
Article

Not peer-reviewed version

Research on Heat transfer and IR

Characteristics of Molybdenum

Sputtered Polyamide Materials

Hye Ree Han 

*

Posted Date: 15 May 2023

doi: 10.20944/preprints202305.0981.v1

Keywords: Molybdenum; Heat transfer; IR characteristics; Stealth; Sputtering

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/2052753


 

Article 

Research on Heat transfer and IR Characteristics of 
Molybdenum Sputtered Polyamide Materials 

Hye Ree Han 

Department of Beauty Art Care, Graduate School of Dongguk University, Seoul, 04620, Korea 

*Corresponding author: luckyherry@hanmail.net 

Abstract: Demand for development of the convergence industry, research studies on heat transfer , 

thermal characteristics, semiconductors, motors, and batteries using special materials have come to 

the fore. Meanwhile, molybdenum (Mo) exhibits relatively small inorganic qualities, and the 

thermal conductivity rate is applied to various fields. In this study, in-depth characteristics were 

considered regarding the concentration of thermal characteristics, IR car terminal characteristics, 

and IR vehicles. This study calculated each phase temperature of the molybdenum sputtered 

specimens in the steady state according to the heat transfer theory. When the molybdenum-

sputtered fabric’s metal layer pointed to the outside air, the heat transfer rate (Q) was high at 

5748.3W, In contrast, if the molybdenum sputtered film’s metal layer of the pointed toward the heat 

source, the heat transfer rate (Q) was low at 187.1W. As a result of measuring the IR transmittance, 

the infrared transmittance of the molybdenum sputtering-treated sample was significantly reduced 

compared to the untreated sample. In the case of untreated samples, the transmittance ranged from 

92.7 to 42.0%. When only the cross part was treated with molybdenum sputtering and the 

molybdenum surface was directed toward the IR irradiator, the IR transmittance was 66.8~0.7%. It 

is believed that the molybdenum sputtering polyamide samples produced in this study can be 

applied to multifunctional military wear, biosignal detection sensors, semiconductor products, 

batteries, etc., by utilizing excellent electrical properties, stealth functions, IR blocking properties, 

and lightness for infrared thermal imaging detectors. 

Keywords: molybdenum; heat transfer; IR characteristics; sputtering; stealth 

 

1. Introduction 

Molybdenum (Mo) is a relatively non-toxic inorganic substance that not only provides hard and 

non-corrosive steel even at high temperatures but also is used as a nutritional supplement to living 

organisms. Molybdenum is mechanically strong from cryogenic to high temperature, has a high 

elasticity, has thermal conductivity that is several times higher than that of a general heat-resistant 

alloy, and has a small linear expansion rate. Molybdenum is used in tool steel, high-speed steel, 

stainless-steel special steel, heat-resistant steel, and high-strength steel because it can increase 

hardness and toughness by being added in small amounts to steel. 

Molybdenum has been examined in various studies focused on molybdenum carbide, electron 

spin resonance, catalytic production, molybdenum disulfide nanosheets, molybdenum disulfide 

photodetectors, solar energy applications, electrocatalysts and etc [1–11]. 

On the other hand, sputtering technology is one of the eco-friendly processing methods that 

does not use water, and it has the advantage of being relatively convenient and can easily apply 

metals on the sample, so it is used in various mechanical parts and semiconductors. Additionally, 

researches related to sputtering technology include solid surfaces by ion-impact, hazard, 

transportation parts, solar absorbers, tunable optical properties, sensors, implants, batteries and etc 

[12–19].  
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In addition, research on ferromagnetic materials, self-healing materials, conductive hydrogels, 

wide-frequency sensing, electrical circuits, nanocomposites, flexible sensors, batteries, etc., is actively 

being conducted in relation to electrically conductive materials [16,20–28].  

In previous studies, there was a case examining electrical conductivity by sputtering metals 

(aluminum, titanium, etc.) on plain weaves and films, but electrical conductivity was expressed in 

films and not expressed in plain weaves or nets. This is believed to be the reason why the metal layer 

is not thick enough to cover the police officer's furrow [29,30]. 

For stealth functions, research on infrared waves, anti-sorting signals, ZnO, polyaniline-plated 

hollow glass microscopes (PANI/HGMs), carbon, etc., is also being actively conducted [31–38].  

In addition, the need for artificial intelligence, stealth materials, electrical conductivity, and 

complex multifunctional materials has recently emerged, and there are not many studies on 

molybdenum sputtering in previous studies. Therefore, in this study, I would like to examine stealth 

characteristics and IR blocking in depth. In addition, sputtering was performed more times than in 

previous studies [29,30] to coat the metal layer thickly and examine electrical conductivity. In 

addition, I would like to analyze the correlation between infrared thermal imaging images and IR 

transmission and seek ways to cooperate with the industry. The analysis method is a quantitative 

research method; the independent variables are the presence or absence of sputtering treatment and 

the density change in the sample; the dependent variables are electrical resistance, IR transmittance, 

and infrared thermal image stealth characteristics. 

In this study, the hidden effect, IR transmittance, thermal characteristics, and electrical resistance 

of the polyamide material subjected to molybdenum sputtering were studied in various ways. To this 

end, molybdenum sputtering-treated polyamide samples were prepared by changing the density of 

polyamide materials. After that, the prepared samples were considered for surface characteristics, IR 

transmittance, electrical resistance, thermal characteristics, hidden effects on infrared thermal 

imaging cameras, and color difference changes in IR camera images. 

Therefore, in order to study various characteristic changes according to changes in pore size, 

polyamide was divided into a film, plain weave, and nets numbered from 1 to 5, and a molybdenum 

sputtering treatment was performed. In addition, based on the research results derived from this, the 

applicability of heat transfer properties, health effects on infrared cameras, high-functional smart 

materials, and sensor applicability based on reduced electrical resistance were examined. 

2. Experiment 

2.1. Materials 

Polyamide (film, plain weave, and nets 1-5) is the material used in the sputtering treatment of 

molybdenum. Polyamide samples (nylon) were prepared for the treatment of the molybdenum 

sputtering process by varying the density, and the characteristics of these samples are as shown in 

Table 1.  

The conditions of the molybdenum sputtering process applied to the base clipping material are 

as shown in Table 2. The device used in the molybdenum sputtering process was a sputter coater 

(SRN120, SORONA, Korea) device, and when the molybdenum sputtering process was performed, 

the base closing material was a circular model (circular diameter: 19.5 cm). In addition, the sputtering 

processing time was set to 50 minutes longer than in previous studies [29,30] treated with titanium 

and aluminum sputtering. 
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Table 1. Information on base materials. 

  
Polyamid

e film 

Polyamid

e plain 

weave(te

xtile) 

Polyamid

e net1 

Polyamid

e net2 

Polyamid

e net3 

Polyamid

e net4 

Polyamid

e net5 

Sample code PF1 PA1 PE1 PE2 PE3 PE4 PE5 

Sample 

thickness (mm) 
0.09 0.15 0.08 0.10 0.15 0.11 0.19 

Structure type Flat 
Plain 

weave 
Net Net Net Net Net 

Pore size  

(㎛2) 
0 1200 3564 35696.3 94440.4 136476.2 294825.5 

Table 2. Molybdenum sputtering conditions. 

Process 50 (nm/minute) 

Time 1200sec (20min) 

Process pressure (Torr) 6m Torr  

Gas (sccm) Ar 40 sccm 

Power (W) DC 500 W 

Machine SRN-120 

2.2. Characterization 

As a result of examining the surface with FE-SEM after a molybdenum sputtering treatment, it 

was observed that molybdenum was well formed on the fiber surface in all sputtering treatment 

samples. EDS (energy dispersive spectroscopy, EDS Oxford Instruments, UK) and FE-SEM (field-

emission scanning electron microscopy, Jeol, JSM 7401F, Japan) were used for surface characteristics. 

In the case of electrical resistance, a digital multimeter (Bluetooth Digital Multimeter, OWON 

D35T, Fujian Lilliput Optoelectronics Technology Co., Ltd. China) was used to study surface 

resistance before and after the molybdenum sputtering treatment. The independent variable is Mo 

treatment or not, and the dependent variable is electrical resistance. 

An infrared intensity tester (infrared emulating diodes, 5mm infrared LED, T-1 3/4 IR333-A, 

EVERLIGHT, Taiwan) was used for infrared transmittance. The infrared intensity irradiated to the 

sample was set to 200 W/m2. Additionally, the main infrared wavelength was 940 nm. The 

independent variable is Mo treatment and treatment surface direction, and the dependent variable is 

IR transmittance. 

In the case of stealth characteristics, an infrared thermographic camera (Flir i7) was used. When 

taking a thermal image, a thermal image was acquired with an infrared thermal image camera while 

the sample was closely attached to the back of the hand while wearing latex gloves. 

The Color Inspector 3D program was used to measure the hidden effect of infrared thermal 

imaging cameras and the values of H, S, V, Y, Cb, and Cr. In particular, H, S, V, and Y; Cb; and Cr 

values were studied using the Color Inspector 3D program. In addition, ΔH, ΔS, and ΔV; and ΔY, 

ΔCb, and ΔCr were calculated based on the data measured by the Color Inspector. The values of ΔH, 

ΔS, and ΔV are as follows (Eq. was calculated using 1~4) [29,30].  ∆H = Htreated − Huntreated                                              (1) ∆H = 𝐻𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − 𝐻𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 (2)∆V = 𝑉𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − 𝑉𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 (3)

Each parameter in Eqs. (1)-(3) is defined below: 

Huntreated: Value H of untreated specimens; 

Htreated: Value H of sputtered specimens; 
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Suntreated: Value S of the untreated specimens; 

Streated: Value S of the sputtered specimens; 

Vuntreated: Value V of the untreated specimens; 

Vuntreated: Value V of the sputtered specimens. 

The HSV color space or HSV model is a method of expressing a color and a method of arranging 

a color according to the method. A specific color is designated by using coordinates of color (Hue), 

saturation, and brightness (Value). The color value H means the relative arrangement angle when the 

red with the longest wavelength is 0° in the color ring in which the visible light spectrum is arranged 

in an annular shape. Therefore, the H value ranges from 0° to 360°, and 360° and 0° refer to the same 

color red. The saturation value S represents the degree of darkness when the darkest state of a specific 

color is set to 100%. The saturation value of 0% represents an achromatic color of the same brightness. 

The brightness value V represents the degree of brightness when white, red, etc. are 100% and black 

is 0%.  

<Eq.1> shows the degree of change in the “H” value due to the molybdenum sputtering 

treatment by subtracting the “H” value of the untreated sample from the “H” value of the 

molybdenum sputtering sample. The value of "H"’ in the concept of color space means a color angle 

(hue). In the case of <Eq. 2>, the change in the “S” value due to the molybdenum sputtering treatment 

is the value obtained by subtracting the “S” value of the “untreated sample” from the “S” value of 

the molybdenum sputtering sample. The "S" value in the color space represents the concentration 

and saturation of the color. Additionally, in Eq. 3, the value “V” of the “untreated sample” is 

subtracted from the value “V” of the molybdenum sputtering sample, indicating a change in color 

value by the molybdenum sputtering treatment. The "V" value in the color space represents the 

degree of brightness. Additionally, in Eq. 4 and the case of the "T" value, the color difference between 

the molybdenum sputtering-treated sample and the untreated sample in the color space is derived 

by combining them [29,30]. 

ΔY, ΔCb, and ΔCr were calculated using the following equation. 

∆Y=Ytreated-Yuntreated                               (4)

∆Cb=Cbtreated-Cbuntreated                         (5)

∆Cr=Crtreated-Cruntreated                           (6)∆T = ඥ(∆𝑌)ଶ + (∆𝐶𝑏)ଶ + (∆𝐶𝑟)ଶ      (7)

Each parameter in Eqs. (4)-(7) is defined below: 

Yuntreated: Value Y of untreated specimen; 

Ytreated: Value Y of sputtered specimen; 

Cbuntreated: Value Cb of the untreated specimen; 

Cbtreated: Value Cb of the sputtered specimen; 

Cruntreated: Value Cr of the untreated specimen; 

Crtreated: Value Cr of the sputtered specimen. 

YCbCr is a type of color space used in imaging systems. Y is a luminance component, and Cb 

and Cr are color difference components. YCbCr is sometimes abbreviated as YCC. YCbCr is not an 

absolute color space and is a method of encoding RGB information, and the color of the actual image 

depends on the original RGB information used to display the signal. Therefore, the values expressed 

in YCbCr can only be predicted if standard RGB colors are used, or if an ICC profile is attached to be 

used to convert colors. 

<Eq. 4> showed a change in the "Y" value due to molybdenum sputtering processing by 

subtracting the "Y" value of the untreated sample from the "Y" value of the molybdenum-sputtered 

sample. <Eq.5> shows the change in the value of “Cb” due to the treatment of molybdenum 

sputtering by subtracting the value of “Cb” of the “untreated sample” from the value of “Cb” of the 

molybdenum-sputtered sample. Eq. 6 shows the change in Cr value by the molybdenum sputtering 

treatment by subtracting the “Cr” value of the untreated sample from the “Cr” value of the 

molybdenum sputtering treatment sample. 
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The heat transfer characteristic calculation is as follows. 

Convection is the transfer of energy between the surfaces of liquids and solids. The movement 

of liquids plays an important role in increasing the speed of heat transfer rate. Convection can be 

expressed by the following equation (8). 'h' means the convective heat transfer coefficient. 'Tw' is the 

temperature of the solid surface (K), 'T∞' is the liquid temperature of the free flow (K), 'A' is the 

surface area (m2), and 'Q' is the heat transfer rate (W)    𝑄 = ℎ𝐴(𝑇௪ − 𝑇∞)                                             (8) 

Conduction is the mechanism by which thermal energy flows from high to low temperatures. 

Heat transfer within a solid can occur through conduction. Metals in particular are conductors with 

very high thermal conductivity. The conduction can be expressed according to Fourier's rule in the 

following equation (9). where 'Q' is the heat transfer rate, 'k' is the thermal conductivity, 'A' is the 

surface area (m2), 'T' is the temperature (K), △T is the temperature difference (K), and 'x' is the 

thickness (m)  𝑄 = 𝑘𝐴 భ்ି మ்௱௫ = −𝑘𝐴 ௱்௱௫                                                        (9) 

Radiation is the transfer of energy by electromagnetic waves. Energy can be transferred between 

a solid surface and a gas or between two or more surfaces. Radiation can be expressed in the following 

equation (10). where 'Q' is the heat transfer rate (W), 'A' is the surface area (m2), ''' is the Stefan-

Boltzmann constant (5.669 X 10-8 W/m2 ᆞ K4), 'Tw' is the surface temperature of the material (K), and 

'T∞' is the atmospheric temperature (K)  𝑄 = 𝜀𝜎𝐴(𝑇௪ସ − 𝑇∞ସ)                                                         (10) 

Various types of solids come into contact to form layers, and exposure to air or fluid results in a 

narrow difference in heat transfer through conduction, convection, or radiation. 

The surface temperature was determined according to the above conduction, convection, and 

radiation theories, assuming a steady state with no time-induced temperature difference. The heat 

transfer rate calculated by this research model was derived through the above e equations (8)-(10), 

and presented again in equation (11).  

As shown in Figure 1 and Equation (11), for Material 1, the theory of heat transfer by conduction 

was used for calculation. The theory of heat transfer by convection and radiation was used in the 

calculation of Material 2. 

 

Figure 1. Multi layer materials and heat transfer simulation. 𝑄 = భ்ି ర்ೣభಲೖభା ೣమಲೖమା భ(೓శഄ഑(೅యమశ೅రమ)(೅యశ೅ర))ಲ                              (11) 
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In Equation (11), 'Q' represents the total heat transfer rate, Q1 and Q2 represent the heat transfer 

rates of Material 1 and Material 2, respectively, and Q3 represents the heat transfer rate to the 

atmosphere. Q=Q1=Q2=Q3, when calculated under normal conditions. 

In addition, X1 and X2 represent the thickness ('k1') of Material 1 and Material 2(k2), ε represents 

the radiation rate, ' σ '' represents the Stefan-Boltzmann constant, and 'h' represents the heat transfer 

coefficient. The 'Q' value was derived using the trial and error method, and then the surface 

temperature was calculated. If the orientation of the metal sputtering specimen was changed, the 

figures for Material 1 and Material 2 were replaced for calculation [32]. It should be noted that the 

actual test material is fabric, but the calculation was carried out under the assumption that it was a 

solid material.  

3. Results and Discussion 

3.1. Surface Properties 

After molybdenum sputtering treatment, FE-SEM was performed to examine nano-formations 

on the sample (Figure 2). As a result, it was confirmed that the molybdenum layer was well applied 

to the surface of all sputtering-treated samples compared to the untreated samples. It can be observed 

that the surface of molybdenum in the form of corals formed in all specimens. 

In addition, the cross-section FE-SEM was examined to observe in more detail what the thickness 

of the molybdenum particle layer on the sample was (Figure 3). In the case of PF1 and PA1, 

molybdenum layers with thicknesses ranging from 349.5 to 379.8 and from 143.1 to 209.2 nm were 

detected, respectively. In the case of PE1~5, the thickness of the molybdenum layer ranged from 388.1 

to 429.4, 401.8 to 437.6, 613.8 to 682.6, 652.3 to 690.8, and 737.6 to 800.9 nm, respectively. In previous 

studies, when FE-SEM photography was performed after the metal sputtering treatment, nanograins 

were often observed on the surface [29,30], and in this study, they showed coral shapes rather than 

grain shapes on the surface. Since the sputtering time was longer than that of previous studies, it was 

judged that the molybdenum layer was more laminated to form a coral shape. The EDX results are 

as shown in Figure 4, and it was proved that molybdenum was well applied to the sample surface. 
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Figure 2. Surface characteristics of molybdenum-sputtered specimens. 
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Figure 3. Cross-section characteristics of molybdenum-sputtered specimens. 
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(a) 

 
(b) 

 
(c) 

 

Figure 4. EDX results of Mo-sputtered specimens: (a) PF1; (b) PA1; (c)PE1. 

3.2. Electrical Resistance Properties 
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In the case of the electrical resistance of the molybdenum sputtering-treated sample, it is related 

to density and structure. Compared to the untreated sample, it was confirmed that the electrical 

resistance of the sputtering treatment net and the film sample was significantly reduced (Figure 5). 

In the case of untreated samples, all PF1, NA1, and PE1 to PE5 samples showed an “overload” 

in which the electrical resistance exceeded the machine's measurement range. However, after the 

molybdenum sputtering treatment, the electrical resistance value (Ω) of all samples other than PA1 

decreased significantly.  

(a) (b) 

 

 

(c) 

 

Figure 5. Electrical resistance of specimens: (a) electrical resistance of untreated and molybdenum-

sputtered specimens; (b) correlation between pore size and electrical resistance; (c) LED bulb lighting 

comparison between untreated and molybdenum-sputtered specimens. 

In the case of molybdenum sputtering PF1, the electrical resistance value was 9.5 Ω, and in the 

case of molybdenum sputtering PE1~5, the electrical resistance values were 2600, 3400, 83.5, 84.7, and 

98 Ω, respectively. In Figure 4b, it was derived from the correlation equation between pore size and 

electrical resistance. The equation (12) is as follows. 

Y=-0.0105x+2488.2                                             (12) 

Similarly to previous studies [29,30], the electrical resistance of molybdenum sputtering PF1 was 

very low not because of a mirror deadlock, such as a plain weave or net, but because the surface is 

flat, the molybdenum layer is uniformly and flatly coated, and the current flows well without 

obstacles. In previous studies [29,30], even if sputtering was performed, the resistance of the sample 

was high except for the film, and in this study, the sputtering treatment time was five times longer 

than in previous studies. In this study, the sputtering treatment time of the PE1 to PE5 samples 
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subjected to molybdenum sputtering is long, so it is believed that electrical resistance was expressed 

due to the thick thickness of the molybdenum coating layer.  

In addition, prior research explained that the electrical value is insensitive to vacuum annealing 

conditions as all Mo films show somewhat the same value in the range of 3×10-5–6×10-5 Ωcm. It 

showed a similar tendency to the results of this study [31]. 

In addition, in other previous studies, electrical resistance was measured after molybdenum 

treatment, and the electrical resistance value was higher than in this study, indicating an "overload" 

outside the mechanical measurement. This study showed much smaller resistance than previous 

studies, and in previous studies, the molybdenum sputtering treatment time was 10 minutes, and in 

this study, the molybdenum layer was thicker with the sputtering time of 50 minutes [33]. 

However, in the case of PA1, PE1, and PE2 samples, the electrical resistance was relatively high 

even if molybdenum sputtering was performed under the same conditions. This is judged to have 

been cut off in the middle while the current was running because the light yarn was densely crossed, 

and the molybdenum layer was not thick enough to cover the light yarn furrow.  

When molybdenum sputtering polyamide nets (PE3, 4, and 5) and a polyamide film (PF1) were 

placed between the LED bulk and the circuit, it was confirmed that the LED was lit (Figure 5). That 

is, it was confirmed that molybdenum sputtering polyamide stromal nets and films could be used as 

electrically conductive materials. The coating reduces electrical resistance. The polyamide film 

exhibited a significantly reduced electrical resistance value of 9.5 Ω  due to the molybdenum 

sputtering treatment compared to other samples. As such, the electrical resistance has been greatly 

reduced, the possibility of application to electronic products has been proven. In addition, it is 

believed that the molybdenum sputtered polyamide film can be cut thin and used for sensors and 

precision electrical components. 

 

3.3. Characteristics of IR Transmittance 

In this study, the IR transmittance measurement analysis of the untreated sample and the 

molybdenum sputtering-treated sample was conducted on only one side, and the results are shown 

in Figure 6. An IR irradiator was placed on the left, an IR measuring instrument was placed on the 

right, and a sputtering sample was placed between the irradiator and the measuring instrument; then, 

the analysis was performed. As a result of the measurement, the sample subjected to molybdenum 

sputtering showed a significant decrease in the infrared transmission value. The IR transmittance of 

the untreated sample ranged from 92.7 to 42.0%, which was very high.  
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Figure 6. Transmittance of IR: (a) transmittance of IR according to untreated and molybdenum-

sputtered specimens; (b) correlation between pore size and IR transmittance. 

However, when only the cross-section experienced molybdenum sputtering and the copper 

surface faces the IR irradiator (molybdenum phase front), the IR transmittance was 66.8 to 0.7%. In 

addition, when cross-sectional molybdenum sputtering is performed and the molybdenum surface 

faces the IR measuring instrument (molybdenum phase back), the IR transmittance ranged from 67.6 

to 0.3%. In other words, the change in IR transmission value according to the direction of the 

molybdenum sputtering layer was not large, but the infrared transmission value was found to be 

very small when the molybdenum surface faced the IR irradiator. Additionally, as the density of the 

sample increased, the transmittance tended to increase. Previous studies have shown that the 

direction of the metal layer does not significantly affect the IR transmittance [29,30], and in this study, 

the thickness of the metal layer is thicker than in previous studies, so it is judged that there is a very 

small difference in the IR transmittance according to the direction of the metal layer. 

3.4. IR Camera Stealth Function Based on Heat Transfer 

In this study, thermal characteristics based on high-temperature heat sources were examined 

using an infrared thermal imaging camera (Figure 7). The photograph was taken with an infrared 

thermal imaging camera at a distance of 0 cm (in a close state), and the photograph was taken while 

changing the direction of the sample to which only the cross-section experienced molybdenum 

sputtering. The surface temperature of the heat source ranged from 45.8 to 47.5°C. 

In the case of a sputtering-treated sample on a film and a plain weave, when the molybdenum 

layer faces outside air, the surface temperature was much lower than the heat source. When the 

molybdenum layer of the molybdenum sputtering film was directed toward outside air, the surface 
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temperature was 28.2℃, and when the molybdenum layer of the sputtering plain weave was directed 

toward the outside air, the surface temperature was 33.9℃. However, when the molybdenum layer 

part faces the heat source, the heat source's temperature appears on the infrared thermal imaging 

camera, and there was little stealth effect. 

In addition, in the case of net samples, when the molybdenum-sputtered layer faced outside air, 

the net's appeal increased (PE1->PE5), the surface temperature ranged from 42.0 to 42.7℃, and the 

stealth effect decreased. 

As the density of the net lowers and the pore size becomes larger, the heat of the heat source 

escapes to the outside air, and it is determined that the surface temperature is the same as the heat 

source temperature. In previous studies [29], when infrared thermal imaging was taken using 

sputtering-treated samples to direct the metal layer toward the outside air, the higher the density, the 

closer the surface temperature to the heat source. This study also showed a similar trend relative to 

previous studies. In addition, when the molybdenum layer part of the molybdenum sputtering-

treated net sample faces the human body, the surface temperature ranged from 44.2 to 47.3℃ , 

indicating a high surface temperature. 

(a) 

 
(b) 

 
(c) 
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Figure 7. (a) IR thermal images of untreated and sputtered specimens (b) Surface temperature for 

untreated and sputtered specimens (c) Correlation of Pore size and surface temperature. 

After taking an infrared thermal imaging camera, H, S, and V values were measured using a 

program to evaluate stealth effects using a quantitative IR camera (Table 3), and △H, △S, △V, and 

△E values were calculated (Table 4). The measurement point is the lower right part of the cross 

pattern shown in (a) of Figure 7. 

Additionally, the values of △H, △S, △V, and △E were calculated according to Eq 1~3. The 

H, S, and V values of the outside air were "256, 40, 47", respectively, and the H, S, and V values of the 

heat source were "176, 6, 94", respectively. 

The values of H, S, and V of the “untreated sample” and “Molybdenum phase down” section 

(when the molybdenum surface of the cross-sectional sputtering-treated sample faces the human 

body) were very similar in all samples, and there was no significant difference depending on the 

density. For all samples in the untreated state, the H values were 147-168, the S values were 5-8, and 

the V values were 92-95. For all samples in the molybdenum phase-down section, the H value was 

131–180, the S value was 4–6, and the V value was 92–100. This shows the same pattern as the thermal 

image of Figure 7. The small absolute value of △E (2.4~21.4) of the samples of the molybdenum 

phase-down section shows that the difference in H, S, and V values between the molybdenum phase-

down sample and the untreated sample is small, and this explains that the stealth effect on the 

infrared thermal imaging camera is small. This shows the same pattern as the thermal image of Figure 

7. 

On the other hand, the HSV value of the “Molybdenum phase up (when the copper surface of 

the cross-sectional sputtering treatment sample faces the outside air)” section showed a different 

tendency in contrast to the “untreated sample” and “Molybdenum phase down” section. For the data 

of all samples in the molybdenum phase-up section, the H value was 31-321, the S value was 31-90, 

and the V value was 41-99. In the case of the H value, the density of the sample decreased (PF1->PE5). 

In the case of the V value, the density of the sample increased (PF1->PE5). 

The large absolute value of △ E (117.9 to 181.7) of the molybdenum phase-up sample shows 

that the difference in H, S, and V values between the molybdenum phase-up sample and the 

untreated sample is large. This is evidence that the molybdenum phase-up sample has an alternative 

stealth effect on infrared thermal imaging detectors.            The HSV cone model is a more 

realistic modification of the cylindrical model. Since 0% brightness means only black, it is expressed 

as a single point and corresponds to the vertex of the cone. In addition, the darker the actual color, 

the less the color change due to the change in the saturation value, so the width represented by the 
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saturation value is reduced compared to the high brightness. The cone model reflects this fact in the 

cylindrical model. Looking at the figure on the right, it can be seen that the saturation change is wide 

at high brightness and the saturation change is not large at low brightness.    

(a) (b) 

  
Figure 8. (a) Three-dimensional color distribution of HSV; (b) 3D color distribution of YCbCr. 

Table 3. H, S, and V results of untreated and molybdenum-sputtered specimens. 

  
Untreated Mo phase up Mo phase down 

H S V H S V H S V 

PF1 147 8 95 249 32 41 131 6 94 

PA1 147 7 95 321 54 72 168 6 99 

PE1 168 6 94 43 70 90 160 5 95 

PE2 161 7 95 31 89 98 180 4 100 

PE3 158 6 95 45 83 93 168 6 92 

PE4 167 7 95 35 90 99 168 5 96 

PE5 160 5 92 50 75 94 168 6 93 

Table 4. △H, △S, and △V results according to IR thermal images. 

  

  

Mo phase up Mo phase down 

△H △S △V △E △H △S △V △E 

PF1 102 24 -54 117.9 -16 -2 -1 16.2 

PA1 174 47 -23 181.7 21 -1 4 21.4 

PE1 -125 64 -4 140.5 -8 -1 1 8.1 

PE2 -130 82 3 153.7 19 -3 5 19.9 

PE3 -113 77 -2 136.8 10 0 -3 10.4 

PE4 -132 83 4 156.0 1 -2 1 2.4 

PE5 -110 70 2 130.4 8 1 1 8.1 
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Figure 9. Correlation between pore size and △E. 

After taking infrared thermal imaging photos, the Y, Cb, and Cr values were measured using a 

program (Color Inspector 3D, Image J) to evaluate stealth effects on quantitative IR cameras (Table 

5), and △Y, △Cb, and △Cr values were calculated (Table 6). For values of △Y, △Cb, △Cr, and 

△T, the aforementioned expressions in "Eq. 4~7" describe them. The Y, Cb, and Cr values of 

“untreated samples” and the “Molybdenum phase down (when the molybdenum surface of the 

cross-sectional sputtering sample faces the heat source)” section were very similar regardless of 

density in all samples, and there was no significant difference in density. For all samples in the 

untreated state, the Y values ranged from 234 to 241, Cb values ranged from -3 to 1, and Cr values 

ranged from -9 to -7. The Y values of all samples in the molybdenum phase-down section were 206-

248, the Cb values were -16-1, and the Cr values were -8~-1. The fact that the absolute values of △Y, 

△Cb, and △Cr of the samples of the molybdenum phase-down section are 2~28, 0~14, and 0~8, 

respectively, shows that the difference in Y, Cb, and Cr values between the molybdenum phase-down 

sample and the untreated sample is small, and it explains the stealth effect on the infrared thermal 

imaging detector. 

On the other hand, the Y, Cb, and Cr values of the “Molybdenum phase up” section (when the 

molybdenum surface of the cross-sectional sputtering treatment sample faces outside air) showed a 

different pattern compared to the “untreated sample” and “Molybdenum phase down.” For the data 

of all samples in the molybdenum phase-up section, the Y value was 26 to 210, the Cb value was -96 

to 26, and the Cr value was -17 to 62.   

In the case of the Y value, the density of the sample increased (PF1->PE5). The absolute values 

of △ Y, △ Cb, and △ Cr in the molybdenum phase-up section were 31~208, 6~95, and 8~69, 

respectively, and in the case of △T value, the denser the sample density (PE5->PF1), the greater the 

absolute value. The large absolute values of △Y, △Cb, and △Cr show that the difference in Y, Cb, 

and Cr values between the molybdenum phase-up sample and the untreated sample is large. This 

argues that the dense molybdenum phase-up sample has an alternative stealth effect on infrared 

thermal imaging detectors. 
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Table 5. Y, Cb, and Cr results of untreated and molybdenum-sputtered specimens. 

 
Untreated Mo phase up Mo phase down 

Y Cb Cr Y Cb Cr Y Cb Cr 

PF1 234 -2 -9 26 4 -17 206 -16 -1 

PA1 237 -3 -7 95 26 62 248 1 -7 

PE1 235 -1 -9 159 -75 54 237 0 -8 

PE2 236 0 -8 173 -95 57 239 1 -7 

PE3 240 0 -8 184 -89 39 218 1 -7 

PE4 240 1 -9 186 -96 40 233 1 -7 

PE5 241 0 -7 210 -67 19 238 1 -7 

Table 6. △Y, △Cr, △Cb, and △T values according to the IR thermal image. 

  

  

Mo phase up Mo phase down 

△Y △Cb △Cr △T △Y △Cb △Cr △T 

PF1 -208 6 -8 208.2 -28 -14 8 32.3 

PA1 -142 29 69 160.5 11 4 0 11.7 

PE1 -76 -74 63 123.4 2 1 1 2.4 

PE2 -63 -95 65 131.2 3 1 1 3.3 

PE3 -56 -89 47 115.2 -22 1 1 22.0 

PE4 -54 -97 49 121.4 -7 0 2 7.3 

PE5 -31 -67 26 78.3 -3 1 0 3.2 

Figure 10. Correlation between pore size and △T. 

3.5. Theoretical Analysis of Heat Transfer 

The study deduced each phase temperature of the Molybdenum sputtered specimens in the 

steady state according to the heat transfer theory. The numerical values used for calculation are seen 

in Table 7. In case of thickness, the actual measured values (Figure 3) were used, and in case of metal 

thermal conductivity and emissivity, reference values were employed. Also, such reference values 

were utilized for the nylon fabric’s thermal conductivity, emissivity and heat transfer coefficient. The 

heat transfer coefficients of the metals used for sputtering were calculated using the trial and error 

method based on the surface temperatures and the values of Table 7. If a molybdenum layer formed 

by sputtering has a coral shaped surface, it results in an increase in the specific surface area. Then, it 

becomes more difficult to calculate the heat transfer coefficient of a metal with an increased specific 

surface area than that of a metal with a flat surface. For this reason, the computed values were used. 

Table 7. Characteristics of materials for calculation. 

 Thickness(nm) 
Thermal 

conductivity(W/mk) 
Emissivity(%) 

Molybdenum 363.3 138 0.74 

Polyamide film 90Ｘ10-6 3.08 Ｘ10-2 0.85 

In case of the molybdenum equation based on data in the literature [00] was used to identify a 

heat transfer coefficient adequate to the study specimens’ thickness of the molybdenum layer. When 

the molybdenum-sputtered fabric’s metal layer pointed to the outside air (Figure 11), the heat transfer 

rate (Q) was high at 5748.3W, and T2 and T3 subsequently had low temperatures (28.34 ℃ and 28.18 

℃, respectively). In contrast, if the molybdenum sputtered film’s metal layer of the pointed toward 

the heat source (Figure 12), the heat transfer rate (Q) was low at 187.1W and therefore, T2 and T3 had 

temperatures (44.55, 44.45 ℃) similar to the heat source.   
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If molybdenum layers were directed toward the heat source, T2 and T3 were found to be almost 

the same. The theoretically inferred surface temperature (T3) was very consistent with the actual 

values mentioned above. The heat transfer rate was significantly greater in Q value (or greater heat 

loss) when pointing to outside air than when the metal layer pointed to the heat source. 

 

Figure 11. Calculated surface temperature (Molybdenum phase up). 
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Figure 12. Calculated surface temperature (Molybdenum phase down). 

4. Conclusions 

In this study, electrical characteristics, IR transmission characteristics, stealth functions for 

infrared thermal imaging detectors, and the thermal characteristics of molybdenum sputtering 

treatment samples were studied. Polyamide samples were prepared by density (five types by 

polyamide film, polyamide plain weave, and polyamide net pore size) as base materials for 

molybdenum sputtering treatments. 

In addition, IR transmittance, electrical characteristics, H, S, V, Y, Cb, Cr, and surface 

temperature changes when photographing infrared thermal imaging cameras according to sample 

density were evaluated, and these were considered in depth. As a result of measuring the electrical 

resistance for evaluating electrical resistance, untreated samples exhibited a high resistance value to 

the extent of deviating from the measured values in all samples, and electrical resistance value was 

very high. However, in the case of molybdenum sputtering-treated PF1 and PE1~5, the electrical 

resistance was very low compared to the untreated sample. 

In addition, when molybdenum sputtering samples were placed and connected between the 

LED light and the battery, the LED was lit at PF1 and from PE3 to 5. This is believed to be due to the 
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low electrical resistance resulting from the molybdenum sputtering treatment. Additionally, in the 

case of net samples, the higher the density, the lower the electrical resistance.  

As a result of measuring the IR transmittance, the infrared transmittance of the molybdenum 

sputtering-treated sample was significantly reduced compared to the untreated sample. In the case 

of untreated samples, the transmittance was 92.7 to 42.0%. When only the cross part was treated with 

molybdenum sputtering and the molybdenum surface was directed to the IR irradiator, the IR 

transmittance was 66.8~0.7%. In addition, when the molybdenum surface faced the IR measuring 

device, the IR transmittance ranged from 67.6 to 0.3%. That is, the change in the IR transmission value 

according to the direction of the molybdenum sputtering layer was not large. Additionally, as the 

density of the sample increased, the transmittance tended to increase. 

In the infrared thermal imaging camera image, in the case of the net sample, when the 

molybdenum-sputtered layer faced outside, the surface temperature of the net was 42.0~42.7℃, and 

the stealth effect decreased. As the density of the net increases and pore size increases, heat from the 

human body escapes, and the surface temperature appears as the heat source's temperature. 

After using an infrared thermal imaging camera, the stealth effect evaluation with a quantitative 

IR camera was performed by measuring H, S, V, Y, Cb, and Cr values and calculating △H, △S, △

V, △Y, △Cb, and △Cr values. The fact that the absolute value of △ E (2.4~21.4) of the samples of 

the molybdenum phase-down section is small explains that the difference in the H, S, and V values 

between the molybdenum phase-down sample and the untreated sample is small. The large absolute 

value of △ E (117.9 to 181.7) of the molybdenum phase-up section shows that the difference in H, S, 

and V values between the molybdenum phase-up sample and the untreated sample is large. This 

shows that the molybdenum phase-up sample has an alternative stealth effect on the infrared thermal 

imaging detector. Considering the aforementioned IR transmission characteristics and the results of 

H, S, V, Y, Cb, and Cr, the direction of the molybdenum sputtering layer in all samples did not 

significantly affect the infrared transmission rate. It is judged that the IR transmittance does not 

significantly affect the stealth effect. 

This study calculated each phase temperature of the Molybdenum sputtered specimens in the 

steady state according to the heat transfer theory. When the molybdenum-sputtered fabric’s metal 

layer pointed to the outside air (Figure 11), the heat transfer rate (Q) was high at 5748.3W, and T2 and 

T3 subsequently had low temperatures (28.34 ℃  and 28.18 ℃ , respectively). In contrast, if the 

molybdenum sputtered film’s metal layer of the pointed toward the heat source (Figure 12), the heat 

transfer rate (Q) was low at 187.1W and therefore, T2 and T3 had temperatures (44.55, 44.45 ℃) 

similar to the heat source. 

It is believed that the molybdenum sputtering polyamide samples produced in this study can be 

applied to multifunctional military uniforms, breathing sensors, biosignal detection sensors, 

semiconductor products, batteries, etc., by utilizing excellent electrical properties, stealth functions, 

IR blocking properties, and lightness for infrared thermal imaging detectors. 
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