, full-
wavelength performance, stable property and integrally forming
process indicate SMCNP/GFRP composite is suitable for the
advanced FRP engineering application. According to Plank's law,
the relationship between emissivity and electromagnetic wave-
length is shown in Eq. (2) where I (l, Τ) is the emissivity; h is the
Plank constant and; c is the light speed in the medium; k is the
Boltzmann constant; l is the wavelength of the electromagnetic
and T is the absolute temperature.

Iðl; TÞ ¼ 2hc2

l5
1

e
hc
kTl � 1

(2)

mðl; TÞ ¼ 4p
C

Iðl; TÞ (3)

From the Eq. (3), the energy density is proportional to emissivity
by multiplying 4p/c. Therefore, when the absolute temperature is a
constant, the area under the curves of Fig. 6a corresponds to the
radiant energy in the full wavelength. In that case, the integral area
is presented in Fig. 6b. The column chart is the relative radiant
energy of the CNP/GFRP and SMCNP/GFRP composite at different
background temperatures. As described in the figure, the SMCNP/
GFRP composite radiate less energy than the CNP/GFRP composite
especially below 300 �C. Compared to the GNP/GFRP, the radiant
energy of SMCNP/GFRP decreases from 43.2% to 8.3% as the tem-
perature increased.
3.6. Radiated power

To calculate the infrared stealth performance of CNP and SMCNP,
the radiated power of the background (bare heating plate), CNP and
SMCNP covered plate was detected by infrared camera from room
temperature to 230 �C for the 8e14 mm wavelength. Fig. 7a is the
comparative data covered different thickness CNP. It is clear that
CNP samples have a smaller slope than the bare heating plate. The
Wavelength range (mm) References

2e22 [55]
2e22
8e14 [56]
8e14 [57]
8e14 [58]
8e14 e

3e5



Fig. 6. a) Variable temperature full-wavelength infrared emissivity test of CNP/GFRP and SMCNP/GFRP composite. b) The relative radiant energy of CNP/GFRP composite and the
energy saving curve of SMCNP/GFRP composite (A color version of this figure can be viewed online).

Fig. 7. a) Comparison radiant power of different thickness CNP samples and bare heating plate. b) Comparison radiant power between the different CNP and SMCNP with 130 mm
and bare heating plate (A color version of this figure can be viewed online).
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radiation power decreases more than 50% in 230 �C.
Compared the different thickness samples, the radiant power

has tiny change at each temperature, meaning that the thickness
has little effect on infrared emissivity. Fig. 6b compares different
samples with the same thickness. After modified, SMCNP further
drops the radiant power than the as-prepared sample. At 230 �C,
the radiant power reduces by 72.5% between the bare heating plate
and 0.5 mol/L samples while the two curves are almost overlap of
the samples modified by 0.3 and 0.5 mol/L silver nitrate, which
demonstrates that 0.3 mol/L is sufficient for the modified solution
concentration to achieve a great infrared camouflage performance.
4. Conclusions

A SMCNP and integrally manufacture forming process SMCNP/
GFRP infrared stealth composite materials were prepared success-
fully based on CNP. The conductivity of the porous CNP increases by
673% from 220 S/cm to 1700 S/cmwith the silver mass of 16.7 wt%.
The mechanical property increases from 16 MPa to 24 Mpa after
heating treatment. For the SMCNP/GFRP composite, in 3e5 mm and
8e14 mm, the infrared emissivity decreases dramatically, maximum
38.9% and 55.7%, respectively, especially in 3e5 mm wavelength
band. Variable temperature full-wavelength test indicates that
SMCNP/GFRP composite infrared emissivity is below 0.65 from
100 �C to 400 �C much lower than CNP/GFRP composite.
Additionally, the maximum radiant energy saving reaches to 43.2%
and the maximum radiated power reduces by 72.5%. High oper-
ating temperature, full-wavelength performance, stable property
and integrally forming process indicate SMCNP/GFRP composite is
a candidate for the advanced FRP engineering camouflage material
in aerospace area.
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