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Abstract: In this study we present the results of two experiments. In the first one, a Ta–Al–SS (stainless
steel (SS)) multilayer coating structure was prepared using plasma spraying equipment to investigate
the coating structure and interface properties. In the second one, Ta–Al on multilayer glass was
prepared using the sputtering process to measure the thickness effect of thin film on electromagnetic
wave shielding (EMI) characteristics and on the design of high-power switchboard covers. According
to the experimental results, the multilayer structure of Ta–Al on SS improves the mechanical properties
of a stainless steel plate by enhancing the explosion-proof property. An appropriate thickness of
the plasma-sprayed pure aluminum layer can increase the adhesion to the stainless steel substrate
and buffer the stress effect. After heat treatment (annealing), the Ta–Al–SS multilayer structural
characteristics are excellent and suitable for shielding effects at different temperatures and humidity,
which can be used as a reference for the engineering application of communication rooms and base
power stations. According to EMI test of multi-coated glass (Ta–Al–glass), by increasing the thickness
of Ta layer, we cannot effectively improve full-frequency EMI shielding with improved shielding at
low-mid frequency condition. In addition, the Ta–Al interface formation of an Al–Ta–O compound
layer can improve the adiabatic effect to reduce the thermal conductivity.
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1. Introduction

Electromagnetic interference (EMI) is a new type of pollution that has been discovered in recent
decades. The Bioelectrochemistry Journal indicated that electromagnetic waves of over 50 Hz will cause
damage and variations to the human body’s DNA structure. The high-density residential environment
of Taiwan contains many switchboards [1,2]. It is worth noting that switchboard covers are made of
iron, and the internal layer of switchboards are also made of iron, copper wire and insulating oil [3–7].
Switchboard covers must contain a strong electromagnetic field, and be fire- and explosion-proof [8–10].
The ideal electromagnetic shielding material must effectively protect from strong electromagnetic
variable fields, have a light weight, thin thickness and strong mechanical properties [11–13].

Moreover, the shielding has to be adapted to various environmental conditions, such as high
temperature resistance, high pressure resistance, rust resistance, dust resistance, high explosion
resistance and electrical conductivity [14–17]. Up to now, many research teams have been actively
exploring various shielding methods. In all the shielding methods, the surface treatment methods,
such as conductive film [18,19] and conductive powder [20–24], have had better shielding effects.
However, they are easy to wear, peel, oxidize, difficult to process and expensive, etc. Therefore,
the coating effect is reduced by aging. Previous studies found that Ta and Al have excellent EMI shielding.
By following them, in these current studies we found that the plasma coating of a stainless-steel
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plate (304 SS) with a Ta/Al multilayer enhances heat-resistant, explosion-proof, and electromagnetic
waves shielding performance. To better understand the quality and interface characteristics of the
coating multilayer, we investigated a Ta–Al multilayer structure on glass to evaluate the EMI shielding.
Our results can be a straightforward guide to the design of switchboard covers, and be a reference for
EMI engineering applications in equipment rooms, high power stations, and medical institutions.

2. Experimental Procedure

2.1. Plasma Spraying Ta/Al/SS Multilayer Structure Preparation

Aluminum (Al) and tantalum (Ta) have excellent EMI electromagnetic shielding efficacy. In this
study, a 1 mm thick 304 stainless steel (SS) was used as the matrix, then Al and Ta layers were separately
sprayed to form a sandwich structure. The thickness of the coating was controlled into Al (100 µm)
and Ta (200, 400, and 600 µm). In the experiment, first the 304 stainless steel was cleaned, then divided
into two stages. The first stage: spray Al layer with argon plasma. The second stage: spray Ta layer
with argon plasma to complete the Ta/Al/304 SS sandwich structure. The spraying was conducted in
the plasma spraying room to avoid oxidation of the spray metal-layer; this metal spraying technology
(cathode: tungsten) is already commercially very mature.

The scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS, JEOL JIB-4601F,
Tokyo, Japan), thermal conductivity meter (TLS-100, TechMax, Daejeon, Korea; QTM-710, KEM, Kyoto,
Japan), sprayer, dry ice, alcohol, and linear dilatometer (JIN-BOMB 800 Nikon Eclipse, Kaohsiung,
Taiwan) to calculate the thermal expansion coefficient (thermogravimetric analysis and simultaneous
difference thermal analysis (TMA/SDTA)), etc., were used in this experiment to analyze the coating
surface characteristics, film thickness effect, and interface characteristics. Afterward, tensile testing was
conducted on the Ta–Al–SS multilayer structure in order to evaluate the explosion-proof performance;
and the thermal conductivity of the overall system was also measured in order to evaluate the
heat insulation.

2.2. Electromagnetic Wave Shielding Test

In this study, the Ta–Al–glass multilayer structures were prepared for EMI shielding review.
The Ta–Al multilayer structures on glass were exclusively prepared to investigate the EMI shielding.
The thickness of the coating was set to Al (50 nm), Ta (100, 200, and 400 nm). In addition, this study
investigated the EMI shielding effect of multilayer structures under different environmental factors.
Four experimental systems were performed: (1) Al (50 nm) + Ta (200 nm/25 ◦C, Relative Humidity =

50%); (2) Al (50 nm) + Ta (200 nm/−40 ◦C, Relative Humidity = 0%); (3) Al (50 nm) + (200 nm/25 ◦C,
Relative Humidity = 100%); and (4) Al (50 nm) + Ta (200 nm/100 ◦C, Relative Humidity = 100%).
In addition, the Al (50 nm) + Ta (200 nm) system was annealed at 200, 300 and 400 ◦C for 1 h in a
vacuum (designated as Al–Ta–H) to clarify the relationship between interface characteristics and EMI
frequency. The coaxial electromagnetic wave shielding effect tester (Elgal set 19A coaxial holder, TES,
Taipei, Taiwan) was used with scanning frequency range from 300 K to 3 GHz and accuracy of ±10 ppm.
Normal incident plane waves were used. The measured frequency range was controlled in the range
from 50 to 3000 MHz. All the results were averaged in 3–5 points of data. Finally, the shielding
efficiency value was obtained by automatic calculation [25].

3. Results and Discussion

Figure 1 shows the characteristics of the Al layer being uneven morphology and irregular surface
roughness. It was found that the oxidized aluminum structure was formed on the surface of the
aluminum layer and, as expected, we found that the aluminum self-passivated to aluminum oxide
(Figures 1–3). Therefore, the thermal expansion coefficient of the sprayed aluminum layer was
measured to be 12.5 × 10−6 ◦C−1 and the thermal conductivity at the surface of the aluminum layer
was 62 W m−1 K−1. The result of it is good for the heat insulation effect.
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Figure 1. The surface characteristic of plasma-sprayed Al (a) surface and (b) subsurface; (c) The 
surface characteristics of energy dispersive X-ray spectroscopy (EDX).

Figure 2. X-ray diffraction (XRD) of plasma-sprayed Al layer. 

Figure 3 shows the surface of the plasma-sprayed Ta–Al–SS multilayer structure. According to 
Figure 3, it was found that the sandwich structures were still visible (Figure 3a) when the thickness
of the aluminum coating was fixed at 100 μm and the thickness of the tantalum layer was increased 
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Figure 2. X-ray diffraction (XRD) of plasma-sprayed Al layer.

Figure 3 shows the surface of the plasma-sprayed Ta–Al–SS multilayer structure. According to
Figure 3, it was found that the sandwich structures were still visible (Figure 3a) when the thickness of the
aluminum coating was fixed at 100 µm and the thickness of the tantalum layer was increased to 400 µm.
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However, the Ta layer peeled when the thickness of it was increased to 600 µm. The main reason for the
peeling occurring is that the relative bonding strength was not provided on the underlying aluminum
layer because the shrinkage stress was too strong (the arrow in Figure 3b points to the peeling crack).
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Figure 3. The surface characteristic of the multilayer structure of plasma-sprayed Ta–Al–SS: (a) Ta
(400 µm)/Al (100 µm)/SS; (b) Ta (600 µm)/Al (100 µm)/SS.

The tensile test of the test piece (Figure 4) in this experiment, it was found that the strength of
pure 304 stainless steel was about 460 MPa and that of the Ta (400 µm)/Al (100 µm)/SS test piece was
increased to 550 MPa. Based on this result, the improvement of the explosion-proof capability of the
experimental material was indicated.
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Figure 4. Ta (400 µm)/Al (100 µm)/SS test piece: Shows the cross-section characteristics of the
plasma-sprayed Ta–Al–SS test piece, whereby it can be found that each interface is completely attached,
and, with the help of SEM/EDX, it was confirmed that the top layer of the Ta film is 100% pure metal.
(a) Subsurface interface characteristics, (b,c) EDX analysis of Ta layer.
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The Al–Ta–O compound, which was formed at the Ta–Al interface, was confirmed by performing
Ta/Al interface EDX analysis (Figure 5) on the Figure 3 specimen with the tantalum layer removed.
The existence of this compound layer has two functions. First, improving the bonding strength of the
Ta–Al interface, so that the Ta layer does not shed or peel easily. Second, forming a high-resistance
compound layer, which can improve the heat insulation effect and reduce the total conductivity.
The thermal expansion coefficient of the Al–Ta–O compound layer was 4.8 × 10−6 ◦C−1 and the thermal
conductivity was 42 W m−1 K−1, thus the resulting thermal insulation effect of the overall system was
definitely improved.
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analysis of Al–Ta–O compound layer.

For the Ta–Al–glass system, the EMI shielding was significantly promoted when the thickness of
the Ta film was increased from 100 and 200 to 400 nm (Figure 6). In other words, increasing the Ta film
thickness not only increased the index of crystallinity (IOC) and the low resistivity (Table 1), but also
enhanced the electromagnetic shielding effect. Otherwise, according to the data of 200 and 400 nm,
it was found that there was linear relationship between EMI shielding at low and middle frequencies.
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Table 1. Four-point probe result of Ta (100 nm)/Al (50 nm)/glass (Ω m).

Specimen Resistivity

Ta (100 nm)/Al (50 nm) 68.07 × 10−8

Ta (200 nm)/Al (50 nm) 52.38 × 10−8

Ta (400 nm)/Al (50 nm) 26.82 × 10−8
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This study designed four systems of different temperatures and humidities and investigated the
EMI shielding effect of the multilayer Ta/Al/glass structure. The experimental results show that under
the influence of different thicknesses of Ta film, the EMI shielding had obvious promotion effects and a
linear relationship (Figure 7). When the thickness of the Ta film does not change (controlled at 200 nm),
the temperature test results showed that the EMI shielding increased with increasing temperature
(Figure 8).
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In addition, the interface effect was caused by the porosity increasing or the formation of interface
microcracks when Ta film thickness was increased. This resulted in the inability of the electromagnetic
shielding efficacy to be improved at high frequency; and increasing temperature and humidity had
obvious benefits on electromagnetic shielding. Therefore, in terms of overall performance, the Ta
(200 nm)/Al (50 nm)/glass structure not only improved the conductivity (Table 1), but also enhanced
the low-middle-frequency EMI shielding.

To understand the mechanism of EMI shielding, EDS analysis was used. Based on this analysis,
the Al–Ta–O layer could contribute to the bonding strength and thermal insulation effect. Additionally,
it also had obvious benefits in low-middle-frequency shielding. However, the shielding effect had
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no significant difference in high-frequency shielding. Notably, increasing the thickness of the Ta
layer might promote the growth of the Al–Ta–O layer, thus the thickness of the Ta layer should be
controlled below 200 nm to avoid the interface peeling. If the thickness of the Ta layer is continuously
increased, it will limit the contribution to the substantial EMI system. This study chose a Ta (200 nm)/Al
(50 nm)/glass structure to perform the heat-treatment to obtain the annealing structure (200, 300,
and 400 ◦C). The annealing induced a phase transformation at the interface, resulting in an inverse
change at different frequencies. In Figure 9, the annealing treatment not only promotes the contribution
of the Al–Ta–O layer, but also improves the higher frequency EMI shielding. It is worth noting that for
commercial use, cost competitiveness, and application, the electromagnetic shielding effect (SE) of the
Ta (200 nm)/Al (50 nm)/glass structure had a good level of shielding effect above SE > 25 dB.
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4. Conclusions

• The Ta/Al/SS multilayer structure can improve the mechanical properties and interfacial adhesion
of stainless steel plates. The Al–Ta–O compound layer interface can improve the thermal insulation
effect and reduce the thermal conductivity, which were confirmed to achieve explosion-proof and
heat-resisting effects.

• Increasing the Ta layer thickness can improve EMI shielding effectively at low and middle frequency
conditions. For the Ta (200 nm)/Al (50 nm) structure, EMI shielding increased with increasing
temperature. After annealing, it had significant positive effects at high-frequency condition.
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