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Abstract 

Aerogels are sol-gel derived nanostructured ceramics with fascinating physical 

properties to the extent that they are sometimes recognised as a new state of 

matter. The lightest aerogel is now graphene aerogel followed silica aerogel, 

which is, still the best thermal insulator ever existed. In the aerospace arena or 

even in the most aerogel dominated industry which is oil and gas, the quest for 

ever-more efficient systems is largely pursued by minimising the weight and 

space without compromising the overall performance. As far as thermal 

insulation is concerned, silica aerogel has always been attributed with the notion 

of superinsulation due to its superior heat resistance compared to conventional 

materials. Innovative solutions have been brought forward thereby aerogel-based 

flexible glass-wool blankets and aerogel-doped paints have been developed and 

commercialised. This paper proposes a novel method of application wherein 

silica aerogel was thermally sprayed using atmospheric plasma spraying to 

produce a micro-thick coating on glass, for instance. Being a preliminary study, 

four pivotal spraying parameters were taken into account and trials were made 

by altering them in a systematic manner to obtain an adhering coating. The 

aerogel-based plasma sprayed coating formed had a maximum cross-sectional 

thickness ranging from 77.9 to 132.0 μm with spraying parameters of power, 

carrier gas flow, plasma gas (Ar+H2) and nozzle diameter of 25 kW, 8.1 

slpm,(45+5) slpm and 4 mm respectively. 
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1.  Introduction 

Aerogels [1] are nanostructured materials having a coherent open-porous cellular 

structure with loosely packed, bonded particles amidst voids filled with gas. Within the 

classes of aerogels, silica aerogel is believed to possess the most fascinating physical 

properties with particle and pore dimensions in the range of 1 to 1000 nm, low thermal 

conductivity (~0.01 W/m K), high porosity (~95 to 98%), high optical transmission 

(~90%) in the visible region, high specific surface area (~1000 m2/g), low sound 

velocity (100 m/s), low dielectric constant (2 to 4) and low refractive index (1.01 to 1.1) 

[2-4]. Despite that, silica aerogel or simply aerogel could not be integrated in the market 

due to its relatively high manufacturing cost arising from either the source of silica or 

the supercritical drying, which is part of its original synthesis process.  

Extensive studies have been carried during the past decades since the invention 

to prepare aerogels via safer, easier and cheaper routes [5-9]. Nowadays, aerogels 

are available in different forms such as in monoliths, powder and granules at 

competitive prices amongst the different manufacturers. Based on these previous 

investigations, these producers have modified the synthesis technique, such as 

modifying the sol-gel route, applying ambient drying instead of subjecting on 

supercritical conditions and also using cheaper natural source of silica for example 

rice husk in the place of synthetic TEOS/TMOS, to save energy and time hence the 

overall manufacturing cost. Examples of aerogels currently being available on 

market in powder form are Maerogel®/Hamzel® by Maerotech Sdn Bhd (Malaysia), 

GEATM Aerogels by Green Earth Aerogel Technologies (Spain), AeroVa® by JIOS 

Aerogel (Korea) and Enova® Aerogels by the US-based Cabot Corporation. The 

first three types are ecological aerogels derived from the agricultural waste product, 

rice husk whilst the latter are made synthetically from water-glass.  

As far as aerospace applications are concerned, the potential of aerogels has been 

proposed in [10]. As pointed out in the article, lighter, stronger and ecological 

materials are necessitated to develop novel high performance insulation in 

aeronautics. For instance, only aerogel-based flexible blankets are currently being 

investigated extensively [11-15]. Up to now, silica aerogel has not been considered 

to be applied as a micrometre-thick coating for thermal insulation purposes. To 

achieve so, it is thought that thermal spraying is the most suitable coating technology. 

The technique is one thereby the feedstock in powder form is propelled onto a 

substrate at high velocity and temperature to melt the particles partially so as they 

adhere on the surface to form a coating [16], as illustrated in Fig. 1. 

Fig. 1. Schematic of a generic thermal spray process [17]. 
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It can be anticipated that depositing aerogel powders using the conventional 

plasma spraying can be challenging due to the fact that the technique requires 

powders having good flowability (Hausner ratio > 1.25) and spherical morphology 

otherwise clotting will occur during the deposition process and aerogels powders 

are generally not flowable and are irregular in shape. Furthermore, the 

inappropriate particle size distribution of the commercialised aerogel powders 

could make it more difficult to be thermal sprayed. Another challenge is that the 

nano-structural characteristics residing within the aerogel might be annulled when 

being carried in a moving gas stream during deposition if complete melting of the 

particles occurs. Hence, the aerogel particles are required to soften on the outer 

allowing adhesion without damaging the nanostructures. 

This article addresses the above technological gap by developing a novel 

aerogel-based thermally sprayed coating using atmospheric plasma spraying 

(APS). Atmospheric plasma spraying, a sub-technique of thermal spray, had to be 

used because of its flexibility, quality of coating in terms of adhesion strength and 

its use for development of previous innovative nanostructured coatings [18]. The 

prime objective of the study was to achieve an aerogel-based adhering coating. An 

adhering coating in this study is a layer of aerogel, which consists of a bimodal 

microstructure. A bimodal microstructure includes molten particles acting as a 

binder which upholds the coating integrity while the semi-molten ones contains 

nanostructures residing in them [19]. 

2.  Materials and Methods  

2.1.  Materials 

A preliminary study was carried out to evaluate the suitability of the aerogel 

powders available for air plasma spraying. The investigation consisted of 

characterizing the physical properties and analyzing them with respect to the 

feedstock requisites for APS. Out of the choices of Hamzel®, GEATM 0.125, GEATM 

CDZ, Enova® IC3100, Enova® IC3120 and AeroVa®, the second was found to be 

more appropriate due to its favorable granulometric properties in particular. To note 

that the surface chemistry of GEATM 0.125 was also found to be hydrophilic 

through an observation test carried out prior to thermal spraying. The detailed 

aerogel assessment for thermal spray applications will be reported elsewhere. In 

this investigation, GEATM 0.125, which was employed for plasma spraying, was 

supplied by the Spanish company, Green Earth Aerogel Technologies (GEAT). 

2.2.  Test Facility 

Atmospheric Plasma Spraying was carried out at the Laboratory of Science of Ceramic 

Processing and Surface Treatments (SPCTS), University of Limoges in France.  

2.3.  Apparatus 

A 40 kW plasma torch SG-100 of Praxair (Indianapolis, USA) was mounted on an 

ABB 6 axis robot and used for deposition. This gun operates in a number of modes 

ranging from subsonic to Mach I allowing a range of gas velocity levels. The parts 

are designed by the manufacturer to be self-aligning which can be assembled 

without difficulty while maintaining concentricity, i.e., the centre line of the 

electrode on the axis of the nozzle (anode). The more precise the alignment is, the 
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more centered the arc is within the nozzle. The plasma torch was already being set 

up by the laboratory technician to ensure good concentricity and hence proper gas 

flow patterns. Normal SG-100 operations require a minimum flow of 47.3 slpm for 

water cooling system. The powder feed pipe was set under an angle of 85° to the 

axis of the torch. At this angle, the injection of the feedstock into the plasma stream 

right on the face of the nozzle was observed which allowed optimal trajectory of 

the particle in the plasma jet. 

2.4.  Methods 

In thermal spray feasibility studies, glass can be used as substrates for effective and 

efficient microscopic assessment in particular unlike stainless steel which needs to 

be polished to have a mirror like surface prior to microstructural analysis [20]. The 

substrates, which were coin-shaped with a diameter of 25 mm and 3 mm thick, were 

washed with ethanol and dried in the oven at 40°C prior to use to eliminate any risk 

of contamination. Four spraying parameters were considered in the APS, namely 

the nozzle diameter, power, total plasma gas volumetric rate and carrier gas flow 

rate according to Table 1 to spray GEATM 0.125 aerogel onto glass substrates fixed 

at a typical distance of 100 mm.  

Table 1. Spraying parameters. 

Test Nozzle 

diameter 

(mm) 

Power (kW) Plasma gas 

Ar + H2 

(slpm) 

Carrier gas 

Ar (slpm) 

1- 0.3, 0.5, 2, 4 25, 30, 35,40 45+5 7.0 - 9.0 

In principle, if a material for which there are no operating parameters yet, then 

the possibility of beginning with parameters for a comparable powder, in terms 

thermal characteristics, specific gravity and powder sizing for which settings are 

available can be considered. In this study, this idea could not be implemented due 

to the fact that no other existing material close to silica aerogel has been thermal 

sprayed so far. Hence, the process variables were rather margined between a 

minimum value and a maximum value basis to observe the phenomena occurring 

and acted accordingly based on the observations made from each precedent session 

to overcome the problem encountered in a systematic manner in order to achieve 

an adhering coating.  

3.  Results and Discussion 

From Table 2, it can be seen that the feeding pipe was already blocked before reaching 

the nozzle of the spray gun in all cases hence implying that a larger nozzle should be 

used. The largest nozzle available was consequently installed and efforts were made 

to resolve the clogging of the powder. Increasing the carrier gas rate to the maximum 

value of 9.0 slpm could not force the powder from the pipe hence preventing the 

feedstock to reach the plasma. It was then thought that agglomeration of the powder 

could be the reason of the clogging due to its hydrophilic nature. An additional step 

was taken thereby the aerogel powder was firstly dried at 70°C prior to injection. The 

trial started again with a powder of 30 kW and carrier gas flow of 7.0 slpm but the 

powder could not reach the plasma stream. At 8.1 slpm, the feed rate was high enough 

and no clogging occurred but only splats were formed on the glass substrate. 
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Decreasing the power to 25 kW while maintain the same carrier gas flow resulted in 

the same outcome which implied that the aerogel could not be melted for a coating to 

be formed. The aerogel powder was heated to 90°C before being plasma sprayed and 

a coating was formed at the previous setting as shown in Fig. 2. The cross-sectional 

thickness of the coating was found to have a maximum value of 132 μm (Fig. 3) after 

39 passes at a torch speed of 500 mm/s with spraying parameters of power, carrier 

gas flow, plasma gas (Ar+H2) and nozzle diameter of 25 kW, 8.1 slpm,(45+5) slpm 

and 4 mm respectively. 

Table 2. Spraying matrix. 

Test Nozzle 

diameter 

(mm) 

Power 

(kW) 

Plasma 

gas 

Ar + H2 

(slpm) 

Carrier gas 

Ar (slpm) 

Comments 

1 0.3 35 45+5 7.0 Pipe blocked 

2 0.5 35 45+5 7.0 Pipe blocked 

3 2 35 45+5 7.0 Pipe blocked 

4 4 30 45+5 7.0 Pipe blocked 

5 4 35 45+5 8.6 Pipe blocked 

6 4 35 45+5 9.0 Pipe blocked 

7 4 30 45+5 7.0 Pipe blocked 

8 4 30 45+5 8.1 
Powder dried at 70°C, 

no coating, only splats 

9 4 25 45+5 8.1 
Powder dried at 70°C, 

no coating, only splats 

10 4 25 45+5 8.1 
Powder dried at 90°C, 

coating achieved 

The plasma gun is primarily an electrical device. Increasing electrical power 

input normally results in an increase in net energy or enthalpy (energy in the plasma 

stream). Usually, an increase in electrical power input is indicated when the powder 

particles are not sufficiently melted before impinging on the substrate. However, 

circumstances may exist where the same effect can be accomplished by reducing 

total arc gas flow while increasing the current input. Reduced total arc gas flow 

decreases gas velocity thus lengthening the particle dwell time. If the particles are 

overheated to the point of vaporization, decrease the electrical power input, or in 

some cases, increase the total arc gas flow. In other words, the second factor is the 

velocity of the inflight particles. This explains the phenomenon of the splats and 

coating achieved when the power was altered in tests 8-10. 

The plasma which consisted of a combination of argon and hydrogen was 

maintained at a volumetric flow rate of 45+5 slpm, which fell in the typical total 

flow rate of 40 to 50 slpm [21]. The same article highlighted that each working gas 

has its own function such as argon, being the primary gas, stabilises the arc inside 

the nozzle while hydrogen as the secondary gas enhances the heat transfer to the 

particles due to its high thermal conductivity. The total plasma gas flow, particle 

size and density affect the powder particle velocity at the time of impact, which is 

one of the two critical factors to optimise during deposition. The temperature of the 

powder particle at the time of impact with the substrate is governed primarily by 

the net energy of the plasma stream and the total gas flow through the plasma gun. 

Gas flow determines velocity, which in turn determines particle dwell time [22].  
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Another important aspect of the plasma spray operation is obtaining maximum 

heat transfer efficiency from the plasma to the powder particles. There is a 

pronounced temperature gradient along the length and across the width of the 

plasma, so powder particles should be entrained in the core of the plasma, not in 

the cooler outer regions. Insufficient powder carrier gas flow will not push the 

powder up into the core, and too much carrier gas will push the powder through the 

core. Either too much or too little powder carrier gas results in an inferior deposit, 

because of insufficient heating or overheating of the powder particles. Improper 

carrier gas settings can also cause powder “spitting” from the gun face. The 

optimum powder feed condition is reached when most of the powder injected into 

the plasma stream is carried along its axis. This is the reason why the carrier gas 

flow rate was made to alter from 7.0 slpm to 9.0 slpm with an increment increase 

of 0.1. The minimum flow of gas was used to provide feeding of the powder thereby 

starting an ejection of the silica aerogel powders in the injector/nozzle. The increase 

also had to ensure continuity of the powder feeding and prevent clogging of the 

powder in the pipe transporting the powder. 

 

Fig. 2. Aerogel-based thermally sprayed coating on glass substrates using APS. 

 

 
Fig. 3. Cross section of aerogel-based plasma sprayed coating, SEM. 

4.  Conclusion 

A feasibility study was carried out to develop a novel single-layered micro-thick 

aerogel-based coating using the atmospheric plasma spraying. GEATM 0.125 aerogel 

was pre-evaluated to be the most suitable aerogel powder for thermal spraying due to 

its favourable granulometric properties. Depositing the selected aerogel using APS 
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turned out to be successful with spraying conditions set as a nozzle diameter of 4 mm 

powered at 25 kW with a plasma gas rate of 45+5 slpm and carrier gas flow rate of 

8.1 slpm. The thickness of the single layered plasma-sprayed coating ranges roughly 

from 77.9 μm to 132.0 μm. The coating, in addition, had a bimodal microstructure, 

which could probably exhibit nanostructural characteristics of aerogel. The 

microstructures will be reported elsewhere but it is worth to mention that the skeletal 

structure of aerogel was effectually retained which brings in attention the possibility 

of being a nanostructured aerogel-based coating. Although, glass substrate was used 

as the investigation was primarily dedicated for microscopic observations, further 

works can be done to apply these spraying conditions on aero-engine graded 

components for a more realistic scenario. 
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Abbreviations  
APS Atmospheric plasma spraying 

GEAT Green Earth Aerogel 

GEAT Green Earth Aerogel Technologies 

SLPM Standard litre per minute 

TEOS Tetraethyl orthosilicate 

TMOS Tetramethyl orthosilicate 
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