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ABSTRACT  

Vanadium dioxide (VO2 ) is assumed as a promising dynamic infrared stealth material owing 
to its tuneable emissivity. However , the rela�vely high emissivity associated with VO2 -base 
d adap�ve infrared stealth material s poses a constraint on their prac�cal applica�ons. To 
address this issue, this proposed a VO2/ Al composite end owed with a smart infrared 
stealth func�on . With 50 % VO2 , the composite achieved a lo w emissivity value of 0.54 at 
30 °C , while it exhibited a reversible varia�on to 0.43 at 10 0 °C , demonstra�ng a change up 
to 0.11 . When the temperature of the sample remained at 10 0 °C , the surface temperature 
detected by an infrared camera was only 53.4 °C , indica �n g a promising infrared stealth 
performance. Meanwhile, the met Al -insulator transi�on (MIT ) effect and thermal 
insula�on performance were inves�gated under the frame work of the composi�on effect of 
composite materials. The design strategy of this metal composite material paves the way for 
novel approaches in designing dynamic infrared stealth materials with low emissivity.  

1. Introduc�on

The infrared stealth material s minimize the difference in infrared radia�on between the 
target and its background through the radia�on adjustment, thereby effec�vely evading 
detec�on and achieving stealth capabili�es[ 1 , 2]. Achieving an effec�ve infrared 
camouflage effect necessitates that stealth material s exhibit superior environmental 
adaptability. This is crucial because the intensity of sola r radia�on , temperature , humidity, 
and other dynamic factors can significantly impact the infrared radia�on intensity during 
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actual opera�ons. However , conven�onal stealth materials possess a fixe d emissivity and 
can only conceal object s against a specific background temperature . Consequently, when 
the environmental condi�on changes, the conven�onal stealth material s become 
suscep�ble to re -exposure . Therefore, it is impera�ve to develop an intelligent material 
that can adapt its emissivity spontaneously to match the surrounding environment [ 3 – 5]. 
Vanadium dioxide (V O 2 ) has atracted much aten�on due to its reversible metal-insulator 
transi�on (MIT). It undergoes a phase transi�on from a monoclinic structure (M phase) with 
insula�ng proper�es to a tetragonal ru�le structure (R phase) with metallic proper�es at the 
cri�cal temperature τ c ≈ 68 °C [ 6 , 7]. Accompanied by the phase transi�on , the infrared 
emissivity of VO2 change s significantly , from high emissivity at lo w temperature to lo w 
emissivity at high temperature [ 8 , 9]. The variable emissivity of VO2 can be used to 
maintain the mi n i - mu m difference between the object and the background in term s of 
radia�on energy under a variable temperature environment, thus offering a prac�cal 
approach for adap�ve infrared camouflage. Moreover , the MI T temperature of VO2 can be 
effec�vely tune d through do pin g [10 –12], strain [13 ,14 ] and intrinsic point defect s 
[15 ,16]. Ji et al . demonstrate d the tunability of infrared radia�on intensity of VO2 nano 
powders in two thermal atmospheric windows for the first �me [17]. Following this , W -
dope d VO2 nanopar�cles were successfully pr e - pare d to reduce the transi�on 
temperature and the result s further promote the development of the adap�ve camouflage 
[18]. Nevertheless, the emissivity of VO2 in the M phase is as high as 0. 8 –0.9, which will 
result in a high intensity of infrared radia�on and thus not be favourable for its applica�on in 
camouflage according to the infrared stealth mechanism [19].  

Given the ultra-low emissivity exhibited by metals such as gold , silver, and aluminium 
[20 ,21], the combina�on of low -emissivity material s with dynamic stealth material s can be 
an effec�ve strategy for enhancing infrared stealth performance. Base d on lightweight 
design and cost considera�ons, in this work , Al powders were ball milled with VO2 par�cles 
and spar k plasma sintered (SPS ) to form bulk composites in order to reduce the emissivity. 
The impact of VO2 content on emissivity was experimentally evaluated , and the emissivity 
characteris�cs of the composites were analysed using an infrared thermal imaging camera. 
Furthermore , the thermal and electrical conduc� vit y proper�es of the composites , along 
with their three -dimensional microstructure, were systema�cally inves�gated to explore the 
MI T effect and thermal insula�on performance. These findings may offer valuable guidance 
for the development of smart infrared stealth materials with reduced emissivity.  

 

2. Experimental  

VO2 par�cles(99.99 wt % purity , the average size of 3 μ m ) and pure Al par�cles(99.95 wt % 
purity , the average size of 25 μ m ) were milled using a planetary high energy ball mill under 
an argon atmosphere to prepare Al -(10, 20 , 30 , 40 , 50 ) vol% VO2 composite powders . 
The ball -milling process was conducted at ambient temperature for 4 h (with a 20 mi n 



interval for ever y 60 mi n milling �me ) at a rota�on speed of 20 0 rpm, and the ball -to -
powder weight ra�o was 10:1 . The obtained powder was sintered at 50 0 °C for 10 mi n 
under an axial pressure of 50 MP a using SPS.  

The microstructure of the polished samples was observed using a scanning electron 
microscope (SEM , Phenom XL , Phenom -World) . Energy -dispersive spectroscopy (EDS ) 
was employed to analyse elemental mapping with an opera�on voltage of 15 kV . A Talos 
F200 X G2 transmission electron microscope (TEM ) with selected area electron diffrac�on 
(SAED) was used to confirm the crystal structure . X -ray diffrac�on (XRD ) patern s were 
acquired on a Rigaku Ul�ma IV diffractometer (Rigaku, Japan) using Cu K α radia�on ( λ = 
0.15 4 nm ) with a scan speed of 2° /min. The electrical conduc�vity ( σ ) measurement was 
conducted by the standard four -probe technique in a Quantum Design Physical Property 
Measurement System (PPMS) . The hea�ng and cooling rates were set at 5 °C /min. Thermal 
conduc�vi�es of the composites , κ , were obtained through a calcula�on that is equal to the 
product of density (ρ), heat capacity ( Cp ), and thermal diffusivity ( D), κ = ρ·Cp·D . Here , ρ 
was measured using the Archimedes drainage method. Cp was determined by differen�al 
scanning calorimetry (DSC 2500 , TA). D was obtained by the lase r flash diffusivity method 
(LFA467, Netzsch , Germany). The infrared emissivity of the composites was inves�gated on 
the IR - 2 dual band emissivity measuring instrument (Shanghai Ins�tute of Technical Physics, 
China) at the wave - length of 8 –14 μm under different temperatures. X -ray 
microtomography was performed on Zeiss Xradia 62 0 with a pixel size of 0. 7 μ m . The 
thermal images at different temperature s were taken by an infrared thermal imager 
working in the 8 –14 μ m region (Magnify Technologies).  

 

 



Fig. 1. (a–e) SEM images of VO2/Al composites with various VO2 contents, (a) 10 vol%, (b) 20 
vol%, (c) 30 vol%, (d) 40 vol%, (e) 50 vol%, and (f) EDS mapping of the composite with 20 
vol% VO2. (g) TEM image of 20 vol% VO2/Al composite and the corresponding SAED patern 
of (h)Al and (i)VO2. 

 

 

Fig. 2. XRD paterns of the VO2/Al composites with various VO2 contents. 

 

 

Fig. 3. Effect of temperature on the electrical conduc�vity of VO2/Al composites with 
different contents of VO2. The solid and dashed lines present data during the hea�ng and 
cooling processes, respec�vely. 

 



 

Fig. 4. Effect of VO2 contents on the electrical conduc�vity change (ΔA) and transi�on 
temperature (τc) of the VO2/Al composites. 

3. Results  

The microstructure of VO2/ Al composites with varying VO2 volumetric frac�on s is depicted 
in Fig. 1(a –e) , while Fig. 1(f) di splays the EDS mapping for a composite containing 20 vol% 
VO2 . Combining with EDS results, the grey phase was pure Al, which uniformly surrounded 
VO2 par�cles in the whole picture . With the increasing volume frac�on Fig. 1 . (a –e) SEM 
images of VO2/Al composites with various VO2 contents, (a ) 10 vol% , (b ) 20 vol% , (c ) 30 
vol% , (d ) 40 vol% , (e ) 50 vol% , and (f) EDS mapping of the composite with 20 vol% VO2 . 
(g ) TEM image of 20 vol% VO2/ Al composite and the corresponding SAED patern of (h )Al 
and (i ) of VO2 , the bright VO2 par�cles aggregate d within the Al matrix and formed a VO2 
network . Fig. 1(g ) show s the TE M image of 20 vol% VO2/ Al composite, indica �n g the 
good interfacial bonding of VO2 and Al . The SAED patern s in Fig. 1(h ) and (i ) revealed the 
well crystalliza�on of Al and VO2 . Fig. 2 exhibits XRD patern s of VO2/ Al composites at 
room temperature . The peaks of the XRD patern s were iden�fied according to Al (JCPDS 
Card No . 99 -0005 ) and VO2 (M ) (JCPDS Card No . 43 –1051). It suggested that the 
obtained composites consisted of Al and VO2 (M ) without any impuri�es.  

To inves�gate the MIT effect of the composites , the temperature dependence of electric Al 
conduc�vity ( σ ) is shown in Fig. 3 . The conduc�vity of pure VO2 is also ploted. It can be 
seen that σ decrease d from 7.24 × 10 5 S/ m to 0.97 S/ m with the content of VO2 increase 
d from 10 vol% to 50 vol% within the lower temperature range, gradually approaching the 
electric Al conduc�vity of pure VO2 . At higher temperatures, the value of σ showed the 
same trend. The more the VO2 contained , the higher the increase was. The conduc�vity 
jump s were clearly presented on all samples around 68 °C . Considering the consistency of 
the conduc�vity of Al , the conduc�vity varia�on of the composite can be atributed to VO2 
du e to the presence of the MIT within a similar temperature range. 

In order to further iden�fy the MI T proper�es of each sample, the varia�on of the electric 
Al conduc�vity change ( ΔA) and τ c of the MI T Fig. 2 . XRD patern s of the VO2/ Al 
composites with various VO2 contents. Fig. 3 . Effect of temperature on the electric Al 
conduc�vity of VO2/ Al composites with different content s of VO2 . The soli d and dashed 
lines present data during the hea�ng and cooling processes, respec�vely . were also 



calculated. The result s were ploted with respect to the VO2 contents, as shown in Fig. 4 . 
ΔA was defined as the ra�o of conduc�vity at 12 0 °C and 40 °C , corresponding to the 
metallic phase and semiconductor phase of VO2 , respec�vely . It can be seen in Fig. 4 that Δ 
A first increase d from 3. 7 at 10 vol% VO2 to 77.4 at 30 vol% VO2 , and then decrease d to 
56.2 at 40 vol% VO2 . This is because Δ A is primarily affected by two different mechanisms. 
First, ΔA was closely related to the VO2 content , a higher VO2 concentra�on led to a larger 
Δ A . Second, when the content of VO2 is too high , defect s such as pore s may enhance the 
scatering effect on electrons, leading to smaller jump s of electric Al conduc�vity. 
Therefore , there was a slight decrease in ΔA when VO2 content was 40 vol% . For 50 vol% 
VO2/ Al composite, ΔA was up to 3.14 orders of magnitude again, which was comparable to 
those reported for pure VO2 [22 ,23]. The large change of the electrical conduc�vity indicate 
d that 50 vol% VO2/ Al composite has excellent MI T behaviour. The accurate τ c can be 
define d from the firs t -order devia�on of the conduc�vity varia�on in the hea�ng and 
cooling stages . As shown in Fig. 4 , τc was increase d from 60.5 6 °C for 10 vol% VO2 to 71.7 
3 °C for 50 vol% . The findings suggested that the transi�on temperature of the composites 
can be affected by manipula�ng the volume frac�on of VO2 , which have been reported in 
previous studies [24 –26].  

The temperature dependences of the emissivity are shown in Fig. 5 . The emissivity of pure 
VO2 is also characterized and shown in Fig. 5 . With the lower VO2 contents (1 0 –40 vol%), 
the composites showed a constant emissivity at different temperatures. In general , the 
emissivity of the composite is determined by the intrinsic emissivity of VO2 and Al. Sinc e 
the emissivity of VO2 at room temperature is much higher than that of pure Al , the 
emissivity of the composite increase d from 0.13 of 10 vol % to 0.28 of 40 vol% with the 
increase of VO2 content. The consistency of the emissivity with temperature was broken off 
when the addi�on of VO2 was increase d to 50 vol% . It revealed dis�nc�ve emissivity 
change s in the hea�ng and cooling cycles indica�ng an inherited MIT from VO2 . A thermal 
hysteresis loop was also observed . It was found that the infrared emissivity could reversibly 
change from 0.54 at 40 °C (below τc ) to 0.43 at 10 0 °C (above τ c ), showing a pronounced 
infrared emission regula�on up to 0.11. This regula�on may be due to the increase in 
electric Al conduc�vity change . It was proved that the infrared emissivity of a material is 
inversely propor�onal to its electric Al conduc�vity [27]. The MIT temperature for emissivity 
change can be defined at 68.4 °C for the composite with 50 vol % VO2 , which is quite 
consistent with previous reports [ 9 ,28]. Therefore , when the VO2 content reaches as high 
as 50 vol% , the composite exhibits a dis�nct switching characteris�c, and its emissivity is 
lower than that of pure VO2 . It provides new prospect s for the applica�on of adap�ve 
infrared stealth material with low emissivity.  

In addi�on to the emissivity, the infrared stealth performance of the material is also closely 
relate d to the thermal conduc�vity [29]. According to Stefan Boltzmann' s Law, the infrared 
radia�on intensity emana�ng from an object is directly propor�onal to its surface 
temperature and infrared emissivity. Therefore , low thermal conduc�vity can effec�vely 



decelerate heat transfer to the surface , thereby reducing the intensity of infrared radia�on . 
The thermal conduc�vity of the composite with different VO2 contents is shown in Fig. 6 . 
Thermal conduc�vity of pure Al [30 ] and pure VO2 [31 ] are also shown for comparison. Du 
e to the rela�vely lower thermal conduc�vity of VO2 , the thermal conduc�vity of the 
composites decrease d with the increase in VO2 content. Even with a small amount of VO2 
addi�on, the value of the thermal conduc�vity dropped unexpectedly rapidly from 49.4 Wm 
− 1 K − 1 of 10 vol% to 12.6 Wm− 1K−1 of 20 vol% . When the volume frac�on of VO2 
exceeded 20 %, the VO2 network formed . The thermal conduc�vity was then do miniated 
by VO2 . It in turn showed a lower thermal conduc�vity of around 5 Wm − 1 K − 1 , nearly 
iden�c Al to that of pure single -crystal VO2 . Meanwhile, the thermal conduc�vity of the 
composite did not show an y obvious change across the inves�gated temperature range. The 
lo w thermal conduc�vity of the samples ensure s that heat cannot be rapidly transferred to 
the surface , thereby facilita�ng the applica�on of adap�ve infrared stealth materials. 

In order to further evaluate the infrared radia�on proper�es of the VO2/ Al composites , 
thermal images were take n in the 8 –14 μm band using an infrared camera. The imaging 
system is illustrated in Fig. 7(a). The bulk 50 vol% VO2/ Al composite and pure VO2 that were 
used for the measurement were both 1 mm in thickness and had similar surface 
morphology. Samples were equilibrated for at least 5 mi n at each temperature before data 
collec�on. The thermal infrared images of 50 vol% VO2/ Al composite and pure VO2 are 
presented in Fig. 7(b), illustra�ng the correla�on between the radia�on temperature 
captured by the infrared camera and the real temperature . As shown in Fig. 7(b), when the 
real temperature reached 30 °C , which was below τc , the radia�on temperature s of 50 
vol% VO2/ Al composite and VO2 were 17.7 °C and 27.3 °C , respec�vely , with a radia�on 
temperature difference of 9. 6 °C . When the real temperature was raised to 10 0 °C , which 
was higher than τ c , the radian t temperature difference was 14.1 °C . Varia�on of the 
infrared radia�on temperature of bulk 50 vol% VO2/ Al and pure VO2 at different real 
temperature s is shown in Fig. 7(c). The radia�on temperature of the 50 vol% VO2/ Al and 
pure VO2 increase d li nearly with the increase in the real temperature before τ c . However , 
the radia�on temperature of both samples changed significantly a�er the phase transi�on . 
The results show that the 50 vol% VO2/ Al composite effec�vely reduces the thermal 
emissivity of pure VO2 and has excellent adap�ve infrared stealth performance.  

 

 



 

Fig. 6. Effect of temperature on the thermal conduc�vity of VO2/Al composites with various 
VO2 contents. 

 

Fig. 7. (a) Schema�c diagram of the infrared thermography process. (b) The infrared thermal 
images of the bulk 50 vol% VO2/Al composite and pure VO2 at different real temperatures. 
(c) The varia�on of radia�on temperatures of bulk 50 vol% VO2/Al composite and pure VO2 
as a func�on of real temperature. 

 



 

Fig. 8. Agari model fited with experimental results of the electrical conduc�vity for VO2/Al 
composites as a func�on of the VO2 volume frac�on at (a) 40 ◦C and (b) 120 ◦C, respec�vely. 

 

 

Fig. 9. Comparison of theore�cally predicted thermal conduc�vity values by the GEM model 
with experimental results of VO2/Al composites as a func�on of the VO2 volume frac�on at 
25 ◦C. 

 



 

Fig. 10. Three-dimensional morphology of the VO2 par�cles in the composites with various 
VO2 contents: (a) 10 vol%, (b) 20 vol%, (c) 30 vol%, (d) 40 vol%, (e) 50 vol%, where red and 
yellow represent the connected and disconnected VO2 phases, respec�vely. (f) Effect of VO2 
content on its connec�vity. (For interpreta�on of the references to colour in this figure 
legend, the reader is referred to the Web version of this ar�cle.) 

4 . Discussion  

4. 1 . Agaric model for electrical conduc�vity  

The abrupt change in the emissivity of the composite promises a poten�al infrared stealth 
material for smart devices. It is well known that the electrical and thermal conduc�vity of a 
material are important factors affec�ng its thermal stealth performance. Therefore , it is of 
great significance to explore the VO2 content effect on the electrical conduc�vity and 
thermal insula�on performance of the VO2/ Al composite. The Agari mode l was first 
proposed in 1986 to explain the li near rela�onship between the logarithm of thermal 
conduc�vity and the volume contents of par�cles in composites [32]. Note that al l the data 
points of electrical conduc�vity change with VO2 content are approximately on a straight 
line , the experimental data can be used to fit the Agari equa�on in the form of electrical 
conduc�vity, as follows :  

log σ = V • C2 • log σ2 + (1-V) • log(C1 • σ1)  (1 )  

where σ stands for the electrical conduc�vity of the composite, σ 1 is the electrical 
conduc�vity of material 1 ( Al in the present study) , and σ2 is the electrical conduc�vity of 
material 2 (V O 2 in the present study) . V is the volume content of material 2. C 1 is a 
coefficient of the effect on crystallinity and crystal size of material 1, and C2 is a coefficient 
of ease in forming conduc�ve chains of material 2 [33].  

As shown in Fig. 8(a ) and (b), the equa�on fits well with the experimental results. (The data 
required in the mode l are obtained according to the literature [34 ,35]. ) Value s of 
coefficients C 1 and C2 in Eq . (1 ) are 2.10 8 and − 11.78 7 at 40 °C , 1.43 2 and 2.32 1 at 



120 °C . A larger value of C1 indicate s a greater effect of VO2 par�cles on the electrical 
conduc�vity of Al . It seems reasonable to speculate that the VO2 par�cles may influence Al 
and alter the electrical conduc�vity of composites at lower temperatures because of the 
large difference in electrical conduc�vity between M -phase VO2 and Al . While at the higher 
temperature of 120 °C , the value of C2 become s higher . It suggests that VO2 par�cles are 
more prone to forming conduc�ve chains at 12 0 °C (above τ c ) than at 40 °C (below τ c ). 
This phenomenon ma y be atributed to the metallic state of VO2 at 12 0 °C , characterized 
by higher conduc�vity.  

4. 2 . GEM mode l for thermal conduc�vity and the VO2 network configura�on  

The general effec�ve media (GEM ) equa�on combines the percola�on theory and the 
effec�ve medium theory to construct a quan�ta�ve model, which is widely used in the 
electrical conduc�vity, thermal conduc�vity, par�cle diffusion , etc. of two -phase 
composites [36 –38]:  

  (2)  

where v1 stands for the volume frac�on of the lo w -conduc�vity component, and v2 stands 
for the volume frac�on of the high - conduc�vity component. Similarly, κ 1 and κ 2 denote 
the thermal conduc�vi�es of the lo w - and high -conduc�vity components, respec�vely . κ 
represent s the thermal conduc�vity of the composites . fc is a parameter relate d to the 
cri�cal volume frac�on for the lo w -conduc�vity phase, and t is an exponent.  

The rela�onship between thermal conduc�vity and VO2 content at room temperature is 
fited using the GE M equa�on . The result is shown in Fig. 9. (The data required in the 
model are obtained according to the literature [31 ,34 ,39]. ) The model predic�ons are in 
good agreement with the measured values. The derive d mode l parameters for the co m - 
po site include a cri�cal volume frac�on (fc ) of VO2 of 0. 2 and a cri�c exponent ( t) of 
0.167. The computed percola�on threshold indicate s a shar p decrease in thermal 
conduc�vity when the volume frac�on of VO2 is about 20 %, which suggest s that VO2 
par�cles form effec�ve conduc�ve networks in the composites . Therefore , the conduc�on 
through Al is impeded. Beyond the percola�on threshold, the thermal conduc�vity 
stabilizes, approaching that of VO2 , sugges�ng that VO2 dominates thermal transport in this 
region.  

In our experiment, at lower VO2 content , the discrete distribu�on of VO2 par�cles within 
the pure Al matrix suggests that the con�nuity of pure Al offers a bypass rout e for the 
movement of the electron s and phonons. With a high content of VO2 par�cles, a 
con�nuous VO2 net - work forms, which interferes with the movement s of electrons and 
phonons. To further prove this hypothesis, a 3D configura�on of VO2 par�cles in the 



composite was inves�gated using micro -CT analysis on the Zeiss Xradia 620 Versa device . As 
shown in Fig. 10 , when the volume frac�on of VO2 is 10 %, most of the VO2 par�cles are 
isolated from each other and the connec�vity is only 27.2 9 %. Therefore , the transport of 
electrons and phonons must go through the interac�on of both Fig. 8 . Agari mode l fited 
with experimental result s of the electrical conduc�vity for VO2/ Al composites as a func�on 
of the VO2 volume frac�on at (a ) 40 °C and (b ) 12 0 °C , respec�vely . The conduc�vi�es are 
thus dominated by Al ne works. However , when the VO2 content is 20 vol% or higher , the 
conduc�vi�es are tune d by VO2 connec�ons because the VO2 connec�vity in - crease s 
rapidly at 20 vol% to 70.3 2 % and then reaches equilibrium when the VO2 content is 30 
vol% . The results further elucidate that the thermal conduc�vity of the composite depends 
on the forma�on of VO2 conduc�ve chains , confirmed by the GEM model, and its 
percola�on threshold is 20 %.  

5 . Conclusions  

In the present study, VO2/ Al composites with adap�ve infrared stealth proper�es were 
successfully prepared by ball milling and SPS. The VO2 content had an important effect on 
the stealth performance of the composite. When the amount of VO2 was 50 vol% , the 
emissivity of the composite varied with increasing temperature , from 0.54 to 0.43 with an 
emitance variability of 0.11 . The result s of the infrared thermal images showed that 
compared with pure VO2 , the radia�on temperature of the 50 vol% VO2/ Al composite 
decreased by 9. 6 °C and 14.1 °C before and a�er the phase transi�on . Moreover , the lo w 
thermal conduc�vity of the composites indicated that they have good thermal insula�on 
performance. In addi�on , the varia�on of electrical and thermal conduc�vi�es of the 
composites with VO2 content was inves�gate d to reveal the transport mechanism . It is 
shown that the thermal and electrical transport were consistent with the GE M mode l and 
the Agaric model respec�vely . This VO2/ Al compo sit e exhibits broad applica�on prospects 
in the fields of adap�ve infrared ca moulage with low emissivity.  
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	ABSTRACT 
	Vanadium dioxide (VO2 ) is assumed as a promising dynamic infrared stealth material owing to its tuneable emissivity. However , the relatively high emissivity associated with VO2 -base d adaptive infrared stealth material s poses a constraint on their practical applications. To address this issue, this proposed a VO2/ Al composite end owed with a smart infrared stealth function . With 50 % VO2 , the composite achieved a lo w emissivity value of 0.54 at 30 °C , while it exhibited a reversible variation to 0.43 at 10 0 °C , demonstrating a change up to 0.11 . When the temperature of the sample remained at 10 0 °C , the surface temperature detected by an infrared camera was only 53.4 °C , indica tin g a promising infrared stealth performance. Meanwhile, the met Al -insulator transition (MIT ) effect and thermal insulation performance were investigated under the frame work of the composition effect of composite materials. The design strategy of this metal composite material paves the way for novel approaches in designing dynamic infrared stealth materials with low emissivity. 
	1. Introduction 
	The infrared stealth material s minimize the difference in infrared radiation between the target and its background through the radiation adjustment, thereby effectively evading detection and achieving stealth capabilities[ 1 , 2]. Achieving an effective infrared camouflage effect necessitates that stealth material s exhibit superior environmental adaptability. This is crucial because the intensity of sola r radiation , temperature , humidity, and other dynamic factors can significantly impact the infrared radiation intensity during actual operations. However , conventional stealth materials possess a fixe d emissivity and can only conceal object s against a specific background temperature . Consequently, when the environmental condition changes, the conventional stealth material s become susceptible to re -exposure . Therefore, it is imperative to develop an intelligent material that can adapt its emissivity spontaneously to match the surrounding environment [ 3 – 5]. Vanadium dioxide (V O 2 ) has attracted much attention due to its reversible metal-insulator transition (MIT). It undergoes a phase transition from a monoclinic structure (M phase) with insulating properties to a tetragonal rutile structure (R phase) with metallic properties at the critical temperature τ c ≈ 68 °C [ 6 , 7]. Accompanied by the phase transition , the infrared emissivity of VO2 change s significantly , from high emissivity at lo w temperature to lo w emissivity at high temperature [ 8 , 9]. The variable emissivity of VO2 can be used to maintain the mi n i - mu m difference between the object and the background in term s of radiation energy under a variable temperature environment, thus offering a practical approach for adaptive infrared camouflage. Moreover , the MI T temperature of VO2 can be effectively tune d through do pin g [10 –12], strain [13 ,14 ] and intrinsic point defect s [15 ,16]. Ji et al . demonstrate d the tunability of infrared radiation intensity of VO2 nano powders in two thermal atmospheric windows for the first time [17]. Following this , W -dope d VO2 nanoparticles were successfully pr e - pare d to reduce the transition temperature and the result s further promote the development of the adaptive camouflage [18]. Nevertheless, the emissivity of VO2 in the M phase is as high as 0. 8 –0.9, which will result in a high intensity of infrared radiation and thus not be favourable for its application in camouflage according to the infrared stealth mechanism [19]. 
	Given the ultra-low emissivity exhibited by metals such as gold , silver, and aluminium [20 ,21], the combination of low -emissivity material s with dynamic stealth material s can be an effective strategy for enhancing infrared stealth performance. Base d on lightweight design and cost considerations, in this work , Al powders were ball milled with VO2 particles and spar k plasma sintered (SPS ) to form bulk composites in order to reduce the emissivity. The impact of VO2 content on emissivity was experimentally evaluated , and the emissivity characteristics of the composites were analysed using an infrared thermal imaging camera. Furthermore , the thermal and electrical conducti vit y properties of the composites , along with their three -dimensional microstructure, were systematically investigated to explore the MI T effect and thermal insulation performance. These findings may offer valuable guidance for the development of smart infrared stealth materials with reduced emissivity. 
	2. Experimental 
	VO2 particles(99.99 wt % purity , the average size of 3 μ m ) and pure Al particles(99.95 wt % purity , the average size of 25 μ m ) were milled using a planetary high energy ball mill under an argon atmosphere to prepare Al -(10, 20 , 30 , 40 , 50 ) vol% VO2 composite powders . The ball -milling process was conducted at ambient temperature for 4 h (with a 20 mi n interval for ever y 60 mi n milling time ) at a rotation speed of 20 0 rpm, and the ball -to -powder weight ratio was 10:1 . The obtained powder was sintered at 50 0 °C for 10 mi n under an axial pressure of 50 MP a using SPS. 
	The microstructure of the polished samples was observed using a scanning electron microscope (SEM , Phenom XL , Phenom -World) . Energy -dispersive spectroscopy (EDS ) was employed to analyse elemental mapping with an operation voltage of 15 kV . A Talos F200 X G2 transmission electron microscope (TEM ) with selected area electron diffraction (SAED) was used to confirm the crystal structure . X -ray diffraction (XRD ) pattern s were acquired on a Rigaku Ultima IV diffractometer (Rigaku, Japan) using Cu K α radiation ( λ = 0.15 4 nm ) with a scan speed of 2° /min. The electrical conductivity ( σ ) measurement was conducted by the standard four -probe technique in a Quantum Design Physical Property Measurement System (PPMS) . The heating and cooling rates were set at 5 °C /min. Thermal conductivities of the composites , κ , were obtained through a calculation that is equal to the product of density (ρ), heat capacity ( Cp ), and thermal diffusivity ( D), κ = ρ·Cp·D . Here , ρ was measured using the Archimedes drainage method. Cp was determined by differential scanning calorimetry (DSC 2500 , TA). D was obtained by the lase r flash diffusivity method (LFA467, Netzsch , Germany). The infrared emissivity of the composites was investigated on the IR - 2 dual band emissivity measuring instrument (Shanghai Institute of Technical Physics, China) at the wave - length of 8 –14 μm under different temperatures. X -ray microtomography was performed on Zeiss Xradia 62 0 with a pixel size of 0. 7 μ m . The thermal images at different temperature s were taken by an infrared thermal imager working in the 8 –14 μ m region (Magnify Technologies). 
	/
	Fig. 1. (a–e) SEM images of VO2/Al composites with various VO2 contents, (a) 10 vol%, (b) 20 vol%, (c) 30 vol%, (d) 40 vol%, (e) 50 vol%, and (f) EDS mapping of the composite with 20 vol% VO2. (g) TEM image of 20 vol% VO2/Al composite and the corresponding SAED pattern of (h)Al and (i)VO2.
	/
	Fig. 2. XRD patterns of the VO2/Al composites with various VO2 contents.
	/
	Fig. 3. Effect of temperature on the electrical conductivity of VO2/Al composites with different contents of VO2. The solid and dashed lines present data during the heating and cooling processes, respectively.
	/
	Fig. 4. Effect of VO2 contents on the electrical conductivity change (ΔA) and transition temperature (τc) of the VO2/Al composites.
	3. Results 
	The microstructure of VO2/ Al composites with varying VO2 volumetric fraction s is depicted in Fig. 1(a –e) , while Fig. 1(f) di splays the EDS mapping for a composite containing 20 vol% VO2 . Combining with EDS results, the grey phase was pure Al, which uniformly surrounded VO2 particles in the whole picture . With the increasing volume fraction Fig. 1 . (a –e) SEM images of VO2/Al composites with various VO2 contents, (a ) 10 vol% , (b ) 20 vol% , (c ) 30 vol% , (d ) 40 vol% , (e ) 50 vol% , and (f) EDS mapping of the composite with 20 vol% VO2 . (g ) TEM image of 20 vol% VO2/ Al composite and the corresponding SAED pattern of (h )Al and (i ) of VO2 , the bright VO2 particles aggregate d within the Al matrix and formed a VO2 network . Fig. 1(g ) show s the TE M image of 20 vol% VO2/ Al composite, indica tin g the good interfacial bonding of VO2 and Al . The SAED pattern s in Fig. 1(h ) and (i ) revealed the well crystallization of Al and VO2 . Fig. 2 exhibits XRD pattern s of VO2/ Al composites at room temperature . The peaks of the XRD pattern s were identified according to Al (JCPDS Card No . 99 -0005 ) and VO2 (M ) (JCPDS Card No . 43 –1051). It suggested that the obtained composites consisted of Al and VO2 (M ) without any impurities. 
	To investigate the MIT effect of the composites , the temperature dependence of electric Al conductivity ( σ ) is shown in Fig. 3 . The conductivity of pure VO2 is also plotted. It can be seen that σ decrease d from 7.24 × 10 5 S/ m to 0.97 S/ m with the content of VO2 increase d from 10 vol% to 50 vol% within the lower temperature range, gradually approaching the electric Al conductivity of pure VO2 . At higher temperatures, the value of σ showed the same trend. The more the VO2 contained , the higher the increase was. The conductivity jump s were clearly presented on all samples around 68 °C . Considering the consistency of the conductivity of Al , the conductivity variation of the composite can be attributed to VO2 du e to the presence of the MIT within a similar temperature range.
	In order to further identify the MI T properties of each sample, the variation of the electric Al conductivity change ( ΔA) and τ c of the MI T Fig. 2 . XRD pattern s of the VO2/ Al composites with various VO2 contents. Fig. 3 . Effect of temperature on the electric Al conductivity of VO2/ Al composites with different content s of VO2 . The soli d and dashed lines present data during the heating and cooling processes, respectively . were also calculated. The result s were plotted with respect to the VO2 contents, as shown in Fig. 4 . ΔA was defined as the ratio of conductivity at 12 0 °C and 40 °C , corresponding to the metallic phase and semiconductor phase of VO2 , respectively . It can be seen in Fig. 4 that Δ A first increase d from 3. 7 at 10 vol% VO2 to 77.4 at 30 vol% VO2 , and then decrease d to 56.2 at 40 vol% VO2 . This is because Δ A is primarily affected by two different mechanisms. First, ΔA was closely related to the VO2 content , a higher VO2 concentration led to a larger Δ A . Second, when the content of VO2 is too high , defect s such as pore s may enhance the scattering effect on electrons, leading to smaller jump s of electric Al conductivity. Therefore , there was a slight decrease in ΔA when VO2 content was 40 vol% . For 50 vol% VO2/ Al composite, ΔA was up to 3.14 orders of magnitude again, which was comparable to those reported for pure VO2 [22 ,23]. The large change of the electrical conductivity indicate d that 50 vol% VO2/ Al composite has excellent MI T behaviour. The accurate τ c can be define d from the firs t -order deviation of the conductivity variation in the heating and cooling stages . As shown in Fig. 4 , τc was increase d from 60.5 6 °C for 10 vol% VO2 to 71.7 3 °C for 50 vol% . The findings suggested that the transition temperature of the composites can be affected by manipulating the volume fraction of VO2 , which have been reported in previous studies [24 –26]. 
	The temperature dependences of the emissivity are shown in Fig. 5 . The emissivity of pure VO2 is also characterized and shown in Fig. 5 . With the lower VO2 contents (1 0 –40 vol%), the composites showed a constant emissivity at different temperatures. In general , the emissivity of the composite is determined by the intrinsic emissivity of VO2 and Al. Sinc e the emissivity of VO2 at room temperature is much higher than that of pure Al , the emissivity of the composite increase d from 0.13 of 10 vol % to 0.28 of 40 vol% with the increase of VO2 content. The consistency of the emissivity with temperature was broken off when the addition of VO2 was increase d to 50 vol% . It revealed distinctive emissivity change s in the heating and cooling cycles indicating an inherited MIT from VO2 . A thermal hysteresis loop was also observed . It was found that the infrared emissivity could reversibly change from 0.54 at 40 °C (below τc ) to 0.43 at 10 0 °C (above τ c ), showing a pronounced infrared emission regulation up to 0.11. This regulation may be due to the increase in electric Al conductivity change . It was proved that the infrared emissivity of a material is inversely proportional to its electric Al conductivity [27]. The MIT temperature for emissivity change can be defined at 68.4 °C for the composite with 50 vol % VO2 , which is quite consistent with previous reports [ 9 ,28]. Therefore , when the VO2 content reaches as high as 50 vol% , the composite exhibits a distinct switching characteristic, and its emissivity is lower than that of pure VO2 . It provides new prospect s for the application of adaptive infrared stealth material with low emissivity. 
	In addition to the emissivity, the infrared stealth performance of the material is also closely relate d to the thermal conductivity [29]. According to Stefan Boltzmann' s Law, the infrared radiation intensity emanating from an object is directly proportional to its surface temperature and infrared emissivity. Therefore , low thermal conductivity can effectively decelerate heat transfer to the surface , thereby reducing the intensity of infrared radiation . The thermal conductivity of the composite with different VO2 contents is shown in Fig. 6 . Thermal conductivity of pure Al [30 ] and pure VO2 [31 ] are also shown for comparison. Du e to the relatively lower thermal conductivity of VO2 , the thermal conductivity of the composites decrease d with the increase in VO2 content. Even with a small amount of VO2 addition, the value of the thermal conductivity dropped unexpectedly rapidly from 49.4 Wm − 1 K − 1 of 10 vol% to 12.6 Wm− 1K−1 of 20 vol% . When the volume fraction of VO2 exceeded 20 %, the VO2 network formed . The thermal conductivity was then do miniated by VO2 . It in turn showed a lower thermal conductivity of around 5 Wm − 1 K − 1 , nearly identic Al to that of pure single -crystal VO2 . Meanwhile, the thermal conductivity of the composite did not show an y obvious change across the investigated temperature range. The lo w thermal conductivity of the samples ensure s that heat cannot be rapidly transferred to the surface , thereby facilitating the application of adaptive infrared stealth materials.
	In order to further evaluate the infrared radiation properties of the VO2/ Al composites , thermal images were take n in the 8 –14 μm band using an infrared camera. The imaging system is illustrated in Fig. 7(a). The bulk 50 vol% VO2/ Al composite and pure VO2 that were used for the measurement were both 1 mm in thickness and had similar surface morphology. Samples were equilibrated for at least 5 mi n at each temperature before data collection. The thermal infrared images of 50 vol% VO2/ Al composite and pure VO2 are presented in Fig. 7(b), illustrating the correlation between the radiation temperature captured by the infrared camera and the real temperature . As shown in Fig. 7(b), when the real temperature reached 30 °C , which was below τc , the radiation temperature s of 50 vol% VO2/ Al composite and VO2 were 17.7 °C and 27.3 °C , respectively , with a radiation temperature difference of 9. 6 °C . When the real temperature was raised to 10 0 °C , which was higher than τ c , the radian t temperature difference was 14.1 °C . Variation of the infrared radiation temperature of bulk 50 vol% VO2/ Al and pure VO2 at different real temperature s is shown in Fig. 7(c). The radiation temperature of the 50 vol% VO2/ Al and pure VO2 increase d li nearly with the increase in the real temperature before τ c . However , the radiation temperature of both samples changed significantly after the phase transition . The results show that the 50 vol% VO2/ Al composite effectively reduces the thermal emissivity of pure VO2 and has excellent adaptive infrared stealth performance. 
	/
	Fig. 6. Effect of temperature on the thermal conductivity of VO2/Al composites with various VO2 contents.
	/
	Fig. 7. (a) Schematic diagram of the infrared thermography process. (b) The infrared thermal images of the bulk 50 vol% VO2/Al composite and pure VO2 at different real temperatures. (c) The variation of radiation temperatures of bulk 50 vol% VO2/Al composite and pure VO2 as a function of real temperature.
	/
	Fig. 8. Agari model fitted with experimental results of the electrical conductivity for VO2/Al composites as a function of the VO2 volume fraction at (a) 40 ◦C and (b) 120 ◦C, respectively.
	/
	Fig. 9. Comparison of theoretically predicted thermal conductivity values by the GEM model with experimental results of VO2/Al composites as a function of the VO2 volume fraction at 25 ◦C.
	/
	Fig. 10. Three-dimensional morphology of the VO2 particles in the composites with various VO2 contents: (a) 10 vol%, (b) 20 vol%, (c) 30 vol%, (d) 40 vol%, (e) 50 vol%, where red and yellow represent the connected and disconnected VO2 phases, respectively. (f) Effect of VO2 content on its connectivity. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
	4 . Discussion 
	4. 1 . Agaric model for electrical conductivity 
	The abrupt change in the emissivity of the composite promises a potential infrared stealth material for smart devices. It is well known that the electrical and thermal conductivity of a material are important factors affecting its thermal stealth performance. Therefore , it is of great significance to explore the VO2 content effect on the electrical conductivity and thermal insulation performance of the VO2/ Al composite. The Agari mode l was first proposed in 1986 to explain the li near relationship between the logarithm of thermal conductivity and the volume contents of particles in composites [32]. Note that al l the data points of electrical conductivity change with VO2 content are approximately on a straight line , the experimental data can be used to fit the Agari equation in the form of electrical conductivity, as follows : 
	log σ = V • C2 • log σ2 + (1-V) • log(C1 • σ1)  (1 ) 
	where σ stands for the electrical conductivity of the composite, σ 1 is the electrical conductivity of material 1 ( Al in the present study) , and σ2 is the electrical conductivity of material 2 (V O 2 in the present study) . V is the volume content of material 2. C 1 is a coefficient of the effect on crystallinity and crystal size of material 1, and C2 is a coefficient of ease in forming conductive chains of material 2 [33]. 
	As shown in Fig. 8(a ) and (b), the equation fits well with the experimental results. (The data required in the mode l are obtained according to the literature [34 ,35]. ) Value s of coefficients C 1 and C2 in Eq . (1 ) are 2.10 8 and − 11.78 7 at 40 °C , 1.43 2 and 2.32 1 at 120 °C . A larger value of C1 indicate s a greater effect of VO2 particles on the electrical conductivity of Al . It seems reasonable to speculate that the VO2 particles may influence Al and alter the electrical conductivity of composites at lower temperatures because of the large difference in electrical conductivity between M -phase VO2 and Al . While at the higher temperature of 120 °C , the value of C2 become s higher . It suggests that VO2 particles are more prone to forming conductive chains at 12 0 °C (above τ c ) than at 40 °C (below τ c ). This phenomenon ma y be attributed to the metallic state of VO2 at 12 0 °C , characterized by higher conductivity. 
	4. 2 . GEM mode l for thermal conductivity and the VO2 network configuration 
	The general effective media (GEM ) equation combines the percolation theory and the effective medium theory to construct a quantitative model, which is widely used in the electrical conductivity, thermal conductivity, particle diffusion , etc. of two -phase composites [36 –38]: 
	/  (2) 
	where v1 stands for the volume fraction of the lo w -conductivity component, and v2 stands for the volume fraction of the high - conductivity component. Similarly, κ 1 and κ 2 denote the thermal conductivities of the lo w - and high -conductivity components, respectively . κ represent s the thermal conductivity of the composites . fc is a parameter relate d to the critical volume fraction for the lo w -conductivity phase, and t is an exponent. 
	The relationship between thermal conductivity and VO2 content at room temperature is fitted using the GE M equation . The result is shown in Fig. 9. (The data required in the model are obtained according to the literature [31 ,34 ,39]. ) The model predictions are in good agreement with the measured values. The derive d mode l parameters for the co m - po site include a critical volume fraction (fc ) of VO2 of 0. 2 and a critic exponent ( t) of 0.167. The computed percolation threshold indicate s a shar p decrease in thermal conductivity when the volume fraction of VO2 is about 20 %, which suggest s that VO2 particles form effective conductive networks in the composites . Therefore , the conduction through Al is impeded. Beyond the percolation threshold, the thermal conductivity stabilizes, approaching that of VO2 , suggesting that VO2 dominates thermal transport in this region. 
	In our experiment, at lower VO2 content , the discrete distribution of VO2 particles within the pure Al matrix suggests that the continuity of pure Al offers a bypass rout e for the movement of the electron s and phonons. With a high content of VO2 particles, a continuous VO2 net - work forms, which interferes with the movement s of electrons and phonons. To further prove this hypothesis, a 3D configuration of VO2 particles in the composite was investigated using micro -CT analysis on the Zeiss Xradia 620 Versa device . As shown in Fig. 10 , when the volume fraction of VO2 is 10 %, most of the VO2 particles are isolated from each other and the connectivity is only 27.2 9 %. Therefore , the transport of electrons and phonons must go through the interaction of both Fig. 8 . Agari mode l fitted with experimental result s of the electrical conductivity for VO2/ Al composites as a function of the VO2 volume fraction at (a ) 40 °C and (b ) 12 0 °C , respectively . The conductivities are thus dominated by Al ne works. However , when the VO2 content is 20 vol% or higher , the conductivities are tune d by VO2 connections because the VO2 connectivity in - crease s rapidly at 20 vol% to 70.3 2 % and then reaches equilibrium when the VO2 content is 30 vol% . The results further elucidate that the thermal conductivity of the composite depends on the formation of VO2 conductive chains , confirmed by the GEM model, and its percolation threshold is 20 %. 
	5 . Conclusions 
	In the present study, VO2/ Al composites with adaptive infrared stealth properties were successfully prepared by ball milling and SPS. The VO2 content had an important effect on the stealth performance of the composite. When the amount of VO2 was 50 vol% , the emissivity of the composite varied with increasing temperature , from 0.54 to 0.43 with an emittance variability of 0.11 . The result s of the infrared thermal images showed that compared with pure VO2 , the radiation temperature of the 50 vol% VO2/ Al composite decreased by 9. 6 °C and 14.1 °C before and after the phase transition . Moreover , the lo w thermal conductivity of the composites indicated that they have good thermal insulation performance. In addition , the variation of electrical and thermal conductivities of the composites with VO2 content was investigate d to reveal the transport mechanism . It is shown that the thermal and electrical transport were consistent with the GE M mode l and the Agaric model respectively . This VO2/ Al compo sit e exhibits broad application prospects in the fields of adaptive infrared ca moulage with low emissivity. 
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