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Application of High Temperature
Corrosion-Resistant Materials and Coatings
Under Severe Corrosive Environment
in Waste-to-Energy Boilers
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Corrosion-resistant materials (CRMs) and coatings are key technologies to increase power generation
efficiency and reduce maintenance in waste-to-energy (WTE) plants. Corrosion environment became
severe as steam temperatures have increased. The steam condition of more than 400 °C/3.9 MPa became
possible in WTE boilers by using highly durable corrosion-resistant coatings, such as thermal spray of Al/
80Ni20Cr alloy, HVOF-sprayed NiCrSiB alloy, Alloy 625 weld overlay for waterwall tubes and also
superheater tubes. Also, the use of 310S type stainless steels and high Cr-high Mo-Ni base and high Si-
Cr-Ni-Fe alloys have progressed because of a better understanding of corrosion mechanisms. Further-
more, high durability coatings using cermet and ceramic materials were applied to high temperature
superheaters. This paper describes the major developments and the application of CRMs and coating
technologies in the last 30 years in WTE plants, the corrosion mechanisms of alloys, the deterioration
mechanisms of spray coating layers, and future subjects for the development of corrosion-resistant

materials and coatings.

Keywords corrosion monitoring, corrosion testing, corro-
sion-resistant materials, high-temperature corro-
sion mechanisms, Ni-base alloy, protective oxides
layer, spray coating, waste-to-energy plants, weld
overlay

1. Introduction

Promotion of waste recycling aims at a high level of
material recirculation and reduction of environmental
load such as CO,, and dioxins are worldwide required.
The concepts of higher efficiency waste-to-energy (WTE)
plants and waste gasification and ash melting power gen-
eration plants are positioned in the center of recycling by
means of thermal processing. The steam condition of
400 °C/3.9 MPa for WTE boilers has become the major
development from the conventional condition of 300 °C/
2.9 MPa and the first plant generating steam at 500 °C/
9.8 MPa has achieved continuous operation for over
5 years in Japan (Ref 1). In the past, for the superheater
tubes (SHTs) of the WTE boilers, where there is a severe
high-temperature corrosion (HTC) environment contain-
ing a large amount of chlorides, the plants were operated
by frequently replacing relatively inexpensive metal tubes.
However, nowadays a high total cost performance is re-
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quired in the storm surrounding the society such as the
globalization of economy, and the strict pollution regula-
tions. Therefore, the development of low-cost and highly
durable materials and application processes have become
issues that are essential for the a high thermal efficiency
and economy of WTE plants.

In recent years, SHTs made of corrosion-resistant
materials (CRMs) have been progressively used for
reduction of maintenance. Also for the waterwall tubes
(WWTs), the application of the corrosion-resistant coat-
ings (CRCs) has been widespread, such as metal spray
coating of highly corrosion-resistant Ni-base alloys, and
weld overlay of Alloy 625, in order to reduce mainte-
nance. Furthermore, new combustion systems to reduce
dioxins and the development of the pyrolysis and gasifi-
cation-melting furnaces have formed a field of new waste
treatment systems. This report describes recent trends on
the application of CRM and CRC technologies in severe
HTC environment, the effect of alloying elements, the
corrosion mechanisms in the WTE boilers, and the po-
tential for further developments.

2. Corrosion Environment of WTE Boilers

In most WTE plants, the steam condition of 300-
450 °C/2.9-5.8 MPa shown in Fig. 1 is adopted to avoid the
corrosion damage of boiler tubes and assure stable oper-
ation. Due to a big change in life and production styles
brought about by technological and economic develop-
ment, the properties of the waste and the WTE plant
operation have changed as follows (Ref 1):
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1. Strict pollution regulation: low O, operation, high
temperature of combustion chamber, rise of plant
operating rate, etc. to prevent generation of NOx and
dioxins.

2. Energy saving and effective utilization of waste heat:
severe corrosion environment due to improvement of
heat efficiency such as high-temperature and high-
pressure (400-500 °C/3.9-9.8 MPa) of boilers, etc.

3. Need to reduce volume of ash and produce non-pol-
luting ash have led to the development of next gen-
eration plants, such as pyrolysis gasification-melting
furnaces (Ref 2), oxygen-enriched combustion, etc.

4. Improved cost performance: Reducing cost of opera-
tion and advances in maintenance-free operation, such

_<

as advanced combustion control and monitoring
technologies.

As various substances including incombustibles as well
as combustibles such as woods, paper, plastics, etc. are
mixed in the waste, the fluctuation of gas temperature and
composition is larger than that in boilers combusting fossil
fuels; also, a lot of low melting point deposits containing
high concentration of chlorides is generated in the com-
bustion gas. Figure 2 shows the explanatory drawing of
factors of the HTC environment (Ref 3). Dusts containing
high concentration of alkaline metals (Na, K, etc.), heavy
metals (Pb, Zn, etc.), chlorides and sulfates adhere and
deposit on the material surfaces exposed in the combus-
tion gas, and severe corrosion is caused of the high-tem-
perature components such as SHTs by ash deposits
melting at 300-550 °C. Furthermore, on the WWT surfaces

550 where the gas temperature is very high (850 °C or higher),
i M\U.S.M i L the adhfirence of high concentrati.on chlorideg on the
. 4‘—\ : surface is promoted, and the corrosion damage is caused

G 450 aoa \ P ‘_“_‘%\ mainly by chlorination reactions. Also, a the metal tem-
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the break-down of the protective oxide layer and attack

150

Start-up Year

Fig. 1 Trends in steam temperature of WTE boilers
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even high corrosion-resistance alloys (Ref 5).
Both the adherence of dust constituents, such as strongly
corrosive chlorides and sulfates, and the temperature
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Fig. 2 Formation of corrosion environment in WTE boilers
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fluctuation can be reduced by lowering the combustion gas
temperature introduced into the SHTs, to less than 650 °C.
The reduction in gas temperature is effective for stabiliza-
tion of protective oxides layer on the metal surface. How-
ever, it is known that the soot blowers that are used for the
purpose of dislodging deposits that decrease heat transfer
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Fig. 3 Change in maximum corrosion thickness loss of super-
heater materials with gas temperature (metal temperature: 450,

550 °C)

may result in severe thermal cycling condition and even the
protective oxides layer break down.

3. Advances in HTC-Resistant Materials
and Coatings

In response to the above-mentioned severe corrosive
environments, the development and application of new
CRMs and CRCs, corrosion resistance testing and evalu-
ation methods, and methods for the analysis of corrosive
environments have advanced, as shown in Fig. 4. and de-
scribed below.

3.1 CRCs for WWTs

The metal temperatures of the WWTs are as relatively
low as approximately 230-330 °C (2.9-9.8 MPa), depend-
ing upon the steam pressure. Here CRCs such as metal
spray coatings, weld overlay, or the cladding with highly
CRMs on the outer surface are applied on the base
material of carbon steel as shown in Fig. 5. Table 1 shows
the application examples of various CRCs to the WTE
boilers.

3.1.1 Spray Coating. The metal spray coating of CRMs
to thickness of 150-500 pum can be applied on site rela-
tively quickly and at low cost. The actual application of
mainly Al/80Ni20Cr alloy flame spray coating on WWTs
started in 1985 (Ref 17). NiCrSiB alloy sprayed by the
high velocity oxygen fuel (HVOF) process with high
durability was also developed (Ref 18, 44, 6). HVOF
coatings have been applied in over 50 WTE plants in Ja-
pan. In Europe and the United States, testing in actual
plants was conducted for WWTs and SHTs (Ref 7-12).
The spray coating systems (applied both off-site and
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Fig. 4 Development and application of WTE material technologies

204—Volume 16(2) June 2007

Journal of Thermal Spray Technology



-<

[ siC Refractory Tile | [ Alloy 625 Weld Overiay | [g;,?;ﬁ%g{?g’g [HVOF}

T -

PaMaInay 1984

ik ks g

Higher Durability
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Table 1 Durability of corrosion-resistant coatings in WTE boilers

Applied condition, °C

Coating process Chemical composition, materials Parts Metal Gas Durability, yr Ref
Widely overlay

MIG 21Cr-9Mo-3.5Nb-ALTi-Ni base (Alloy 625)  WW,SH  270-330 700-1000  >10 Ref 20

PPW 18Cr-14Mo-4W-Ni base (C-276M, 625M) SH 470-510 510-650 (~625) Ref 15

MIG 23Cr-16Mo-1.6Cu-Ni base (HC-2000) WW,SH  260-480 870-1730  (0.52mm/y) (>625)  Ref 45

PAW Alloy 625 SH 470-530 510-650 >1 Ref 19

Laser cladding 625, HC-22, NiCr 309L, 686 etc A (Coal fired black liquor) Ref 46
Spray coating, Flame

Flame Al/80Ni20Cr wWw 230-300 700-900 >3 Ref 17

Flame/fused 10Cr-Si, B-Ni base (12C) SH 370-540 >1 Ref 17
Spray coating, Plasma

Plasma/fused 15Cr-Si, B, Fe-75Ni base WW 230 700-800 4 Ref 12
Spray coating, HVOF

Hybride cap 18Cr-5Fe-5Nb-6Mo-Ni base (diamalloy) SH 370-540 >0.4 Ref 18

DJ-1000 17Cr-4Fe-3.5B-4Si-Ni base (no-fused) WW,SH  230-330 700-900 >3 Ref 44

DJ-Gun DJ-1000  50TiO,-50 Alloy 625 (cermet) SH 430-460 500 >3 Ref 6

JP-5000 17Cr-4Fe-3.5B-4Si-Ni base wWw 230 700-900 >3
Spray coating, Plasma jet

Modified PJ ZrO,/Alloy 625, NiCrSiB alloy SH 430-500 510-650 >3 Ref 13

WW (Waterwall), SH (Superheater).

on-site) are selected in accordance with the workability,
the severity of corrosion environment, the required life-
time and the cost. The use of HVOF is prevalent. More
recently, plasma jet coating system of ZrO,/Ni base alloys
were developed and applied on SHT operated at 500 °C/
9.8 MPa WTE boilers (Ref 13).

3.1.2 Weld Overlay. As a dense coating layer that is
chemically bonded with the base metal and as thick as
several millimeters can be obtained by the weld overlay,
the durability of weld overlays is higher than for thermal
spray coatings. Alloy 625 weld overlays possess an excel-
lent corrosion resistance and welding workability. Appli-
cation started in around 1990 mainly on-site, and it is
reported that the durability is 10 years or longer (Ref 14).
Table 1 shows the list of weld overlay materials and pro-
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cesses that are now actually applied (Ref 15, 19, 20, 45,
46). In many cases of the WWTs, MIG automatic welding
and shielded arc welding are adopted for both on-shop
and on-site applications. For the SHTs, MIG welding and
plasma powder welding (PPW) are applied, and the tube
bending processing can be done even after weld overlay.
For the 500 °C/9.8 Mpa, high efficiency boiler WWTs, the
maximum corrosion loss rate of approximately O0.1-
0.2 mm/year has been observed under metal temperatures
of 330 °C by the 2-year field tests as shown in Fig. 6; the
durability of these coatings for 15 years or longer has been
verified (Ref 20).

3.1.3 Composite Tubing. Mainly in Europe, composite
tubings with cladding of CRMs (outer tube) to carbon
steel (inner tube) are used for WWTs and SHTs. There is

Volume 16(2) June 2007—205




3
=
2
]
c
w
8
Q

10 - T T—T T T 171
| ® Loof-wall
— | & Front-wall |1st Gas CJIOI)(; 625
E  m Left-wall |Pass Oe |
- '] & Right-wall veray
” —
2 '] © 2nd Gas Pass ml%;sklil%/OF
2 T
§ yd
;::-3 > — 0.5 -7
= A A A
3 o2
E — 7
Q
3 0.1
£ > A
3
E - o /(‘\/O
L1
s —C
0.01
103 55103 10¢ 5104

Test Time (h)

Fig. 6 Maximum corrosion thickness loss of weld overlay and
HVOF coating on waterwall tubes of 500 °C/9.8 MPa boiler

a lot of application experience of high Cr-high Mo-Ni base
alloy including Alloy 625 (Sanicro 63); a detailed experi-
ence survey has been reported for the durability of these
systems (Ref 16, 21).

3.1.4 Refractory materials. Refractory tiles with long-
er lifetime than conventional castable refractory materials
have been developed and used. As shown in Fig. 5, high-
SiC tiles and sometimes high Al,Oj; tiles are used in many
cases. Basically, the tiles are installed by hanging or fixing
to the outer surface of the WWTs and the surface of the
tile reaches temperatures of approximately 900 °C or
lower. The materials, production method, shape and
installation method, are determined on the basis of eval-
uation of the oxidation resistance, thermal shock resis-
tance, etc. in the high-temperature combustion gas.

3.2 Corrosion-Resistant Alloy Tubes and Coatings
for Superheaters

The alloy design of seamless tubes for use as SHTSs
takes into consideration both corrosion resistance and
heat-resistant characteristics. Furthermore, excellent wel-
dability and plastic workability etc. are required for fab-
rication of the boilers. Generally, at temperatures of
approximately 350 °C or lower, carbon steel is used. In the
high-temperature region of 400 °C or higher where high
corrosion resistance is required, Fe base and Ni-base au-
stenitic materials (Table 2 and 3) are tested and used (Ref
27-39). Field corrosion tests have shown that the addition
of alloying elements such as Mo, Nb, Si to Ni-Cr-Fe alloys
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is effective for corrosion resistance (Ref 22). The main
corrosion-resistant alloys currently developed and applied
are described below.

3.2.1 High Cr-High Ni-Fe Base Alloys. Austenitic
stainless steels such as 309S and 310S of 25Cr-14-20Ni
alloys (Ref 23) or 310HCDbN (Ref 20) and NF709 (Ref 24)
which are modified 310S alloys, are mainly used for
400 °C/3.9 MPa boilers. Since the difference of the cor-
rosion resistance in Ni-Cr-Fe alloys is small among the
various materials under the steam conditions below
450 °C, as shown in Fig. 7 (Ref 2, 25), 310S and modified
310S are selected because of their lower cost. Alloy 825,
Sanicro 28 (composite tube) of 20-30 Cr-30-40Ni alloys are
sometimes used by the high thermal efficiency plants in
Europe, the United States and southeast Asia (Ref 26, 27).

3.2.2 High Cr-High Mo-Ni-Base Alloys. Alloy 625 and
Sanicro 63 (composite tube) have an excellent corrosion
resistance under high-temperature steam conditions of
450 °C or higher (Ref 16, 20, 21). Also, it is known that
HC-22 and JHN24 (Ref 20, 25, 33) alloys, whose Mo
content is higher than Alloy 625, show excellent corrosion
resistance. For these high Mo containing alloys, it is re-
quired to take into consideration in the material selection
that age deterioration of material may occur at high metal
temperatures.

3.2.3 High Si-High Cr-High Ni Alloys. QSX3 (Ref 36)
and QSXS5 (Ref 37) are modified 310S alloys by adding Si
of approximately 3%. It is known that Nicrofer 45TM
(Ref 39) is used industrially and demonstrates good cor-
rosion resistance. Furthermore, MAC-F and MAC-N al-
loys containing high Cr, high Ni, Fe and 4% Si, have lasted
for 4 years in the 500 °C/9.8 MPa SHTs (Ref 28). High Si
alloys have some difficulties from viewpoint of tube
manufacturability, weldability and micro structural sta-
bility, but these MAC-F, N alloys have demonstrated good
performance by optimization of the alloying elements for
metals used in WTE boilers. Figure 8 shows an example of
the corrosion rate of both Fe base and Ni-base alloys in
field tests over 4 years (Ref 28). The corrosion resistance
of materials (Ref 1) varies according to the locations in the
superheaters, where corrosion environments are different.
It is therefore necessary to make best use of the materials
in accordance with the corrosion environment.

3.2.4 CRC:s for Superheaters. In SHTs, corrosive con-
dition is more severe than on WWTs due to higher metal
temperatures and the presence of molten salts. Figure 9
shows the microstructures of TiO,-Al,03/625 cermet
HVOF coating exposed for approximately 2 years in WTE
superheaters (Ref 6). Remarkably low thickness loss and
penetration of corrosive matter were observed and long-
term durability of over three years was conformed. Fur-
thermore, ZrO,/625 dual layer system applied by the
plasma jet process also showed large bonding strength
(Fig. 10) after 2 years exposure in 500 °C high-tempera-
ture SHTs. Application of ceramics is considered to
be effective to improve the durability in spray coatings
(Ref 13).
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4. Corrosion Mechanisms of Materials
and Coatings

4.1 Corrosion Mechanisms of Materials

The effect of the main factors of combustion gas side
governing the corrosion rate is described below (Ref 38).
The corrosion rate depends on the metal temperature, and
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this type of corrosion is referred as ““molten salt induced
corrosion’ because the corrosion reaction becomes active,
when the amount of deposits increases and a part of
deposits melts (Ref 40). The gas temperature is considered
as the main factor determining deposition rate and the
composition of the deposits. As the temperature gradient
AT (gas temperature—metal temperature) is the driving
force for condensation and deposition of the vapor com-
ponents in the gas, the chloride concentration in the
deposits is high at locations, where AT (gas tempera-
ture—metal temperature) is large there is a tendency for
the formation of low melting deposits. Furthermore, it is
known that the amounts of Cl, SOy, alkaline and heavy
metals affects the physical properties of the deposits such
as molten phase amount, permeability, etc. (Ref 41). The
penetration of corrosive gas through the deposits and the
presence of oxidizing constituents such as O, are consid-
ered necessary for the maintenance of corrosion reaction,
as the corrosion peak appears around 10% of chloride
concentration as shown in Fig. 11. Moreover, rapid ther-
mal cycling acts on the tube surface in the actual plants,
due to gas temperature fluctuation and the use of soot
blowers. The falling off and the regeneration of deposits
and oxides layer are repeated. Figure 12 shows the
example of crack generation of alloy 625 oxides layer due
to the thermal fluctuation at the soot blow affected zone.
The Cl and S partial pressures are considered to rise under
the deposits due to penetration of Cl, S, etc. through the
cracks onto the corrosion interface. Furthermore, if the
protective oxides layer breaks down, the direct reaction
with molten chlorides may occur as shown in Fig. 13(Ref
22). From the configuration of corrosion products dis-
tributing as chlorides, sulfides and oxides from the side
nearest to the interface and their properties, the corrosion
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is considered to be mixed high-temperature gaseous
reaction where reactions of chlorination/sulphidation/oxi-
dation occur simultaneously. On the other hand, it is
considered also that the molten salt corrosion occurs
during the initial stage of corrosion when the oxides layer
is thin. It is presumed that the corrosion by the direct
reaction of molten salt changes gradually to the gas
reaction as the oxides layer grows thicker. The degree of
influence of major factors such as temperature gradient,
temperature fluctuation, molten ash amount, etc. on the
corrosion rate was examined quantitatively by recent re-
search (Ref 42). The factors causing characteristic inter-
granular corrosion include both the material side
(impurities, grain boundary precipitates, etc.) and the
environment side (stress, molten salt, etc.) (Ref 43). This
investigation will be continued.

210—Volume 16(2) June 2007

4.2 Deterioration Mechanisms of Spray Coatings

Figure 14 shows the deterioration of the spray coating
layer used for a long period. Corrosion of the base metal
and deterioration of coating proceed due to the penetra-
tion of corrosive gases (HCI, etc.) to the interface of base
material/coating layer. Then, “swelling” of the coating
layer occurs, the reduction of adhesive strength is accel-
erated, and peeling of the layer occurs (Ref 17). Accord-
ingly, dense coating is indispensable for improvement of
lifetime, and the supersonic flame spray coating (HVOF)
where the alloy powder in semi-molted state is sprayed at
supersonic speed is preferable. The material factors that
govern durability are the corrosion resistance of coating
material, the adhesive strength with base material, the
thermal properties including thermal expansion coeffi-
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Fig. 12
blowing

cient, and the residual stress. As the physical properties of
the coating are largely depending upon the spraying con-
ditions, quantitative evaluation method of lifetime for
coating layer is required. Research and development of
life evaluation are expected in the future.
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5. Summary

Breakdown of protective oxide layer and penetration of corrosive species in Alloy 625 superheater tube influenced by soot

In recent years, the WTE plants are required to satisfy

many additional requir

ements such as the suppression of
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pollutants, improvement of power generation efficiency,
material recycling, etc. Various combustion methods and
plant systems have been adopted, and the HTC environ-
ment of the plants is becoming more complicated and
diversified. It is believed that the development and
application of corrosion prevention technologies aim
strongly at the right material in the right place and at a
reasonable cost of application. The improvement of per-

212—Volume 16(2) June 2007

formance and durable lifetime of the WTE plants has
been supported by the development of corrosion-pre-
venting CRM and CRC technologies. There are many
subjects for future research, such as the development of
software for effectively applying these corrosion preven-
tion technologies to WTE boilers. It is expected that
engineers and researchers in the field of CRMs and CRCs
will meet these challenges.
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