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A B S T R A C T   

In this study, surface modification of basalt fibers (BFs) utilizing atmospheric pressure plasma deposition was 
carried out. Using this one-step deposition approach, three siloxane precursors with different structures including 
methyltrimethoxysilane (MTMS), hexamethyldisiloxane (HMDSO), and tetramethoxysilane (TMOS) were 
deposited on BFs surface, respectively. The physicochemical properties of the thin films from three different 
siloxane compounds are elucidated. In comparison with MTMS-coated sample, HMDSO-coated and TMOS-coated 
BFs surfaces feature an improved thermal insulation performance. The results demonstrate that atmospheric 
pressure plasma deposition is an efficient approach to modify flexible materials surface with improved thermal 
insulation. Moreover, it provides a reference to decide which precursor type is preferred for certain applications.   

1. Introduction 

Basalt fibers (BFs) have attracted sustained attention due to their 
excellent chemical stability, good thermal resistance and low thermal 
conductivity [1,2]. Considering these merits, BFs have emerged as 
promising thermal insulation materials for various applications in mil-
itary and civil engineering [3,4]. Nevertheless, the poor intrinsic surface 
properties of BFs due to the smooth surface and chemical inertness have 
been a challenge for high performance of BFs reinforced polymeric 
composites [5]. It is necessary to modify BFs surface in order to increase 
the interfacial strength of BFs reinforced composites. Plasma treatment 
has proved to be one of the most convenient and practical tactic for the 
surface modification of the fibers with the bulk properties maintained 
[6]. Such treatment method is beneficial for modifying the physical and 
chemical structures of the surface layer of the fibers. However, the 
plasma-treated surface easily loses the generated features as a result of 
aging with the time progresses [7]. 

In recent years, thin films deposition on BFs surface by plasma have 
been applied for improving the surface roughness of fibers and con-
structing a thin film structure. Using plasma deposition technology, thin 
film can be prepared on the fiber surface by a small amount of precursor 
in a solvent-free environment in one step [8]. Until now, there have been 

a few studies on the construction of micro-nano thin films on the BFs 
surface. Yu et al. modified BFs surface by plasma polymerization of 
3-aminopropyltriethoxysilane (APTES), and the APTES can form a thick 
polymeric layer on the BFs surface [9]. Lilli et al. deposited a polymer 
film based on pure tetravinylsilane (TVS) or its mixture with two 
different oxygen amounts on BFs surface by plasma deposition [10]. 
Unfortunately, even though these depositions have shown promising 
results, their practical application is a challenging task for 
cost-effectiveness and complicated equipment reasons. Indeed, atmo-
spheric pressure plasma deposition has been explored to be an alterna-
tive solution to low-pressure deposition process, due to its advantages of 
simple operation and low costs [11,12]. 

In atmospheric pressure plasma deposition process, the properties of 
the thin films are sensitive to the applied parameters, such as deposition 
time, deposition temperature, discharge power and so on [13–15]. More 
importantly, the type of the precursor is essential to control the basic 
components and modulate the physicochemical properties of the films. 
For example, Duran et al. unveiled the role of the structure and the 
chemistry of siloxane precursors in the anti-fogging performance of 
plasma-coated glass, and the results have shown that a cyclic siloxane 
structure is required to deposit an anti-fogging coating [16]. Egghe et al. 
compared the physicochemical properties and aging behavior of two 
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different APTES-derived plasma polymer based coatings [17]. On this 
basis, the aim of this study is to modify BFs surface by atmospheric 
pressure plasma deposition, and three siloxane precursors with different 
structures including methyltrimethoxysilane (MTMS), hexamethyldisi-
loxane (HMDSO), and tetramethoxysilane (TMOS) are used to manipu-
late the physicochemical characteristics of the thin films. The property 
of plasma-deposited films is discussed in terms of surface morphology 
and surface chemistry, correlated with the structure of the siloxane 
precursors. The thermal stability of the thin films is measured by ther-
mogravimetry analysis, and the thermal insulation performance of the 
thin films is assessed by measuring the surface temperature of the 
samples after being exposed to hot plate. 

2. Materials and methods 

2.1. Materials 

Methyltrimethoxysilane (MTMS, 98 %), hexamethylsiloxane 
(HMDSO, 98 %), tetramethoxysilane (TMOS, 98 %) were obtained from 
Aladdin, China. BFs in form of fabric (420 g/m2) were commercially 
available. Argon (Ar, 99.99 %) was supplied by Shenzhen Hongzhou Gas 
Industry Co., Ltd. All the materials were used as received. 

2.2. Plasma deposition 

The plasma deposition was carried out by a self-made atmospheric 
pressure plasma jet (APPJ) device powered by a 10 kHz high voltage 
power supply. Fig. 1 depicts the schematic of the plasma system, and the 
precursor was injected into the plasma together with the carrier gas. The 
working gas and carrier gas were both Ar, and the flow rates were 
constant at 3 SLM. Three different precursors (MTMS, HMDSO, and 
TMOS) were used for the deposition with a uniform flow rate of 20 ml/h, 
respectively. Fig. 2 shows the chemical structures of the three pre-
cursors. The BFs fabrics (50 mm × 50 mm) were placed below the 
plasma jet outlet, and the distance between the plasma outlet and the 
sample was set at 10 mm. Before deposition, the BFs fabrics were 
cleaned with Ar plasma for 180 s to remove surface impurities. 

2.3. Characterization 

The surface morphology was observed by field-emission scanning 
electron microscopy (SEM, Supra 55, Zeiss, Germany). The surface 
chemical structure was analyzed by attenuated total reflection (ATR, 
Germanium crystals) Fourier transform infrared spectroscopy (FTIR, 
Nicolet iS50, Thermo Scientific, USA), and the FTIR spectra were per-
formed from 600 to 4000 cm− 1. The surface chemical composition was 
determined by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, 
Thermo Fisher, USA), and all binding energies were referenced to the C 1 
s peak. 

2.4. Thermal properties of the thin films 

The thermal stability of the samples was determined with thermog-
ravimetry (TG, 600, TA Instruments, USA). To evaluate the thermal 
insulation properties of the samples, a customized instrument was 
developed as shown in Fig. 3. The test apparatus was comprised of heat 
source, specimen fixed component, and measurement system, which 
was similar to the previous work [18]. The heat source with a temper-
ature controller included hot plate and surface plate with a wide of 200 
by 200 mm. A thermocouple was wrapped by six layered test specimen, 
and the wrapped thermocouple placed in an annular tube. One side of 
the tube was faced on the hot-plate, which was heated from room 
temperature to 250 ◦C. A temperature-time curve was obtained from the 
measurement system, and the measurement was repeated three times for 
each sample. 

3. Results and discussion 

3.1. Surface morphology 

The surface morphology of the BFs observed by SEM is shown in 
Fig. 4. It is well known that the fabrics is woven from a large number of 
fiber strands, and the BFs strands are composed of several fibers with 
diameters of about 10 μm. The image in Fig. 4a depicts that the control 
sample has a relatively smooth surface. In comparison, the surfaces of 
the modified samples are different, and all the deposited sample 
(Fig. 4b–d) exhibit compact topography. Moreover, there are no evident 
defects such as pinholes or cracks that can be seen in the deposited 
sample. Fig. 5 shows the SEM images of the single fibers at high 
magnification, and the topography of the thin films on the BFs varies 
with the precursor types. As shown in Fig. 5a, the raw BFs possess a 
slippery and striped surface. In Fig. 5b, the BF-MTMS sample displays a 
thin layer structure with the individual nanoparticles. Using HMDSO as 
the precursor, the surface of the sample is well-defined with relatively 
clear (Fig. 5c). In the case of TMOS precursor, it can be seen from Fig. 5d 
that the sample exhibits a rough surface with tightly packed nano-
particles. The surface of the BF- TMOS sample is fully covered by the thin 
film composing of large nanoparticles. These nanoparticles are evenly 
distributed on the fiber surface, which may largely depend on the 
deposition process dominated by the formation of high molecular 
weight oligomers [19]. These various surface morphologies are highly 
dependent on the geometry of the initial molecular precursor [20]. 

3.2. Surface chemistry 

Fig. 6 shows the FTIR spectra of the samples. Although the molecular 
structure of the studied precursor is different from each other, the FTIR 
spectra of the obtained films indicate a similar SiOx-based film structure 
for all of them. All the deposited thin films with different precursor show 
a shoulder absorption peak in the range of 900–1200 cm− 1 represents 
the anti-asymmetric stretching of Si-O-C/Si-O-Si groups [21]. The peaks 
corresponding to Si-CH3 groups at 1258 and 760–860 cm− 1 can be 
observed [22]. The peaks in the region of 2750–3000 cm− 1 corresponds 
to symmetric stretching vibrations of C–H bonds (2900 cm− 1) and Fig. 1. Schematic of the plasma deposition apparatus.  
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Fig. 2. Siloxane precursors used for the plasma deposition.  

Fig. 3. Schematic diagram of the thermal insulation test system.  

Fig. 4. SEM images of multiple fibers.  
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antisymmetric stretching vibrations of C–H bonds (2960 cm− 1) in 
methyl groups [23]. According to FTIR analysis, it can be concluded that 
the plasma deposition can modify the surface characteristics without 
any damage to its bulk properties. 

XPS is used to further analyze the chemical composition of the 
samples. Table 1 shows the relative contents of C 1 s, O 1 s, and Si 2p. The 
control sample surface consists of 5.61 % silicon, 14.92 % oxygen and 

79.47 % carbon. For the samples with plasma modification, the con-
centration of carbon significantly decreases and the amount of silicon 
and oxygen increase. The average carbon content is about 44 % in all the 
plasma-deposited samples, which shows a 50 % reduction compared to 
the control sample. Regarding the change in the ratios of O/C and Si/C, a 
considerable increase of relative oxygen and silicon concentration can 
be seen. These results demonstrate that plasma deposition can lead to 
the thin films with much less carbon and more oxygen and silicon than 
that of the control samples. 

To further reveal the impact of the precursor on the surface chemical 
composition of the prepared thin films, the high-resolution XPS Si2p 
spectra were collected and shown in Fig. 7. On the surface of the control 
sample (Fig. 7a), it could be easily found that a characteristic peak of Si- 
O-Si structure is at 102.2 eV and the peak belonging to C-Si-O is at 101.7 
eV [24]. After the plasma deposition, all the spectra acquired at different 
precursors can also show the formation of Si-O-Si structure at 102.2 eV. 
However, different chemical components are presented in the different 
spectra. Similar with the control sample, the spectra of the BF-MTMS 
samples (Fig. 7b) can be decomposed into two components. Apart 
from the Si-O-Si structure, the Si-O component is shown at 103.0 eV, 
which is associated to Si-O bonds (SixOy) [25]. For the BF-HMDSO and 
BF-TMOS samples, the spectra can be deconvoluted into three peaks, 
including two components at 102.2 eV and 103.0 eV. Additionally, the 
peak corresponding to C-Si-O (101.7 eV) can be seen in the spectrum of 
the BF-HMDSO samples (Fig. 7c). Specifically, the spectrum of the 
BF-TMOS sample (Fig. 7d) presents the SiOx at 103.5 eV [26]. These 
results suggest that the bonding environment of the silicon depends on 
the starting siloxane precursors. 

3.3. Thermal stability of the thin films 

The thermogravimetric analysis is used to evaluate the thermal sta-
bility behavior of the thin films, and the TG curves obtained in the air 
atmosphere by temperature scanning from room temperature to 600 ◦C 
at a heating rate of 20 ◦C/min are shown in Fig. 8. Generally, when heat 
transfers to the surface of materials uniformly, the fraction of heat has 
been absorbed by the coating or thin film on the surface [27]. Moreover, 

Fig. 5. SEM images of single fiber.  

Fig. 6. FTIR spectra of the samples.  

Table 1 
Elemental composition of the thin films under different precursors.  

Relative atomic ratio (%) C1s O1s Si2p O/C Si/C 

Control 77.8 14.61 5.49 0.18 0.07 
BF-MTMS 40.15 38.83 19.26 0.97 0.47 
BF-HMDSO 47.52 33.21 17.26 0.70 0.36 
BF-TMOS 44.13 36.09 16.43 0.82 0.37  
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as thermally stable materials, BFs can present a residual weight of 99 % 
after 900 ◦C [28]. Therefore, the sharp of the TG curves depends on the 
coating or thin film on the fiber surface. For all the deposited samples, a 

negligible mass loss (Stage I) can be seen in the three samples below 200 
◦C, which may attribute to the residual water molecules. After temper-
ature rises above 200 ◦C, the main weight loss (stage II) occurs in all the 

Fig. 7. Si XPS spectra of the samples.  

Fig. 8. TG curves of the samples.  
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deposited samples, which may due to the condensation of Si-OH and the 
gasification of the molecular fragmentation [29,30]. When the tem-
perature exceeds 450 ◦C, a further weight loss can be seen in all 
deposited samples (Stage III), which may be ascribed to the breakage of 
the segments on the organosilicon chain [31,32]. Taking into account 
the weight loss, all the deposited samples present a weight loss less than 
2 %, indicating that the thermal stability of the thin films by plasma 
deposition is appropriate. 

3.4. Thermal insulation performance of the thin films 

Since basalt fiber is mainly applied as an efficient thermal insulation 
material, the thermal insulation performance of the thin films on the 
fiber was tested. When the tested fabrics with different thin films are 
contacted to the heating plate, the thermal energy from the hot plate is 
transmitted to the fabric. The thermal insulation performance can be 
determined from inner surface temperature of the fabric, which can be 
obtained by the thermocouple. Fig. 9 depicts the average value of tem-
perature changes and the resulted temperature change curve. It is clear 
that the inner surface temperatures of all the fabrics increase rapidly 
during the heat exposure, and the contact surface temperature for all the 
fabrics show the same changing tendency over the time. From ambient, 
the temperature rises to 180 ◦C in less than 90 s. At this point, there was 
no significant difference between the deposited samples and the control 
sample. However, an obvious changing tendency for the surface tem-
perature of the different deposited fabrics is observed after heating for 
90 s. Compared with the control sample, the presence of the thin film on 
the fiber reduces the heat transfer through fabrics via convection and 
conduction hence a lower surface temperature can be observed. This can 
prove the role of the thin film in preventing rapid heat conduction from 
the hot plate to the deposited fabrics. In the deposited samples, the 
surface temperatures of the BF-HMDSO sample and the BF- TMOS 
sample are lower than that of the BF-MTMS sample. The reason may be 
that the difference in the spatial structure of the thin films prepared by 
different precursors can result in a variation in thermal resistance 
[33–35]. The structure will prevent the rate of heat conduction inside 
the thin films, allowing less energy transferred, thereby lowering the 
surface temperature of the fabrics. 

It is well known that the concept of introducing surface coatings in 
the fabric structures has already been used to improve the thermal 
insulation performance [36]. The coatings or thin films can introduce a 
layer on fabrics with low thermal conductivity, which are essential in 
thermal insulation [37]. Generally, the thermal insulation performance 
is sensitive to measuring apparatuses, sample size, sample moisture 
content, ambient temperature and humidity and so on, when the BFs 
materials are placed in the real environment [38]. A number of factors 
such as heat flux and mode, part geometry and location, thin films type 
and its thermal conductivity, determine the magnitude of temperature 
reduction of the substrate [39]. In this work, the coatings on BFs surface 
by atmospheric pressure plasma deposition are very thin, resulting in a 
limited temperature reduction. However, on account of the excellent 
activity and great thermal resistance of Si–O–Si networks, the BFs sur-
face can be successfully modified. Moreover, it is significant to develop 
thin films on the BFs surface that can modify the surface with improved 
thermal insulation for practical application. Based on the findings of this 
research, it was demonstrated that the thin films prepared by atmo-
spheric pressure plasma deposition can present improved features of 
thermal insulation, which offers a promising alternative to conventional 
plasma treatment techniques for surface modification. 

4. Conclusion 

In summary, a simple atmospheric pressure plasma deposition 
approach for surface modification of BFs has been proposed. Three 
different siloxane precursors are applied to form thin film on the BFs 
surface, and the precursors can affect the surface morphology, surface 
chemical structure, and the thermal mass loss of the thin film. Following 
the thermal insulation test, the surface temperature of the BF-TMOS 
sample is lower than that of the BF-MTMS sample and BF-HMDSO 
sample, because of its relatively high surface roughness and more Si- 
O-Si network. These results suggest that the thin film prepared by 
plasma deposition could enhance the advanced properties of the BFs. In 
conclusion, the use of atmospheric pressure plasma deposition in com-
bination with an appropriate precursor is an effective strategy to surface 
modification of flexible materials with improved properties. 

Fig. 9. Time dependence of surface temperature of the samples.  
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