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Abstract
Thermal spraying is a scalable surface engineering technique used to add or to restore functionality of a solid surface by 
applying a coating. Examples of this include protection against wear, erosion, abrasion, and heat. In a specific sense, thermal 
spraying is particularly used to deposit thermal barrier coatings (TBCs) which finds use in transportation, power generation 
and automotive sector. As being a surface technique, thermal spraying much like other surface coating techniques can avoid 
the use of excessive bulk materials and in turn offers longevity to the life of the component, so it already contributes to the 
reduction of global warming by virtue of avoiding the use of excessive scarce materials and improving fuel efficiency. In terms 
of its contribution to the cause of global warming, thermal spraying stands in sharp contrast to the energy-intensive processes 
such as melting, casting, extrusion and welding. With the rise of additive manufacturing, it is possible to use thermal spray 
to complement that process in many ways and “cold spray additive manufacturing” (CSAM) is already gaining popularity. 
The thermal spraying technique relies on using selective types of gases—hydrogen being one of them and few types of met-
als/alloys which are now classed as critical raw materials due to them being on the supply risk register. Efforts to consider 
recycling and reuse and to find alternatives to these are very timely to continue drawing the advantage of thermal spraying 
being a relatively green technique. In particular, the green energy initiatives and the drive to develop energy storage and 
battery technologies could challenge the supply of raw materials such as hydrogen gas and rare earth elements. This under-
lines the research and development need for alternate materials and processes to address the issue of climate change which 
is the major focal point of the COP 26 Summit at Glasgow in 2021. The combination of digital technologies and thermal 
spray coatings will reduce gas, powder and power consumption, which will make this manufacturing process even greener.

Keywords Critical raw materials · Thermal spray · Climate change · Materials science and engineering · Energy 
conservation

1 Introduction

Addressing the concerns raised in the G7 summits and 
many other forums about climate change, the UK, as the 
host to the UN’s COP26 summit in Glasgow in Novem-
ber 2021, has been encouraged by this COP26 initiative 
and the academic and industrial communities have worked 
towards net-zero manufacturing, and efforts are underway 
to embrace digital technologies to develop better recycling 
processes. Thermal spraying is a coating process used to 
manufacture surfaces for various harsh industrial applica-
tions. About 50% of the thermal spray coatings are used 
in aerospace and power generation which already speaks 
for the harshness of the environments [1, 2]. The use of 
thermal spray is critical for various applications, which 
can affect the mining of critical raw materials (CRMs) 
such as Ti, Y, Ni, Co, and W. As such, thermal spraying 
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by itself has been contributing to less mining by way of 
reducing, reusing, and recycling of the base materials that 
are coated [3, 4]. Thermal spraying avoids discarding of 
expensive superalloys by allowing selective repair of gas 
turbine or aero engine components, which would other-
wise contribute to more greenhouse gas (GhG) emissions 
in the form of remelting, casting and further downstream 
processes such as machining. Moreover, thermal spray 
requires less energy for surface treatment (such as electri-
cal energy, thermal energy, or kinetic energy) compared 
to other processes such as casting, welding metal form-
ing and laser hole drilling. The US Energy Information 
Administration [5] estimated the energy consumption by 
the primary metal industries in 2018 to be about 2041 tril-
lion BTU (600 billion kWh). Surface engineering (coat-
ings and treatments) offers a means to reduce the energy 
consumed by such primary industries. If not for surface 
engineering, it would need more mining and consumption 
of raw materials to cater to the ever-increasing demand 
for metals such as iron, steel, nickel, and cobalt. Besides 
the traditional industries, the thermal spraying will be an 
indispensable part of the renewable energy industry where 
many diverse parts such as wind towers and solar PV cells 
are frequently coated.

This article presents key insights on various aspects of 
thermal spray processes especially paying attention to the 
role of critical raw materials, the gases used, the amount 
of electrical energy consumed, and how we can reduce the 
carbon footprint of this process itself while contributing to 
the reuse efforts for the base materials.

2  Thermal spray market

Thermal spraying is estimated to be a USD 10 billion market 
worldwide and it is poised to grow to about USD 25.82 billion 
by 2027 [6, 7]. A cursory look at the market reveals that plasma 
spray and flame spray together contributes to 50–60% to this 
market. As it may be noted, these two processes use either elec-
tric power or hydrocarbons to deposit coatings. Hence, there is 
a significant opportunity to reduce the carbon footprint in this 
sector. Figure 1 reveals the US share of each subset of the ther-
mal spray process. In this illustration, the cold spray technique 
has also been included since they all cater to the same customer 
base [8].

The aviation and power generation industries hold a USD 
5–6 billion market share of the thermal spray market which rep-
resent 50–60% of the market. Thermal spray applies overlay 
coatings on items like castings and fabricated parts such as metal 
flanges and mating parts, and paper and food processing rolls. 
As a refurbishment industry, this sector will enable industries 
not to discard base materials after a certain time interval and 
continue to use them for the next life cycle after reapplication 
of the coating.

Thermal spray is projected to dip in market value (Fig. 2) 
due to the pandemic but is well positioned to rise in the 
market due to the continuous rise in the demand for energy 
applications which need components such as turbine blades 
(wind and gas) as well as oil drilling to be coated by thermal 
spray. A bar chart (Fig. 3) shows the importance of thermal 
spray for a wide variety of sectors. Sectors such as agricul-
tural machinery, healthcare, electronics, and paper industries 

Fig. 1  US share of different 
thermal spray processes. Plasma 
and combustion spray are 
among the popular choices (data 
has been used from [9])
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also make use of thermal spraying technology but the growth 
in these sectors by 2024 compared to 2016 is not as signifi-
cant as it will be in the aviation and power sectors.

The labour cost would continue to dictate the raw mate-
rial usage and its transportation. In spite of the high labor 
costs, the USA continues to produce thermal spray coatings 

Fig. 2  Prevalent and near future market share of thermal spray in various continents (based on the data used from [6])

Fig. 3  US thermal spray market 
showing the dominance of the 
industry by power and aviation 
sectors (data reproduced from 
[10])
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at a much higher rate than other countries. However, the 
scarcity of raw materials and the sustained pressure on gov-
ernments to cut GhGs could shift the thermal spray manu-
facture markets to official development assistance (ODA) 
countries, although the processing of raw materials to ther-
mal spray would remain with selective countries due to the 
importance of proprietary information. Nitrogen and hydro-
gen would find more prominent use in producing thermal 
spray coatings compared to hydrocarbons in the western 
world, while the developing nations might continue to burn 
fossil fuels. To have a sustainable eco balance, it is impor-
tant to provide better access to environmentally clean gases 
to the developing nations. Export controlled technologies 
such as vacuum plasma spray and electron-beam physical 
vapor deposition (EBPVD) utilize high energy and could 
be replaced with overlay coatings for turbine blades such as 
HVOF and plasma spray in the next decade or so.

3  Power, gas, and raw materials—key 
to combating climate change

Seventy-seven percent of the energy that industries currently 
consume is through manufacturing and 12% of the energy 
[11] is consumed by mining industries. Within manufactur-
ing alone, metal industry carries about 10–15% energy for 
various processes such as casting, forming, welding, and 
brazing. Coating and thermal spray specifically is just a 
small fraction of this percentage.

Let us understand the key contributing elements to cli-
mate change in thermal spray through a schematic in Fig. 4. 
Estimates show that about 2 million kg of YSZ [12] was 
used for coatings in 2015 alone. If the coating deposition 
efficiency was 60%, then about 800 tons of powder was 
wasted during spray. Eight weight percent of  Y2O3 in the 
powder means 64 tons of yttrium oxide (50 tons of yttrium 
after subtracting the weight of oxygen) was wasted in 2015 
alone. Yttrium being a precious critical raw material cannot 

afford to be wasted. Hence, there is a pressing need to recy-
cle the waste powder using chemical or mechanical methods. 
Masks and polymeric compounds used are an environmental 
hazard and we need to find ways to reduce or recycle the 
masking materials. Hydrocarbons are mostly from the com-
bustion processes and hence it is pertinent to switch to clean 
fuel like hydrogen. Hence, the input and output of thermal 
spray have to be managed well to have a positive impact on 
the environment (Fig. 4).

Each plasma spray process installation uses energy from 
20 kW to up to 200 kW. This high energy requirement comes 
from the need to melt and splat the molten droplet of ceram-
ics, cermets, and metals. High energy is also important to 
increase the throughput of the particles thereby increasing 
the deposition efficiency.

Gun power is decided by the melting point of metals, 
alloys, cermets and ceramics that are to be deposited. 50 kW 
to 100 kW is the mostly used power requirement for most 
of the thermal spray industries. If we have 5000 of these 
plasma spray guns operating in the world over all 365 days, 
this corresponds to 500 MWh of energy consumed annually.

Figure 5 gives an overview of the gun power of some 
important OEM plasma spray guns. The selection of gun for 
the spray depends on the requirement of a specific type of 
coating microstructure and mechanical properties.

As such, thermal spray uses a limited number of gases 
to deposit coatings at a commercial scale such as hydrogen, 
oxygen, propane, acetylene, nitrogen, argon, helium, and 
propylene. Barring hydrogen, most of the other gases fall 
in the hydrocarbon category thereby contributing to GhGs. 
Besides gases, liquid fuels such as kerosene, Jet B fuel is 
used to combust and melt the coating powders. Figure 6(a) 
shows a bar chart of heavily used industrial gases while 
Fig. 6(b) shows that there is a potential to develop param-
eters and switch to cleaner fuels.

Hydrocarbons are currently popular in the thermal spray 
industry due to economical and geographical reasons. While 
big corporations can afford spraying with hydrogen and 

Fig. 4  Input raw materials and 
output waste generated

1518 emergent mater. (2021) 4:1515–1529



1 3

nitrogen, small-scale coating factories are still relying on 
fossil fuels to stay competitive in the market. Scaling up of 
hydrogen generators would help to keep the hydrogen costs 
low and this will encourage small companies to adapt faster. 
Suppliers producing coatings with clean fuels can be given 
carbon credits and incentives by the Governments. While 
helium is a by-product of natural gas, usage of helium in 
cold spray process is set to increase due to new innovations.

Materials such as Ti, Co, Y, W, Ce, Gd, and Yb con-
tinue to remain pivotal to the aviation sector but are now 
becoming critical raw materials (CRMs) due to the increas-
ing supply risk [14]. These elements are critical to aviation 
and power generation and hence alternate materials need 
to be researched and implemented within the next decade. 
Efforts to recycle these elements from cast or wrought prod-
ucts should be encouraged.

In a high-tech industry like aviation, the engine parts 
coated are high-quality castings made of Ni- and Co-based 
super alloys and they are too expensive to be scrapped at a 

premature end of life. Recycling and reusing them is energy-
intensive and coating would be a far better greener option 
to refurbish the parts as long as their functional and struc-
tural requirements are met. Besides, the usage of elements 
like Ni, Co, and Cr needs to be heavily monitored from an 
environmental perspective through schemes like Registra-
tion, Evaluation, Authorisation and Restriction of Chemicals 
(REACH) in Europe.

If there is no thermal spray refurbishment, 30–50% of 
nickel parts will be discarded in the form of metal and alloys 
and new parts will need to be produced through energy-
intensive process such as casting, forging, and welding.

In the future, export of rare earth elements would be 
restricted by the country of origin. This would give them the 
edge to develop technologies for space and defense applica-
tions. The countries in need of these elements must switch 
to a viable alternative to stay ahead in the space race. Hence, 
this decade is going to have watershed moments for finding 
viable alternative to CRMs.

Fig. 5  Power (kW) used to 
generate porous/dense coatings 
(Gun names are trademark 
names of several OEMs.)—
adapted from manuals from 
manufacturers

Fig. 6  a Thermal spray fuel 
consumption presently; (b) a 
potential to move away from 
hydrocarbons soon. Data pro-
jected from [6, 9, 13]
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4  Thermal spray—an important player 
in climate change

Let us consider a market where thermal spray has a major 
stake such as the manufacturing and refurbishment of 
industrial gas turbines. Turbine sections involve complex 
gas paths where the parts are designed to tap the maximum 
amount of energy of gas to rotate the turbines. It is impera-
tive that these parts have complex profiles [15] with a lot 
of cooling holes to keep the material free from issues such 
as fatigue, creep, oxidation, and corrosion. These parts are 
manufactured from nickel- and cobalt-based super alloys. 
There are very few suppliers who have proprietary casting 
methods such as investment casting, directional solidifica-
tion, and single crystal alloying to manufacture these parts. 
It involves melting few tons of these alloys and retaining 
the melt pool for a long time until the solidification hap-
pens with the desired microstructural requirement, and this 
would need immense energy.

OEMs such as General Electric and Siemens have hun-
dreds of such turbines in the global market sold as a new 
make. For a newly manufactured unit, sourcing these parts 
from casting or other alloying techniques would make 
sense. When they start producing power, these turbines 
have to be refurbished at the OEM stipulated intervals. 
They are run with natural gas and liquid fuels and thus are 
subjected to oxidation and other corrosive environments. 
The coating has a fixed shelf life and when they come 
to a service center for refurbishment, the parts cannot be 
discarded owing to the huge replacement costs involved. 
Coatings are stripped (based on the NDT inspection) and 
it is decided to recoat the parts to restore it back in the tur-
bines. Let us consider this simple sum. Each part weighs 
about 10–20 kg and let us say the amount of nickel used in 
each part is 60% by weight. We are talking about discard-
ing 12 kg of nickel as opposed to stripping coating with 
few grams of nickel and replacing with a new coating. 
This by itself is a silent green initiative because of the 

market-driven profit equations agreeable to both customer 
and OEMs.

Apart from this, coating life estimation tools are available 
to calculate the balance life of coating so that parts do not 
have to be stripped and can be used for another cycle.

If we track these elements from mines to machines, as 
shown in the Table 1, general trends are pointing to the fact 
that about 50–80% of each element mined are subjected to 
several processing technologies such as casting, extrusion, 
welding, and drawing. Now if these parts are not coated, the 
amount of mining required to manufacture these parts will 
double or triple which is counterproductive to combating 
climate change.

On the positive side, if we double the efforts to implement 
thermal spray to 10–20%, the amount of casting and alloy-
ing efforts would be reduced significantly, thereby comply-
ing with the reduce (mining), reuse (refurbish), and recycle 
theme.

As shown in Fig. 7, thermal spray has been an indispen-
sable process for several industries. Epoxy primer coatings 
have volatile organic compounds (VOC) and still form a 
considerable portion of aesthetic/corrosion prevention meth-
ods for carbon steels in developing countries. It will be easy 
to make the switch to thermal spray aluminum or thermal 
spray zinc given the abundance of these elements which are 
not in the CRM list.

5  Role of thermal spray OEM and service 
providers

Thermal spray OEM industries play a pivotal role in recom-
mending and providing the appropriate equipment, powder 
morphology, chemical composition, choice of gun, and 
masking material. Powder stabilization in the flame is key to 
produce parts faster and reduce powder wastage. OEM com-
panies could conduct synergy meetings to have a common 
ground for equipment recommendations with climate change 

Table 1  Critical raw material share of being utilized in the coating process

*Casting/alloying/forging/sheet metal/foil/other structural.

Fe[16] Ni[17] Cr[18] Al[19] Y[20] Zr[21] Zn[22] Co[23] W[24] Mo[25]

Coating  < 2–3% 7–12% 5–10%  < 7% 20–25% 47% 50–52%  < 2% 15–20%  < 5%
Other processes* 98% 79–86% 77% 93% 34% 14–16% 40–50% 74%
Batteries 2% 42%
Pigments 2–4%
Refractories 30% 17%
Phosphor 20%
Others 10–20% 5–12% 20–25% 3% 30% 21%
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in mind and market products with an environmental mindset. 
A lot of wastage also happens in using OEM-recommended 
parameters since they may not meet the microstructure and 
other strength requirements due to on-site conditions. Hence, 
it is important for OEMs to recommend and depute on-site 
consultants to speed up the parameter development with-
out much wastage of raw materials. Thermal spray powder 
manufacturing industries have innovated and produced sev-
eral powder morphologies to suit the requirements of its 
customers. The morphology and size play an important role 
in the energy input and coating quality. Figure 8 shows a 
glimpse into the morphology of typical thermal spray pow-
ders. Ceramic powders are mostly agglomerated and sin-
tered. To increase the heat input and get better deposition 
efficiency, Oerlikon Metco’s patented HOSP™ (hollow oven 
spherical process) process is useful. Cermets are sintered 
and crushed or fused and crushed. Wire drawn and swaged 
or filled feedstock is useful to wire arc coating or flame spray 
coating. Spheroidal shape particles are easier to melt and 
flow. Therefore, this helps to drive up the deposition effi-
ciency. However, for the powder manufacturing industries, 
this means spending energy on melting the raw materials and 
using gas or water to atomize the droplets. Therefore, the net 
energy spent on the process from powder making to end of 
coating process would remain the same.

The HVOF process could be run with clean fuel. How-
ever, coating of internal diameters of parts with HVOF 
would be challenging. The efforts of several companies [34] 
have led to the development of an ID HVOF gun to coat the 
internal spaces of parts that are otherwise not accessible 

with the HVOF process guns. Thermal spray is also popular 
to coat solar energy photovoltaic cells [35] for improving the 
dielectric strength of the cells.

Another important aspect of thermal spray is the right 
choice of chemistry and selection of spray gun and equip-
ment for a particular application. Optimizing this combina-
tion is very important to save energy, raw materials, and a 
faster turnaround time for coating parts.

The role of OEM equipment manufacturers to simplify 
the functionality of feeders, guns, and prolong the life of 
spare parts will greatly help to reduce the cost as well as the 
machining waste. Fluidized bed feeders are expensive and 
have a lot of electronics involved, and wheel feeders could 
be quite effective to precisely start and stop the powder flow 
thereby preventing powder wastage during stabilization of 
powder flow. Also, maintenance cost of the wheel powder 
feeders is way too low compared to fluidized bed feeders.

Lanthanated and thoriated electrodes can help to increase 
its life, and companies need to optimize the amount of tho-
rium and lanthanum in the tungsten electrode to prolong the 
life of the electrodes. This may not be in the business interest 
of these companies, but an early correction of this marketing 
culture would help to reduce waste.

Prolonged use of gun hardware such as nozzle and elec-
trodes could be another option. Companies could be inno-
vative to an insert approach to the damaged portion of the 
coating gun nozzles, electrodes instead of swapping out the 
entire nozzle/electrode with a new set.

Waste management in thermal spray industries is crucial. 
The seven wastes that we typically see in manufacturing 

Fig. 7  Role of thermal spray in a wind turbines [26] (thermal sprayed 
aluminum/zinc), b oil and gas drilling (HVOF) [27], c paper and food 
industry rolls [28] (HVOF), d hydro turbine Francis runners [29] 

(HVOF), e gas turbines [30], f land and marine engines [31], g aero 
engines [32], e–g TBC, HVOF, flame spray, wire arc spray
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industries are overprocessing, overproduction, inventory, 
transportation, waiting, defects, and movement. These can 
very well be controlled by adopting digitalized processes.

Robot programmers play an important role to speed up, slow 
down, start, and stop the powder and turn the gun all through 
the programming commands to reduce overprocessing. Powder 
and spare parts inventory could be auto managed through sys-
tems like enterprise resource planning (ERP) to reduce upfront 
ordering and reduce the risk of parts nonavailability.

Lean, Kaizen, and Brilliant Factories are some of the 
concepts that any manufacturing industry would adopt to 
keep their waste to a low level. This includes redesign-
ing of the shop floor layout to reduce transportation and 

storage of parts during manufacturing which are all cov-
ered in Made Smarter manufacturing initiative in the UK.

6  Contribution of academia and research

The role of material scientists and engineers to contribute 
to this initiative is immense. Coatings are meant to cater 
for several applications, for example, thermal protection, 
corrosion resistance, oxidation resistance, wear resistance, 
and dimensional restoration about naming a few. So, the 
composition of the coating is decided based upon these 
requirements.

Fig. 8  Powder synthesis [33] and thermal spray process compliment 
each other in terms of energy usage. If energy is spent on powder 
making, less energy is spent on the coating process and vice versa. 

Particle size range varies from 5 to 200 microns depending on the 
material and process (extracted from Oerlikon Manual)

1522 emergent mater. (2021) 4:1515–1529
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Yttrium (Y) has been included in the shortage of 
critical raw material [8] by the European Union during 
2020–2021. 8YSZ (8%  Y2O3-stabilized zirconia) is the 
most widespread thermal barrier coating at the moment. 
Zirconium oxide undergoes a phase change from mono-
clinic to tetragonal to cubic during melting and from cubic 
to tetragonal to monoclinic during solidification.  ZrO2 can-
not stand the volumetric change during the phase change 
and may lose structural integrity during coating. Usually, 
 Y2O3 is doped to the  ZrO2 coating to stabilize the higher 
temperature phase.

A research group [36] at Solar Turbines Inc. in collab-
oration with Solution Spray Technologies LLC Mansfield 
CT developed a liquid feedstock from yttrium aluminum 
garnet (YAG), commonly used in laser sources, to be able 
to deposit thermal barrier coatings by the solution pre-
cursor plasma spray method. This will reduce the need to 
mine Y and recycle YAG from used lasers. Tungsten is 
a rare element, and efforts are being made to salvage W 
for thermal spray through various means. One such effort 
[37] has been to recycle WC–Co directly from used cut-
ting tools using a zinc melt method. Bond coats for ther-
mal barrier coatings are typically sprayed with HVOF 
process through propane, propylene, or kerosene. Cold 
spray is an option to try to get dense bond coats for gas 
turbine applications [38]. Altering the chemistry of coat-
ings could sometimes go hand in hand with achieving 
the twin objectives of resolving the raw material issue 
and as well as improving the coating performance. One 
such application is to reduce the thermal conductivity 
of the thermal barrier coating by not using Y and utiliz-
ing doping of  ZrO2 with Nd, Gd, or Yb [39]. The key to 
achieving low conductivity is to provide as much barrier 
to heat conduction by way of inducing defects such as 
porosity, heavier ions.

Traditional chemistry of typical coating compositions 
such as 8YSZ, WC–Co, NiCrAlY, and CoMoCrSi has been 
challenged not only to improve the performance of the 
coating but also in dealing with the raw material shortage. 
One such approach [40] is to increase the life of bond coat 
systems in the coating so the service life of the coated parts 
could be prolonged. If the end properties are similar or 
better and achieved with less emissions, there is significant 
contribution to combating climate change. In addition to 
the coating itself, there are a lot of auxiliary materials such 
as masking tape and compounds that are sensitive to the 
environment. Metal masking could be a better option com-
pared to using masks with thermosetting resins and glass 
fibers which end up at the landfill after coating. Looking 
at the gun design and ways and means to utilize the entire 
energy of the spray gun could not only improve the deposi-
tion efficiency of the coatings [41], but also significantly 
reduce the production time of parts.

Additive manufacturing [42] and thermal spray could be 
complemented to achieve the end objectives of coatings. 
Powder particles could have a common morphology and size 
for dual usage in additive manufacturing or coating. Akedo 
and Shinoda [43] discussed the potential of using aerosol 
deposition method to coat non-heavy-duty applications such 
as semiconductors and solar cells. This technology is said 
to have to low-energy footprint and low cost compared to 
other thin-film coating technologies. Controlling the volt-
age fluctuation and improving the anode and cathode life is 
important to reduce the energy consumption during plasma 
spray and many nozzles have been designed to optimize the 
plasma spray process [44].

The traditional process of using cold spray coat transition 
elements like Al and Cu could be extended to heavy ele-
ments like Ni, and even additive manufacturing using cold 
spray [45] is a much-discussed topic in the industrial com-
munity as well. Few elements that could be sprayed with 
cold spray are Al, Cu, Ni, Ti, Ag, Zn, Ta, and Nb and their 
alloys as well as composites such as Cu–W, Al–SiC, and 
Al–Al2O3.

7  Digitalization of thermal spray

In the past two decades, much research has emerged into in situ 
diagnostics like velocity and temperature measurement of the 
particles during coating processes [46]. The process parameters 
such as gas flows, carrier gas flows, and the feed rate can correct 
themselves based on the feedback from the particles. The speci-
men temperature while coating can be fed into the controller to 
adjust the spray distance or cooling methods to keep the part 
temperature low [47]. Contact (thermocouple based) and non-
contact (infrared based) temperature measurement devices are 
available for this process to be incorporated for online monitor-
ing as well as self-adjustment. A research group at SUNY [48] 
have done a lot of work on in situ residual stress measurement 
as the coating build upon the substrate. Upon arriving at the 
threshold stress, or stress corroborated thickness, the process 
can auto stop to avoid spallation. Residual stress analysis could 
also be used for freeform part manufacturing as well, so the 
part gets detached from the base material and can be used as a 
freeform shape [40].

Artificial intelligence (AI) and machine learning [49] have 
gained prominence in other sectors and thermal spray can be 
part of this change to reduce emissions and wastage. It remains 
to be seen how OEMs can integrate the work on closed-loop 
feedback, in situ stress measurement, and robot interfacing to 
create intelligent thermal spray machines. Data analytics could 
be an integral part of thermal spray, and governing bodies may 
soon mandate industries to give them the emissions and waste 
data. Diagnostics are also being introduced for suspension pre-
cursor processing which is useful to monitor the diagnostics 
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of the particles in the liquid state [50]. This could enhance the 
deposition efficiency of the solution precursor coatings. Data 
collection and analysis could be a seamless part of the thermal 
spray facility. It would be imperative to collect and report data 
to governing bodies in this format in the near future. Handheld 
X-ray fluorescence (XRF) could be integrated to the thermal 
spray dust collection chutes to monitor the discarded elements. 
Similarly, direct-write coating technologies are available to 
monitor the coated part temperature during service. They could 
help determine the creep life of specimens during service and 
calculate the life cycle of the components [51]. Figure 9 shows 
a thermal spray layout that is typical in industries and academia, 
enabled with multi-sensors and wastage collector. The efforts 
to cut down waste and switch to energy-efficient processes start 
with data collection. From Fig. 9, it can be inferred that sensors 
can be mounted at strategic locations of the booth to collect 
the data. Two types of data can be collected, namely, (i) the 
process data such as particle velocity and temperature that will 
help to optimize in real time, the gun parameters, robot speed, 
and process gas flows and (ii) resources used and wastage data 
that can be presented to governing bodies. Based on the percent-
age waste generated in each category (shown later in Table 3), it 
would help categorize the industries as green, yellow, or red in 
terms of emission and help in strongly monitoring the compli-
ance with climate change objectives. The data collection can be 
linked to servers and accessed live through cloud computing. 
Mathematical models could be built to optimize the fuel/oxygen 
ratio of any combustion spray process to find the optimized mix 
to melt the particles and reduce fuel consumption and drive up 
the deposition efficiency of the process [52]. Machine learning 
could assist to seamlessly learn and modify robot paths during 
coating to determine the best move for efficient coating [53].

8  Hybrid technologies

Hybrid processes could be used in conjunction with one another 
or one after another to achieve the results. For example, a laser 
sweep on the HVOF WC–Co-coated part could further densify 
the coating, resulting in better wear resistance. In addition, busi-
nesses with several processing techniques under one roof could 
tap the potential of hybrid processes to achieve speed and cut 
down on waste thereby enhancing performance and durability 
of the coatings. CSAM is one such process where many hybrid 
processes upstream or downstream have been developed to aid 
to the coating properties. Stresses developed during CSAM can 
be modified by shot peening [54]. Laser ablation on plasma-
sprayed coatings could help densify the coating thereby enhanc-
ing properties [55]. The process of cold spray with friction stir 
welding has been tapped to weld dissimilar metal like Mg and 
Al [56]. Similarly, properties such as fatigue performance is a 
critical consideration for rotating parts. It has been observed that 
an improvement in fatigue life is obtained when the specimen 
is surface treated by shot peening prior to the CSAM process 
[54]. In addition, the cold spray coating of Ti-6Al-4 V followed 
by hot isostatic pressing improves the density and ductility of 
the coating [57]. The CSAM process involves heating the gas 
before coating to 800 or 1000 °C to excite the gas molecules. 
One research pointed out that gas heating or usage of helium 
gas could be eliminated if the surface is laser treated prior to the 
CS deposition [58].

Orthopedic implant production is a growing market, where 
implants of Ti-6Al-4 V are manufactured by casting. Alterna-
tively, additive manufacturing (AM) of the implants followed 
by electron beam melting (EBM) or selective laser melting 
(SLM) can control the porosity [59]. Thus, there is a potential to 

Fig. 9  Thermal spray future on 
digitalization. Red dots reveal 
digital input data collection 
leading to digital output to robot 
and guns. (1, robot; 2, powder 
feeder; 3, process control; 4, 
specimen controller and holder; 
5, X-ray detector; 6, waste 
powder collector; 7, powder 
velocity and temperature sensor 
(Spray watch™, DPV™, Accu-
raspray™ connected to feedback 
loop); 8, feed lines; 9, plasma 
torch and plasma flame)
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use thermal spray to deposit hydroxyapatite on additive manu-
factured implants to enhance the bioactivity of the implants.

A host of hybrid processes that have been trialed for sev-
eral material systems is summarized in Table 2. The material 
types mentioned spans industries from power generation to 
aviation and healthcare that are actively looking for low-
energy input processes to support their product line.

9  Life cycle sustainability assessment 
across the triple bottom line

The environmental impact of any industrial process will take 
prominence over its economic aspects due to the overall impact 
the climate will have on the economy. Countries will start paying 
attention to the macro-economic repercussions due to climate 
change rather than just focusing on the impact of one industry on 

the economy. Just like any other manufacturing process, thermal 
spray needs raw materials and generates wastes. With the focus 
shifting on the circular economy, it is important to quantify and 
track the resources and waste through life cycle sustainability 
assessment for maximized sustainability across the triple bottom 
line (environment, economic, and social aspects). It analyzes the 
inventory of the process and waste and evaluates the potential 
environmental impact. This is achieved by identifying the scope 
of the project, analysis of the inventory, environmental impact 
assessment, and putting it in a simple form for correct analysis.

A study of life cycle assessment comparison of electro-
plating and other thermal spray processes has been reported 
[70]. The waste powders collected from the dust collec-
tion system or salvaged from the old coatings could be 
recycled innovatively [71]. Table 3 shows a typical data 
collection example for organizations to enable life cycle 
assessment. The data collected in such a manner could help 

Table 2  Some of the hybrid technologies tried for different coating chemistries

Material TS + micro 
wave heating

TS + cryo-
genic treat-
ment

Cold spray additive TS pow-
der + TS 
precursor

TS + laser 
treatment

CS + shot peen CS + SLM Hybrid 
aerosol 
deposition

WC–Co [60] [61] [54]
MCrAlY [38] [62]
Al2O3 [63] [43]
8YSZ [64] [65, 66]
Co based [67] [68]
Metals or alloys [42, 57, 69] [69] [45]

Table 3  Data collection in industries would be mandatory to operate, and digitalization tools can help to collect data seamlessly (an example 
format only, not representative of any company)

Solid waste management (kg)

Metal alloy Powder used today Powder used YTD Coating 
weight YTD

Dust composition Waste today Waste YTD

WC–Co 10 120 75 WC–Co 3 45
NiCrAlY 30 3000 1800 NiCrAlY 12 1200
CoMoCrSi 20 1000 700 CoMoCrSi 8 300
Al2O3 450 4800 3000 Al2O3 150 1800
Y2O3–ZrO2 120 1500 60 Y2O3–ZrO2 60 700
Fuel and Consumables Spent Landfill Waste (kg)
Gases Today (M3) YTD (M3) Weight today Weight YTD
Hydrogen 400 4500 Masking Tape 120 1300
Oxygen 200 2200 Silicon O Rings 5 45
Acetylene 100 800 Silicon Masks 8 80
Kerosene 100 1000 Delrin Insulator 10 120
Nitrogen 100 2000
Consumables Today (kg) YTD (kg) kWh Today kWh YTD
Copper Nozzle 3 30 Power 1200 54,000
W electrode 4 40
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create discrete information on the damage made to the eco-
system, human health, and resources such as raw materi-
als which would help the companies to achieve regulatory 
compliance.

Powder deposition typically is about 50–60% efficient, 
which means 40% is generated as waste either at the landfill 
or to the recycling units. The requirement of segmented ther-
mal barrier coatings is inevitable in some high-temperature 
gas turbines, and it is possible to achieve this with a powder 
feedstock, solution precursor method, or suspension precur-
sor method [72]. Powder methods can yield more throughput, 
but a high-energy process is needed while solution or suspen-
sion precursor spray yields less throughput than the powder 
method but low energy.

Life cycle assessment for solution precursor plasma 
spray [73] compared to the conventional powder feed-
stock spray provides enormous information and an accu-
rate idea about adopting the SPS method for industries 
like power generation wherein high-throughput coating 
is needed due to the large volume of parts and high sur-
face area to be coated. Solid waste like polymer or resin 
masks have no choice but to go to landfill. Metal masks 
are useful from a recycling point of view, but intricate 
masking is difficult with metal masks. Hence, environ-
mentally friendly masks need to be innovated to support 
the thermal spray industry.

Figure 10 shows the major contributors to the Greenhouse 
gases (GhG) i.e., methane, carbon dioxide, nitrous oxide etc. 

Fig. 10  Process and industry’s contribution to greenhouse gas emissions
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in top five sectors who use thermal spray. Plasma is the major 
source of emission in the aviation and power generation indus-
try. Oil and gas industries mostly use hydrocarbons to coat their 
drilling equipment, and hence combustion products are their 
source of emissions. Wind turbine industries emit a lot of VOC 
during the blade manufacturing and painting process.

10  Conclusions and outlook

Thermal spray can bring improved lean/productivity to 
other manufacturing processes and prolong the life cycle 
of the parent material. When assisted with other processes 
such as additive manufacturing, thermal spraying reduces 
the energy consumption and raw material usage. Both ther-
mal spray OEMs and service providers need to embrace the 
culture of durability as much as possible to minimize waste 
and recycle the critical raw materials. Digitalization of the 
thermal spray industry would help gather more data on raw 
material usage and wastage which can benefit Governments 
to incentivize companies operating with low greenhouse 
gas emission (GhG) gases such as methane, carbon dioxide 
and nitrous oxide to name a few. A manufacturing process 
with higher green house gas (GhG) emissions would cause 
trapping of heat in the atmosphere which would warm the 
planet and melt the glaciers and hence a manufacturing pro-
cess with low GhG emissions is much desirable. For this 
reason, a new branch of spraying namely cold spray addi-
tive manufacturing (CSAM) has now started to gain more 
popularity due to having low GhG as opposed to traditional 
variants of thermal spray. Thus, ambitious manufacturing 
inventions in the spray field including the development 
of hybrid techniques will pave the way to innovate new 
advances in this area which can capitalise the power of data 
collection and be benefitted by the power of machine learn-
ing. The review shows how the adoption of thermal spray 
in various fields of manufacturing can cut the reliance on 
some of the critical raw materials (CRMs) and help fight the 
noble cause of controlling climate change in an uncertain 
period looming the globe.
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