


001D090131

2Thermal Spraying  
as an in situ and ex situ process
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Abstract
Thermally sprayed layers can only be successfully used for 
boiler protection in cases where the combustion processes 
coincide with corrosive conditions in a way that flue gas pen-
etration can be kept controllable. Efficient protective thermal 
spray solutions on super heater tubes and wall material gener-
ally call for strictly defined manufacturing conditions which are 
assured in workshop conditions (ex situ coating) only. In cases 
where thermal sprayed coatings have undergone subsequent 
thermal treatments to give completely dense layers, they are 
known to have most effective corrosion protection. Because 
of this controlled thermal sintering step this process is tailored 
for ex situ conditions.
In situ refurbishment work of boilers normally disallows strictly 
controlled process conditions for spray jobs. As a matter of 
fact the qualification of spray personnel becomes much more 
important for successful protection work. Well trained people, 
good work preparation and perfect process supervision are 
key issues for in situ maintenance and last but not least a strong 
interaction between on-site management and coating team.

1	 Introduction
High temperature chlorine corrosion is a challenging problem 
in biomass or waste incineration. In this harsh environment spe-
cial nickel-based materials with chromium and molybdenum 
(e.g. alloy 625) are widely used for protection of tube and 
wall materials. Such coatings show a good corrosion-resistant 
character in chlorine-dominated flue gas environment. They 
are common for weld or spray coatings in curative (on-site) 
measure or in preventive new part protection. Thermal spray-
ing has become an economic alternative to weld cladding. 
Nevertheless sprayed coatings have a potentially higher risk 
of sub-surface corrosion in chlorine conditions due to its spe-
cial layer morphology. Sometimes in case of weak cohesive 
binding mechanisms between neighbouring particles chemical 
active chlorine can migrate through the layer and cause sub-
coating corrosion on the pipe material underneath.

Diffusion processes follow principles which are dependent 
upon time, temperature and concentration gradient. The pen-
etration velocity is triggered by  

•	 surface temperature of tube 
• 	 chlorine concentration in the flue gas and
• 	 diffusion coefficient of the coating.

Tube temperature and chlorine concentration are process 
relevant factors. The only way to decrease the penetration of 
flue gas is downgrading the diffusion coefficient D. In solid 
bodies the latter is defined by
(1)	

where E is the energy barrier of the layer against penetration 
of gas constituents, R the general gas constant (JK-1mol-1) 
and T the temperature. Measures to slow down the reaction 
process is minimizing the diffusion coefficient and raising the 
energy barrier E for gas entry. Total gas tightness ( E = ∞ )is 
very difficult to reach for spray coatings without thermal sinter-
ing. Such it is aimed by strict control of coating parameters to 
establish very high energy barriers for flue gas.
The effective diffusion coefficient of porous solids - like 
sprayed layers - can also be expressed in the form  
(2)	  

where D is the diffusion coefficient for gaseous or fluid me-
dium, � � the residual porosity, �  a retardation coefficient for 
diffusion in tight pores and �  a form factor, considering the 
pore geometry.
The time needed for penetrating a sprayed layer depends 
aside from the mentioned relations also on the diffusion path 
∆s. Time is a square function of the layer thickness
(3) 

what means that thicker coatings are more effective than 
thinner ones.
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3high quality coatings are obtained. Very sophisticated coat-
ing processes like high-velocity or plasma spraying can be 
trimmed to porosity levels < 1%. Mechanised torch movement, 
instrumented process diagnostics and proper dust extraction 
systems assure these qualities. Also the surface preparation 
by blasting can meet optimal criteria.
The advanced process management delivers quality standards 
as high as possible. Nevertheless the fi nal sealer infi ltration 
is standard today except of tubes with sintered coatings. De-
spite all sophisticated process management the aggressive 
corrosion in waste incineration makes it diffi cult, to achieve 
satisfactory life cycles without sintering.
In view of that fact, TLS began long ago to work on the 
development of sintered solutions for superheater tubes. Ac-
tually sintered, gastight coatings of high corrosion resistance 
(>500µm thick) are produced around the tubes by thermal 
treatment of the prior sprayed alloy. Corrosion below the coat-
ing such cannot take place. This clearly is illustrated by the 
superheater tube of Fig. 2, where severe damaging corrosion 
attacks the unprotected tube material.
An important step on the path towards chemically-resistant 
layers for waste incineration plants was provided by the 
development of corrosion-resistant alloy systems suitable for 
sintering. Me(Cr)BSi systems, where Me is a placeholder for 
one ore more of the elements Ni, Fe or Co, have shown good 
benchmark in practice. Via special Cr and Mo balancing the 
necessary corrosion-resistance could be achieved. Extended 
studies of corrosion characteristics under oxidising and reduc-
ing conditions have accompanied the development of these 
alloys. In the lower diagram of Fig. 3 the direct relationship 

All measures to retard penetration of sprayed coatings by 
fl ue gases are primarily conducted to maximize the tightness 
of spray coating structures (minimizing the pore content) and 
optimizing the layer thickness. Limiting fact for the layer thick-
ness is the negative accumulation of stresses and increasing 
coating costs. Furthermore also the inter-lamellar oxide content 
plays a role in high temperature corrosion of spray layers. 
Such the spray parameters aim for lowest particle oxidation. 
Despite all parameter optimization today the common fi nal 
step in coating is to apply sealers, which tend to reduce re-
sidual pore volumes by infi ltrating the coating.
Long experience with especially aggressive boiler corrosion 
has directed TLS in the development of post thermally com-
pressed (sintered) coatings. By applying a supplementary 
thermal step sprayed alloy is sintered onto the solid tube such 
forming a perfect tight composite. An anti-corrosive shell is 
produced around the tube. Because of this sintering step this 
coatings are reserved for ex-situ applications.

Fig. 1 : Structural features of thermally sprayed layers (as-sprayed 
 variant - left; post-compressed - right)

Fig. 1 shows the quality of a sintered coating compared with 
not sinterd, differently applied spray structures. Small oxide 
inclusions in the layer have no negative infl uence on quality. 
Under aggressive environmental conditions, like presence of 
chlorine, the fused layer systems are always benefi cial.

2 Coating techniques approved 
 for ex situ application
Reproducible good layer qualities can be realised under work-
shop conditions only. The manufacturing steps of the coating 
process can be controlled and monitored in such a way that 

Fig. 2 :  Sintered layer affected by corrosion at the transition 
 to the uncoated tube (new condition top) 
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4of the chrome content for corrosion resistance in the oxidising 
medium is shown. On the other hand, particular importance 
attaches to molybdenum in reducing corrosion media. Here the 
resistance-effective weighting factor of Mo amounts to roughly 
three times that of chromium. Boron and silicon are important 
additional elements in these alloy systems. Silicon, in particular, 
has a positive effect on chemical resistance. Better benefit can 
be derived from increased alloy-specific Si contents in the 
range of >4% for these sinter able alloys. Corrosion protective 
layers have been developed in this way with results equivalent 
to those of cladding. On the other hand, silicon contents with 
increased alloying technology prove beneficial to corrosion 
inertia in a high temperature environment.

3	 On-site boiler refurbishment 
	 – in situ coating
Whereas in the case of ex situ conditions, the manufacturing 
environment enables quality-relevant spray conditions to be 
obtained, this does not generally exist for in situ coatings in 
the boiler itself (or is only possible with a very high invest-
ment). Environmental conditions are an important factor in 
determining quality during thermal spray work in the plant. 
That is the reason why results reported from the field often 
seem contradictory. That in turn does not make it any easier 
for the plant operator to take a decision.
Maintenance work on boilers is typified by the following 
experience :
•	 coating work is frequently decided at very short notice 	
	 after detecting the extent of the damage by visual 	
	 means so that adequate planning leadtimes are not 	
	 available; 
•	 site activity requires daily review and coordination with 	
	 other refurbishment activities;
•	 the work has to be done under severe pressure of time;
•	 compromises have to be made in access 
	 to the working zones.
Previous efforts to fully mechanise process technology for 
large area protective measures give rise to recognition of 
the fact that the strength of thermal spraying resides in its 
mobility and therefore allowing a flexible damage-triggered 
maintenance management. In situ refurbishment work often 
has a patchwork character because it is used on damaged 
surfaces or components at different locations (see Fig. 5). 
Mechanisation aids do not help because of the necessary 
set-up times; preference is therefore given to manual process 
management. Performing work of good quality under these 

Fig. 3 :	 Corrosion characteristic of post-compressed Ni-based alloys 	
	 under reducing and oxidising test conditions 

Suitability of the process for use in boilers is proven by wide-
ranging mechanical testing and extensive experience in the 
field. TLS has developed process technology for industrial-
scale production. This is implemented in the shape of complete 
protection of superheater components (Fig. 4). Increasing 
corrosion strain caused by the chlorine burden of biomass and 
waste material incineration has led to a revival of the industrial 
use of sintered layers. One goal of development is currently 
to make sintered coatings applicable to joint welding, while 
another resides to meet more stringent corrosion criteria. Both 
of these are a testimony to growing industrial demand.

Fig. 4 :	 Large-scale technical application of sintered layers
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5peripheral conditions confronts the coating service provider 
with enormous challenges. Process control in the traditional 
sense is not the quality criterion here, but rather the perform-
ance of manual work to a high standard under constantly 
changing and physically arduous conditions. Years ago when 
this trend became clear, TLS had already placed the human 
quality factor at the heart of its in situ philosophy because it 
was aware of its growing importance. The qualification of the 
coating team is based on  

a)	 sound professional knowledge, in particular  
	 of the influences which determine the quality  
	 of manual process work;
b)	 in-house training on real components with a quality 	
	 review;  
c)	 field training under supervision, and
d)	 regular retraining.

By placing a constant emphasis in the market on quality 
brought about by expertise, boiler managers became con-
fident in high quality in situ service available at short notice 
and with a flexible response.

Fig. 5 :	  In-situ refurbishment by thermal spraying

Another important element of the mobile in situ philosophy is the 
constant development of knowledge about borderline criteria 
for thermal spray layers in boiler operation and a systematic 
development of knowledge of different performance profiles 
for special types of sealing. Regular inspections, investigation 
of layer samples via travel time and detailed documentation 
of cases of damage are all part of the TLS service. In this way, 
on the basis of a partnership between the boiler operator 
and the service provider corrosion-specific key performance 
values are determined for thermally sprayed protective layers 

and embodied in a benefit-oriented maintenance strategy. 
This makes thermal spraying an integral part of economical 
plant management.

4	 Summary
When corrosion protection measures are taken by thermal 
spraying, damage caused by corrosion below the coating 
is repeatedly encountered in the highly corrosive operating 
environment. This circumstance is explained by the fact that 
aggressive chlorine penetrates through the spray structure and 
corrodes the tube substrate. All attempts to achieve improve-
ments with non-post treated spray layers are explained by 
process technical endeavours to prevent diffusion mechanisms 
by achieving the tightest possible layer structures. Ex situ in 
the production environment, wide-ranging process monitoring 
does enable the manufacturing conditions to be approximated 
to the ideal situation in such a way as to minimise the penetra-
tion effect. Higher wall temperatures cause rising diffusibility 
for chlorine, so placing limits on the as-sprayed layers as a 
function of temperature.
The complete prevention of diffusion for thermal spray layers 
has so far been achieved only by thermal post-compression 
of the different layers. This coating technology is suitable for 
component protection prior to boiler installation and is con-
firmed by process technology verification and wide-ranging 
experience of installed boilers. Post-compressed spray layers 
are based on a different alloying concept and achieve a level 
of performance comparable to that of cladding layers.
Thermal spraying in curative boiler care is based upon sealed 
as-sprayed layers. Refurbishment coatings are increasingly ap-
plied in the light of the specific condition and particular needs. 
To that extent, in situ coating is largely dependent upon manual 
intervention. The route leading to compliance with quality cri-
teria for process technology through this development calls for 
a high level of expertise on the part of the implementing work 
team and an effective partnership with the boiler operator.  
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