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ABSTRACT 
Boiler tube wear and corrosion costs the industry approximately $5 million a year in repairs, stops and inefficient 
operation.  For example, the replacement cost of one convection bank due to wear is approximately $1 million 
with a tube life of approximately 10 to 15 years using current protection technology (tube shields).  Given that 
most boilers in the industry are more than 30 years old and that the high capital cost of new boilers will result in 
very few replacements, nearly all existing boilers will operate into the foreseeable future.  As these boilers age, 
the wear and corrosion costs are likely to increase.  Tube coatings have been successfully applied in other 
industries and are expected to be equally beneficial to sugar mill boilers.  The application of tube coatings is 
expected to become a viable alternative to tube shields and significantly reduce wear and corrosion of boiler 
tubes in convection banks, air heaters and economisers. 

An extensive investigation of options for reducing the maintenance costs of and deferring capital expenditure 
associated with sugar factory boilers has been carried out in this project.  This investigation found that the most 
promising coating for erosion resistance is the WearPro 62 coating applied by laser process and the next most 
promising option is the SAE 420 coating applied by TWAS (twin wire arc spray).  The promising options for 
extending the life of air heaters are the S-TEN 1 and SS304 stainless steel tube materials which have 
significantly greater resistance to dew point corrosion than carbon steel. 

  



Final Report Project 2016/020 
 
 

sugarresearch.com.au   |    2 
 
 

EXECUTIVE SUMMARY 
Boiler tube wear and corrosion costs the industry approximately $5 million a year in repairs, stops and inefficient 
operation.  For example, the replacement cost of one convection bank due to wear is approximately $1 million 
with a tube life of approximately 10 to 15 years using current protection technology (tube shields).  Given that 
most boilers in the industry are more than 30 years old and that the high capital cost of new boilers will result in 
very few replacements, nearly all existing boilers will operate into the foreseeable future.  As these boilers age, 
the wear and corrosion costs are likely to increase.  Tube coatings have been successfully applied in other 
industries and are expected to be equally beneficial to sugar mill boilers.  The application of tube coatings is 
expected to become a viable alternative to tube shields and significantly reduce wear and corrosion of boiler 
tubes in convection banks, air heaters and economisers.  The coatings could also be able to be used in currently 
mostly unprotected areas such as the superheater loops. 

A review of available information on tube materials and / or coatings for resistance to erosion and corrosion from 
coating suppliers, different industries and in the literature was carried out.  This was used to rank the tube 
materials and / or coatings in order of likely best performance in sugar mill boilers.  A financial analysis was 
carried out for each of the ranked coatings to determine if they should proceed to the laboratory trial stage of the 
project. 

Laboratory scale erosion testing was carried on samples (coupons) of tube coating material, uncoated tube 
material and tube shield material at the CSIRO.  Accelerated wear tests were carried out at two impact angles 
and the most promising materials were selected for full scale factory testing. 

Laboratory scale accelerated corrosion testing was carried out on coupons of different types of tube coating 
material, corrosion resistant tube material and two types of mild steel tube material at the CSIRO and the most 
promising internal coatings were selected to be included in the full scale factory testing. 

The selected external tube coatings for wear testing were applied to sections of new convection bank tubes by 
the various suppliers and these tube sections were subsequently installed in high wearing locations in the 
Mulgrave No. 7 boiler convection bank prior to the start of the 2019 crushing season.  Shields made of the two 
different materials were attached to convection bank tube sections that were installed in these same high wearing 
locations. 

The selected internal tube coatings for corrosion testing were applied to sections of new air heater tubes.  These 
internally coated tube sections, some corrosion resistant material tube sections, some ‘own coat’ tube sections 
and some mild steel tube sections were used to replace the bottom sections of selected tubes in the front (cold 
air side) row of tubes in the air heater of the Isis Mill CBH boiler prior to the start of the 2019 crushing season. 

The test tube sections in the Mulgrave No. 7 boiler convection bank and the Isis Mill CBH boiler air heater were 
inspected and tube wall thicknesses were measured during the 2020 and 2021 maintenance seasons. 

The tube thickness measurements in the Mulgrave No. 7 convection bank and the Isis CBH boiler air heater over 
the two crushing seasons were used to estimate the life of the different coatings and tube materials.  Cost benefit 
analyses were carried out on the most promising tube materials and / or coatings for resistance to erosion and 
corrosion. 

Based on the work carried out in this project the most promising coating for erosion resistance is the WearPro 62 
coating applied by laser process and the next most promising option is the SAE 420 coating applied by TWAS.  
The promising options for extending the life of air heaters are the S-TEN 1 and SS304 stainless steel tube 
materials which have significantly greater resistance to dew point corrosion than mild steel. 
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1. BACKGROUND 

1.1 Project rationale 

Boiler tube wear and corrosion costs the industry approximately $5 million a year in repairs, stops and inefficient 
operation.  For example, the replacement cost of one convection bank due to wear is approximately $1 million 
with a tube life of approximately 10 to 15 years using current protection technology (tube shields).  Given that 
most boilers in the industry are more than 30 years old and that the high capital cost of new boilers will result in 
very few replacements, nearly all existing boilers will operate into the foreseeable future.  As these boilers age, 
the wear and corrosion costs are likely to increase.  Tube coatings have been successfully applied in other 
industries and are expected to be equally beneficial to sugar mill boilers.  The application of tube coatings is 
expected to become a viable alternative to tube shields and significantly reduce wear and corrosion of boiler 
tubes in convection banks, air heaters and economisers.  The coatings should also be able to be used in 
currently mostly unprotected areas such as the superheater loops. 

1.2 Literature review 

Boiler tube erosion is a serious problem, particularly in the power generation (Raask, 1969) and sugar industries 
(Farmer et al., 1983).  In the sugar industry a tube failure usually causes a boiler shut down and then a factory 
stoppage. 

Dew point corrosion produces holes in air heater tubes through which air enters the flue gas, bypassing the 
furnace.  This leads to poor combustion, reduced boiler efficiency, increased load on the forced and induced draft 
fans and reduced boiler steam output.  Dew point corrosion of economisers is also a serious issue (Muchow and 
Wallis, 2002) that will be of more widespread concern as economisers are installed to increase the efficiency of 
older boilers (Lloyd and Hodgson, 2014). 

Tube shields attached to tubes are widely used in sugar factory boiler convection banks.  The same work that 
developed tube shields, carried out 30 years ago, also investigated coatings that could be applied to protect 
convection bank tubes (Farmer et al., 1983).  The most promising coatings were made of ceramic material which 
has low thermal conductivity and would therefore significantly reduce heat transfer.  Since this early work, no 
coatings appear to have been tested or used in the boilers of the Australian sugar industry (or in boilers in 
overseas sugar industries). 

Computational fluid dynamics (CFD) modelling has been used extensively for convection bank redesign to 
reduce tube wear (Plaza et al., 1999), and air heater gas and air inlet redesign to reduce wear and dew point 
corrosion (Dixon et al., 2000).  Boiler modifications based on CFD modelling have successfully reduced wear and 
dew point corrosion in many boilers.  The modelling is currently used to predict where tube shields are required 
for new convection bank geometries and will be used in a similar way for identifying the required locations of 
coatings. 

There are now many commercially available metallic coatings, and in-house coatings at research organizations, 
which could potentially protect the tubes for much longer periods than shields would and could be installed at 
locations where it is not feasible to install shields (such as the bends of the superheater tubes).  These coatings 
have been used to protect boiler tubes in other industries (Sidhu et al., 2004).  Several of the new coatings can 
be applied with low heat input into the parent material which makes them good candidates for protecting steam 
drums, mud drums and headers as well.  A literature search carried out for this proposal has identified many 
potential coatings for wear and corrosion protection (Anon, 2012; Anon, 2021; Branagan et al., 2005).  There is a 
plethora of metal powder suppliers worldwide for wear protection services.  Selection of alloy powders would be 
made based on the supplier recommendations and laboratory tests which includes deposition and representative 
wear / erosion test.  Some potential options are: 

1. Erosion resistant tungsten carbide (Conforma Clad) cladding, supplier: Kennametal Australia Pty Ltd, 
Brisbane. 

2. LaserBond overlay options include Tungsten Carbide, Stainless Steels, Nickel alloys such as Inconel, 
and Cobalt alloys, supplier: LaserBond, Gladstone. 

3. SHS 9290 PTAW (plasma transferred arc welding), an iron based steel alloy with a near nanoscale 
(submicron) microstructure, The Nanoscale Company Inc, supplier: CQMS Razer, Maryborough. 

4. Spherotene Tungsten Carbide powder applied, for example, as a thermal spray, and Technosphere and 
Technodur wire coated with Spherotene, may not be available in Australia. 

5. Proprietary cladding, supplier: Specialised Welding Products (SWP) Pty Ltd, Mackay and Brisbane. 

6. Alpha-1800 cored wire formulation applied as arc-sprayed coating, may not be available in Australia. 



Final Report Project 2016/020 
 
 

sugarresearch.com.au   |    9 
 
 

7. Internal weld overlay of seamless tubes allows wear protection coating of 3m long tubes of internal 
diameter down to 82mm.  Castolin Eutectic, Smenco.  Distributors for Smenco in most QLD regional 
areas. 

8. Dense, thermally sprayed coatings, two systems, one for boiler tube erosion wear and one for corrosion 
resistance. Also spray and fuse, PTAW, and HVOF (high velocity oxy-fuel) coatings for boiler tubes, Arc 
Wire Spray for superheater tubes, supplier: Castolin Eutectic, Smenco. Distributors for Smenco in most 
QLD regional areas. 

9. Sulzer Metco-supplier of large range of metal and cermet powders suitable for thermal spraying, PTA 
welding and laser cladding, Switzerland. 

10. Wear/erosion resistant alloy powders, Alloy International Australasia - supplier of large range of metal 
and cermet powders suitable for thermal spraying, PTA welding and laser cladding, Melbourne. 

11. Hognas - supplier of large range of metal and cermet powders suitable for thermal spraying, PTA 
welding and laser cladding, Sweden. 

12. High performance wear/erosion alloy powders for thermal deposition, Castolin Eutectic, asper above 
distributors. 

13. Corrosion protection coatings, United Surface Technologies, Altona, Victoria. 

14. Oxistop specialised coating systems, Procera boiler tube maintenance solutions, Refractech Australia. 

15. Advanced tungsten carbide-based coatings, Hardide Coatings.  The supply of these products may not 
be available in Australia. 

One of the project participants, the CSIRO, has its own proprietary coatings, application equipment, expertise in 
the areas of wear and applications of coatings (Alam et al., 2012), and a background of developing new improved 
products for the sugar industry. In addition, CSIRO has testing equipment including an impact wear tester and is 
the obvious candidate to carry out laboratory wear and corrosion testing. 

To the authors' knowledge, the relevant research investment available to the current proposal is information from 
previous research carried out by the Sugar Research Institute (SRI) in reducing boiler tube wear and corrosion 
through tube shields, coatings, and CFD modelling, with the work spanning 30 years.  The funding for that work 
was provided through both Australian sugar mill levy and syndicated funding.  Most of that information is 
available in published ASSCT proceedings. 

The Sugar Research and Development Corporation provided part funding for the modification of the FURNACE 
CFD code (SRI08S - Combustion Modelling) that is used for the redesign of boilers, including reducing erosion in 
the convection bank and corrosion in the air heater and economiser components. It may be useful, although not 
necessary, to identify some test wear locations in the convection bank of a boiler. It is available for use by QUT at 
no fee charge for the Australian sugar industry. 

SRDC also funded SRI111 - 'Improved materials for reducing factory maintenance costs', and its final report (SRI 
syndicated report No. 8/03) provides a comprehensive set of guidelines on reducing erosion and corrosion in a 
sugar factory. 

This project builds on the earlier investigations on boiler tube wear and corrosion factory materials carried out by 
SRI and incorporates the expertise of the CSIRO. 

2. PROJECT OBJECTIVES 

To reduce boiler maintenance costs and defer capital expenditure through improved technology by identifying 
coatings that: 

• provide better wear performance than tube shields and extend the life of convection banks; 
• can be applied easily on replacement convection bank tubes during factory bending, or during in situ 

repairs; 
• can be applied on the internal surface of air heater tubes to prevent corrosion and extend the life of air 

heater units; 
• deliver lower whole of life costs for both convection banks and air heaters; and 
• are readily available from commercial suppliers that can install the preferred coatings. 
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3. OUTPUTS, OUTCOMES AND IMPLICATIONS 

3.1 Outputs 

Outputs from the project include this report and the milestone reports that summarise: 

• results from the laboratory scale tests of the different materials and coatings for erosion and corrosion 
resistance carried out at the CSIRO; 

• results from the factory trials of different materials and coatings for erosion resistance carried out on the 
Mulgrave No. 7 boiler; 

• results from the factory trials of different materials and coatings for corrosion resistance carried out on 
the Isis CBH boiler; 

• recommended preferred materials and / or coatings for erosion and corrosion resistance; and 
• cost benefit analyses on the recommended preferred materials and / or coatings. 

The target audience for the adoption / use of project outputs includes sugar factory staff responsible for boiler 
maintenance and the management of sugar milling companies looking to defer capital expenditure.  Apart from 
the factory trials, no adoption of project outputs has been carried out yet, but future adoption is very likely. 

3.2 Outcomes and Implications 

Outcomes from the adoption of project outputs include: 

• reduced boiler maintenance costs; 
• increased life of existing boilers; 
• fewer factory stoppages; 
• increased boiler efficiency and income from cogeneration; 
• reduced environmental impacts; and 
• improved safety. 

The reduced boiler maintenance costs, increased boiler life, fewer factory stoppages and increased income from 
cogeneration will directly improve the financial performance of sugar factories.  When boilers run more efficiently 
boiler emissions will reduce, and with fewer stoppage due to boiler tube failures there will be less risk to factory 
staff and contractors who carry out the repairs. 

4. INDUSTRY COMMUNICATION AND ENGAGEMENT 

4.1 Industry engagement during course of project 

The key messages from this project are that the most promising coating for erosion resistance is the WearPro 62 
coating applied by laser process and the next most promising option is the SAE 420 coating applied by TWAS.  
The promising options for extending the life of air heaters are the S-TEN 1 and SS304 stainless steel tube 
materials which have significantly greater resistance to dew point corrosion than mild steel. 

Project progress has been communicated to representatives of all Australian sugar milling companies through 
QUT and SRA’s Regional Research Seminars during the project. 

Apart from the factory trials, no adoption of project outputs has been carried out yet, but future adoption is likely. 

4.2 Industry communication messages 

Normal Laboratory and factory scale testing of a several different tube materials and / or coatings for resistance 
to wear and corrosion have been carried out.  For resistance to erosion, the WearPro 62 coating applied by laser 
process shows the most promise while S-TEN 1 and SS304 stainless steel were the standout performers for 
resistance to dew point corrosion. 

5. METHODOLOGY 

5.1 Phase 1 – Review of available materials and / or coatings 

Using information from the coating suppliers, the industry and in the literature, the materials and / or coatings 
were ranked in order of likely best performance in sugar mill boilers.  A financial analysis was carried out for each 
of the ranked coatings to determine if they should proceed to the laboratory trial stage. 
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5.2 Phase 2 – Laboratory scale testing 

 Tube wear testing 

Flat and curved samples of tube material (coupons) were sourced and 15 different coatings from four 
organisations were applied to these coupons.  These 15 coated coupons, a bare tube material coupon and two 
coupons of different tube shield materials (SS316 / 316L and 253MA) were tested in the CSIRO laboratory for 
wear performance.  Accelerated wear tests were carried out at two impact angles.  The three most promising 
external coatings were selected for full scale factory testing. 

 Tube corrosion testing 

Accelerated corrosion testing was carried out on coupons with five different coatings and coupons of two different 
types of tube material that come with their own coatings (own coat), two types of corrosion resistant tube 
material, standard boiler tube material and two types of mild steel tube material at the CSIRO laboratory.  The 
most promising coatings and materials were selected for the full scale factory testing. 

5.3 Phase 3 – Installation of selected tube coatings into industry boilers 

 Tube wear testing 

The selected external tube coatings for wear testing were applied to sections of new convection bank tubes by 
the various suppliers and these tube sections were subsequently installed in high wearing locations in the 
Mulgrave No. 7 boiler convection bank prior to the start of the 2019 crushing season.  Shields made of the two 
different materials (SS316 / 316L and 253MA) were attached to convection bank tube sections that were installed 
in these same high wearing locations.  The shields were installed using 253 MA steel clips (two clips per shield) 
also obtained from the shields supplier. 

 Tube corrosion testing 

The selected internal tube coatings for corrosion testing were applied to sections of new air heater tubes.  These 
internally coated tube sections, some corrosion resistant material tube sections, some ‘own coat’ tube sections 
and some mild steel tube sections were used to replace the bottom sections of selected tubes in the front (cold 
air side) row of tubes in the air heater of the Isis Mill CBH boiler prior to the start of the 2019 crushing season. 

5.4 Phase 4 – Initial monitoring and assessment of wear and corrosion performance 

The test tube sections in the Mulgrave No. 7 boiler convection bank and the Isis Mill CBH boiler air heater were 
inspected and tube wall thicknesses were measured during the 2020 maintenance season. 

5.5 Phase 5 – Final monitoring and assessment of wear and corrosion performance 

The test tube sections in the Mulgrave No. 7 boiler convection bank and the Isis Mill CBH boiler air heater were 
inspected and tube wall thicknesses were measured during the 2021 maintenance season. 

5.6 Phase 6 – Tube life assessment and cost benefit analysis 

The tube thickness measurements in the Mulgrave No. 7 convection bank and the Isis CBH boiler air heater over 
the two crushing seasons were used to estimate the life of the different coatings and tube materials.  Cost benefit 
analyses were carried out on the most promising tube materials and / or coatings for resistance to erosion and 
corrosion. 

6. RESULTS AND DISCUSSION 

6.1 Phase 1 – Review of available materials and / or coatings 

Tube shields are used in the Australian sugar industry to protect convection bank tubes from wear.  Early studies 
by Farmer et al. (1983) noted that the use of mild steel tube shields was unsatisfactory due to excessive 
oxidation, and that tube shields made from SS310, Inconel 600 nickel alloy, and Sandvik 253MA SS were 
adequate even at the high gas temperature zone near the furnace exit.  Based on discussions with factory staff 
the most common material for tube shields in the Australian sugar industry is SS316.  The website of Uneek, a 
tube bending and shield manufacturer in Australia (Anon, 2016o), states that the 3 mm thick stainless steel grade 
SS304 and the 2 mm thick stainless steel grade UNS S30815 (Sandvik grade 253MA) shields are the most 
popular and that the shields the company supplies can be coated with a hard wearing chromium carbide coating 
for additional wear resistance.  Balamanikandasuthan et al. (2015) compared the performance of materials 
SS304, SS316L, SS316, and SA213T11 as tube shields, and concluded that SS316 was the best of those tested 
due to its high erosion and temperature resistance and high thermal conductivity. 
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There has been no reported use of coatings to protect against dew point corrosion in air heater tubes in the 
Australian sugar industry.  The most common corrective measures are the installation of gas and / or air side 
turning vanes to improve the gas and air flow distributions through air heater and the use of stainless steel tubes 
on the cold air side of the air heater.  Stainless steel tubes are high cost so there is interest in sourcing less 
expensive corrosion resistant alternatives.  Isis Mill has trialled tubes made of the 409, 2205 and 2RK65 grades 
of stainless steel in the cold air side of the CBH boiler air heater.  The 409 stainless steel was a total failure but 
the other two more exotic and expensive stainless steels (2205 and 2RK65) performed well (Ryan, 2016). 

A PhD thesis (Oksa, 2015) documented the performance of Nickel and Iron based HVOF thermal spray coatings 
for high temperature corrosion protection in biomass fired power plant boilers. 

Anon (1986) details advances in thermal spraying including their erosion and corrosion performance in boiler 
applications while Lai (2007) describes protection options in similar situations. 

Three reports from the EPRI (Electric Power Research Institute) (Anon, 2000; Anon, 2004; Anon, 2007) that deal 
with erosion and corrosion for boiler applications including the performance of coatings and another one (Anon, 
1997) that deals with internal cleaning and internal coating of condenser tubing were sourced.  Anon (2004) 
describes erosion testing of potential materials and coatings as shown in Table 1 with the test conditions shown 
in Table 2. 

Table 1 Twelve materials and / or coatings tested for high temperature erosion by the EPRI (Anon, 2004). 

Coating / Application Method 

SA387 grade 11 alloy steel - no application 

Nickel alloy 52 - GMAW 

Nickel alloy 72 - GTAW 

Nickel alloy 622 - GMAW 

Nickel alloy 625 - GMAW 

Nickel alloy 602CA - GMAW 

309L stainless steel - GTAW 

312 stainless steel - GMAW 

WC200 braze alloy - infiltration brazing 

Cr3C2-NiCr coating - HVOF 

Duocor coating – TWAS 

LMC-M WC blend coating - HVOF 

 

Table 2 Testing parameters for high temperature erosion by the EPRI (Anon, 2004). 

Tube temperature (°C) Impact angle (°) Environment Failure type 

482 30 Water wall Ductile erosion 

593 30 Superheater / re heater Ductile erosion 

482 90 Water wall Brittle erosion 

593 90 Superheater / re heater Brittle erosion 

 

The high-temperature erosion tests were carried out using the bed ash from an operating boiler as the erodent 
material.  The base tube metal was SA387 grade 11 alloy steel.  The results, shown in Table 3 (reproduced from 
Table 5.2 in Anon (2004)), consistently show higher wear at higher temperatures. 
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Table 3 Test results for high temperature erosion by the EPRI (Anon, 2004), for two metal temperatures and 
two impact angles. 

Coating material Thickness loss (µm) over three hours 

482 °C 593 °C 

30° 90° 30° 90° 

Cr3C2-NiCr coating 5 19 11 38 

WC200 cladding 6 23 13 56 

LMC-M+WC coating 20 28 25 99 

Inc. 625 weld overlay 54 51 74 90 

Inc. 622 weld overlay 56 54 71 104 

602CA weld overlay 63 72 75 84 

Inc. 52 weld overlay 65 62 68 83 

Inc. 72 weld overlay 66 58 73 94 

312 SS weld overlay 67 64 70 74 

309L weld overlay 71 65 74 85 

SA387 steel 76 65 74 85 

Duocor coating 187 752 226 825 

 

 Materials and / or coatings for wear resistance 

CONFORMA CLAD INFILTRATION BRAZED MATERIAL 

The Conforma Clad infiltration brazed technology (Anon, 2016m) has been available for approximately 20 years 
and is stated to be purpose made for protecting boiler tubes undergoing high erosion, for example as described 
in (Anon, 2016a).  There is extensive literature on its performance, a significant amount which is published by the 
company that owns the technology (Kennametal).  Some conclusions about the coating are: 

1. Has very high metallurgical bond strength versus mechanical bond strength achieved with thermal 
sprays. 

2. Five times more erosion resistant than spiral weld overlays.  

3. Eliminates requirement for protective shields. 

4. Cladding thickness / metallurgical bond aids heat transfer. 

5. Provides erosion protection in soot blower lanes to eliminate the need for tube shields. 

6. Meets ASME boiler and pressure vessel code for application on complex geometries, like pendants, u-
bends and other shapes of boiler tubes. 

The conclusion is that Conforma Clad (the WC200 braze alloy option in particular) performs very well in the high 
erosion environment of boiler tubes.  Independent measurements (Anon, 2004) support this conclusion.  
However, the Conforma Clad coating is expensive and cannot be applied on site.  The coating needs to be 
applied to the tubes in a special furnace either in the USA or in India. 

AMSTAR 888 COATING 

In 2010, the power company Alstom Power Inc. (Anon, 2016e) acquired the business and facilities of Amstar 
Surface Technology Ltd.  In 2014 Alstom applied the erosion-resistant protective coating AmStar 888® in the 
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steam generator of the Wuppertal-Elberfeld co-generation power plant in Europe.  The Alstom website states 
that: 

“AmStar 888® has made a clear contribution towards significantly extending the steam generator’s operating 
time and thus increasing the period between scheduled downtimes,” says Volker Leonhard, Manager of the 
Elberfeld and Barmen power plants.  “We now don’t have to replace any wearing heating surfaces, which would 
have taken a great deal longer than applying the protective layer. In the overall cost calculation, the Alstom 
coating looks financially very attractive.” 

The coating is a thermal spray using the high velocity continuous combustion (HVCC) system for spray cladding 
applications.  It is stated that ‘in the HVCC process, the consumable is completely atomized in a supersonic jet-
stream giving the cladding beneficial properties’ and that ‘it also eliminates the cracking and spalling associated 
with other thermal spray coatings’.  The literature indicates that it is used as much for corrosion problems as well 
as erosion, and therefore could be potentially useful in economizer tubing and fins which undergo significant 
corrosion and erosion.  However, it seems that the AmStar 888 coating is currently not available in Australia (and 
/ or Alstom Power does not operate in Australia anymore on the coatings or boiler area, only in the transport 
field).  Further communication is required on whether Alstom is allied with Castolin Eutectic and whether the 
coating and application can be sourced through that company. 

LINCOLN ELECTRIC– WEARTECH SHS 8000W MATERIAL 

Lincoln Electric (Anon, 2016c) is a company that supplies a large range of welding products and has a strong 
presence in Australia.  Lincoln Electric owns two companies in the US that have developed specialised coatings 
for boiler tube protection, Weartech and The NanoSteel Company (Branagan et al., 2006), with contact for 
coatings being through Lincoln Electric and Weartech.  Lincoln Electric Australia has recommended the SHS 
8000W alloy for the tube wear problem in boiler convection banks.  Information provided in the website states 
that ‘the SHS 8000W is a cored wire solution for twin wire arc thermal spraying that excels in the elevated 
temperature environments of pulverized coal and fluidized bed boilers.  SHS 8000W features an ultra-refined 
crystalline microstructure, up to a thousand times finer than existing solutions, resulting in exceptional corrosion, 
erosion and wear resistance, a unique high hardness / toughness combination and extremely high bond strength 
without the necessity of a bond coat’.  Therefore, a high bond strength is claimed even though the bond is 
mechanical, not metallurgical.  A separate website (Anon, 2016d) states that ‘of all the thermal spray processes, 
twin wire arc spray has the highest deposition rate, great bond strength, and fastest application time and is a 
more cost effective method for reclaiming components’. 

Lincoln Electric Australia (LEC) has communicated that it has strong interest in collaborating with CSIRO and 
QUT to provide the Australian sugar industry with tube coating solutions for boiler applications.  LEC has as part 
of its operation an integrated hard-facing solution business based in Newcastle.  This facility is available for either 
small or large scale welded / coated sample preparation, including for in service testing. 

SMENCO AND CASTOLIN EUTECTIC 

Smenco (Anon, 2016f) are the representatives of Castolin Eutectic (Anon, 2016g) in Australia.  They have many 
specialised coatings for boilers: 

1. Fuseclad: a spray and fuse cladding system which is stated to be metallurgically bonded.  One of its 
main applications is in severe erosion and corrosion environments and is applied in a workshop. 

2. Tube armor by Whertec, a ceramic coating system which can be applied on site or in the workshop, is 
stated to be for wear resistance and densification.  It is stated that this ceramic coating improves heat 
transfer, and a high emissivity coefficient is quoted. 

3. EuTronic® Arc 502. 

4. BTW 55: Iron-based alloy resistant to erosive and moderate corrosive conditions. 

5. BTW 58: Iron-based alloy resistant to extreme erosive and moderate corrosive conditions. 

Smenco has a site in Brisbane and has communicated that it has strong interest in collaborating with CSIRO and 
QUT to provide the Australian sugar industry with tube coating solutions for boiler applications. 

METAL SPRAY SUPPLIES AUSTRALIA 

Metal Spray Supplies Australia (MSSA) (Anon, 2016h) has a site in Brisbane and primarily supplies wire and 
application equipment.  It is stated that ‘Metal Spray Supplies wires are specifically formulated for both Arc Spray 
and Flame Spray processes.  The wires are available in all standard metal spraying diameters and forms.  
Importance is placed on the close control of surface finish and treatment, as well as tolerance to ensure smooth 
operation. MSSA have also developed cored wires for users of Arc Spray systems, which enable a “Hard Facing” 
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type coating to be achieved.  They consist of a tubular wire filled with selected powders. MSSA thermal spray 
powders are available in formulations to suit all types of powder in Flame Spray systems, Plasma Spray, HVOF 
systems and cold spray systems of boiler tubes that are subjected to high heat levels, erosion and corrosion as 
well as heat cycling.’ 

CSIRO COATINGS AND PROCESSES 

A CSIRO process involves the identification of several commercially available coating materials and process 
optimisation using a high power industrial laser system.  The process optimisation will determine a window of 
processing parameters for optimum performance of the coating materials through a range of tests and analyses.  
The process will provide coating that is metallurgically bonded with tubes ensuring structural integrity and 
reliability.  Tests and analyses include a) high resolution microscopy of the coating overlay to ensure proper 
microstructures and adequate dilution; and b) simulative wear test for ranking the best performers and to 
establish the process parameters vs performance relationship.  Understanding of wear mechanisms and their 
dependency on coating materials and microstructures are critical to select the appropriate materials, and CSIRO 
with a long history of R&D in this specific area is better equipped to deliver the outcome. 

The process involves precise selection of the laser beam shapes and sizes and melting the coating materials 
over the tube surface.  This process will be developed and customised to ensure high wear resistant coatings on 
boiler tubes with minimum metallurgical defects and distortion.  This type of coating would be expected to provide 
at least 2-3 times longer service life compared with the currently used shields. 

After laboratory based procedure development, process validation and customisation CSIRO would explore the 
possibility of demonstration of the process in-situ in field environment. 

HVOF SPRAYED CR3C2-NICR COATING 

The erosion testing carried out by the EPRI (Anon, 2004) identified that a HVOF sprayed Cr3C2-NiCr coating had 
the best performance, slightly better than the Conforma Clad WC200 braze alloy. 

60% TUNGSTEN CARBIDE APPLICATION OF 3 MM LAYER USING PTAW FROM CQMS RAZER 

In 2011, CQMS Razer provided information on the use of 60% tungsten carbide for application of a 3 mm layer 
using a PTAW process to greatly reduce wear of coal loading buckets and indicated that they were interested in 
applications of the coating on boiler tubes.  However, during communications for the current project, CQMS 
Razer stated that they did not wish to proceed. 

HARDIDE ADVANCED TUNGSTEN CARBIDE-BASED COATINGS 

The Hardide tungsten carbide-based coatings are formed by growing atoms of tungsten metal within a reactor.  
Communications with the Hardide Coatings Ltd staff concluded that the technology was not suitable for this 
application. 

OTHER OPTIONS 

Other options that were investigated include: 

1. Electric Arc Wire spray solutions from Oerlikon metco (for example Metco 8622,Ni 21Cr 14Mo 3W 2.5Fe 
(solid wire)).  Stated to have strong mechanical bond, can be applied in the workshop or on site. 

2. Oxistop ceramic coatings. 

3. Durametal coatings. 

4. Procera boiler tube maintenance solutions, Refractech Australia. 

 Costing and financial analysis for potential convection bank tube coating materials 

The EPRI report (Anon, 2004) tested many coatings for erosion performance (e.g. Table 5.2).  Although tube 
shields were not tested as such, some of the coatings were of similar material to those from which tube shields 
are made.  It can therefore be inferred with relatively high confidence that some of the coatings, such as the 
HVOF sprayed Cr3C2-NiCr coating, and the Conforma Clad WC 200 braze alloy, are likely to last at least two or 
times as long as tube shields.  The thickness loss relative to the base tube metal was as much as 15 times less. 

A financial analysis was carried out.  The approximate available coating costs are given in Table 4 and the 
financial analysis parameters are given in Table 5. Table 6 compares the net present values (NPVs) of the WC 
200 and CSIRO coating alternatives for convection banks using shields with initial lives of 10 and 15 years, and 
for an unshielded convection bank with an initial life of 7 years. 
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Table 4 Costs for tube coating materials for a 1 m length tube section representing a shield. 

Product Approximate cost ($/m) 

Conforma clad WC 200 925 

CSIRO 422 

 

Table 5 Financial analysis parameters for convection bank tube coatings. 

Parameter Value 

Discount rate (%) 15 

Analysis carried over number of years 30 

No of tubes coated 500 

Cost of replacement of convection bank ($) 1000000 

Initial life of convection bank (years) 7 

Loss of factory operating time due to tube failures over life of bank (days) 4 

 

Table 6 Calculated NPVs ($) for various parameters. 

Use of shields Initial life of convection bank Increase in life Material NPV ($) 

Yes 10 x2 WC 200 -$174200 

Yes 10 x2 CSIRO $88000 

Yes 15 x2 WC 200 -$305000 

Yes 15 x2 CSIRO -54000 

No 7 x3 WC 200 $106500 

No 7 x3 CSIRO $363375 

 

The calculations show that the initial cost of application of the coating has a major bearing on whether a positive 
whole of life cost benefit is obtained.  The WC 200 coating can add more than 40% additional cost to a full 
convection bank re-tube.  It is likely that some of the other coatings will be cheaper.  For the relatively small 
number of options in Table 6 the WC 200 coating is only viable when protecting a boiler convection bank which 
does not have tube shields (due for example to previous corrosion experienced behind the tube shield).  There 
are only a few boilers in the Australian sugar industry in that situation.  At this stage, the WC 200 option has not 
been rejected. 

This analysis has concluded that it is worthwhile pursuing the coating options for convection bank wear and 
provides a guide for the coating costs and performance that are likely to provide benefits to sugar factories. 

 Materials and / or coatings for corrosion resistance 

CORTEN (WEATHERING STEELS) 

There are several Indian websites supplying steel products that advertise Corten tubes for use as air heater (pre 
heater) tubes, as well as one in the United States: 

1. The Adytia group website (Anon, 2016s) states that ‘The Advantages of Corten Steel Air Heater Tubes 
over Carbon Steel & Stainless Steel Air Heater Tubes  It has been observed in experimentation that 
Corten grade of steel tubes are most suitable to be used in first 6-8 rows of banks of air pre-heater tubes 
where dew point corrosion is most active and life of the tubes can be increased.  In this region of air pre-
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heater tubes, pitting type of corrosion causing puncture of the wall is observed in Mild Steel as well as 
Stainless steel tubes where as in Corten tubes corrosion rate is very slow and uniform (no pitting 
corrosion). Corten tubes are more economical than Stainless steel tubes and availability is better’.  The 
website provides the chemical composition and mechanical properties of Corten steel tubes reproduced 
in Table 7 and Table 8. 

Table 7 Chemical composition and mechanical properties of Corten steel tubes (Anon, 2016s). 

Chemical Composition (%) 

Carbon max 0.15 

Manganese max 0.55 

Phosphorus  0.06-0.16 

Sulfur max 0.06 

Silicon min 0.10 

Copper 0.20-0.60 0.20-0.60 

Chromium 0.24-1.3  0.24-1.3  

Nickel  0.20-0.70 

 

Table 8 Mechanical properties of Corten steel tubes (Anon, 2016s). 

Property (MPa) 

Yield Strength 255 

Tensile Strength 415 

 

2. The Aurum Alloys group website (Anon, 2016r) states that ‘Corten steel pipes & tubes are being used 
where the atmosphere is highly corrosive.  Corten steel, which is also known as a weathering steel and 
at times Cor-Ten steel, …is corrosion resistant steel that left uncoated build up an outer layer patina.  
This patina safeguards the steel from additional corrosion.’  The specification is noted as being ASTM 
A423 A Gr.1. 

3. The Pushpak group website(Anon, 2016q) provides the following list of Corten Steel Tube for Power 
Plants: Corten Steel ASTM A423 A Gr.1 Seamless Pipes, Corten Steel ASTM A423 A Gr.1 Seamless 
Tubes, Corten Steel ASTM A423 A Gr.1 Welded Pipes, Corten Steel ASTM A423 A Gr.1 Welded Tubes, 
Corten Steel Seamless Pipes, Corten Steel ERW Pipes, Corten Steel EFW Pipes, Corten Steel ASTM 
A423 A Gr.1 Welded Pipes, Corten Steel ASTM A423 A Gr.1 Rectangular Pipes, Corten Steel ASTM 
A423 A Gr.1 Seamless Tubes, Corten Steel ERW Tubes, Corten Steel EFW Tubes, Corten Steel 
Welded Tubes, Corten Steel Rectangular Tubes. 

4. The Corten Steel Company group website (Anon, 2016p) states ‘Corten steel air pre heater tubes for 
chemical plants, sugar mills, and all types of process industries’ and provides the specifications ASTM A 
423 Gr.1, ASTM A 847, ASTM 588, ASTM 606 Type A 847 is stated to be the ‘tube specification of steel 
with improved atmospheric corrosion resistance’ and ‘must have an atmospheric corrosion resistance of 
6.0 or higher’. 

5. The WEBCO group website (Anon, 2016n) states that it ‘developed corrosion resistant CR50 (A606-
Type 4) tubing for service in the Air Heater Market, which is often faced with corrosive and erosive 
conditions. CR50 withstands these challenges and provides customers in this market with a suitable and 
more economical alternative than other options in the industry’. 

Welding of the ‘Corten’ material tube to normal tube can be carried out readily. 
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MAXI-TUBE 

A new type of structural tube with a corrosion resistant coating on both sides of the wall had become available in 
Australia since 2013 (Anon, 2016i; Anon, 2016j).  The tube is called MAXI-TUBE and the coating is called ZAM 
(Zinc, Aluminium, Magnesium).  It is stated that the coating ‘has a ZM275 coating and shows high corrosion 
resistance in many aggressive environments with good galvanic protection’, is ‘suited for coastal, industrial, 
intensive farming, food processing and infrastructure applications’ and has ‘a coating 2.5 times harder than 
galvanised steel’.  The tube has one welded joint along the length, with the outside surface re-coated after 
welding.  However, the inside joint surface is not re-coated and, for an air heater application, may need to be 
oriented such that the joint is on the other side to the incoming cold air direction to reduce condensation in this 
location.  It is stated that ‘the coating displays self-repairing properties for damage up to 6 mm wide.  This 
statement means that the adjacent coating diffuses to provide additional protection to the base metal’.  Therefore, 
the internal weld still has some coating surface protection. 

It is stated that ‘MAXI-TUBE has a similar weldability performance as existing zinc coated steel products’.  A 
MAXI-TUBE metal spray system is available for weld repair and plate connections, as is a zinc rich epoxy. 

Comparison of the MAXI-TUBE costing with normal tube used for air heaters has shown that it has a similar cost, 
while stainless tubes are significantly more expensive than normal tube and are often not used.  Therefore, 
should it turn out that the corrosion performance of MAXI-TUBE is significantly better than typical tube, it will be 
economical to install it in this application. 

‘ACTIVATE’ COATING 

Bluescope steel has introduced a Zincalume aluminium / zinc / magnesium alloy coated steel and COLORBOND 
pre-painted steel with ‘Activate’ coating technology (Anon, 2013).  It has been assessed that the coating is not yet 
available for steel plate or coil. 

ACMS PRECISION ROUND TUBE 

ACMS (Aluminium Coated Mild Steel) tube is available (Anon, 2016k).  It is used as exhaust tube in vehicles.  
Davies (1997)states that ‘hot dip aluminium coated steel products are used successfully in corrosive and 
oxidizing environments in which the temperature ranges from that of outdoor exposure to 1150 C’.  Table 3 in 
Davies (1997) shows pre-heater tubing as an application of diffused aluminium hot-dip coatings for resistance to 
oxidation and corrosion at 455 to 980 C.  The temperatures in a sugar mill air heater are significantly lower.  It is 
not known whether the difference in temperature will improve or reduce performance.   

It is noted that small lengths (about 100 mm) of exhaust tube are already used as sacrificial inserts at the gas 
inlet of many air heater tubes to provide wear protection.  The extension to using ACMS tubing at the bottom part 
of the tubes by welding to the normal tube to reduce corrosion could be a promising new development. 

FURNACE MINERAL PRODUCTS COATINGS 

Although there are numerous suppliers of coatings to be applied to the external surface of boiler tubes to 
minimize erosion and corrosion, there seem to be very few coating systems that can be applied to the inside 
surface of tubes such as for the air heater application.  A supplier that may have carried this process out in the 
recent past is FMP (Furnace Mineral Products Inc Canada, Anon (2016l)).  The case study booklet provided in 
the website states that ‘since early 2000, FMP has been a supplier and installer of GreenShield ceramic coating 
to protect the critical boiler components at Woodland Biomass (California).  In 2010, FMP coated the air heater 
tubes to protect against corrosion’.  The company is represented in Australia by AMT (Advanced Materials 
Technologies (Anon, 2016b).  Further information will be obtained from the above suppliers to assess the 
possible usefulness for the air heaters in the sugar industry. 

 Costing and financial analysis for potential air heater tube materials 

A comparison of costs between normal tube used in air heaters, SS316 tube, and new proposed tube materials is 
shown in Table 9.  The costs for the normal tube and the MAXI-TUBE are similar.  No costs have been 
determined at this time for the tube with the Corten material that is used in air heaters in India and the USA. 
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Table 9 Indicative costs for air heater tube materials. 

Product Size (OD x WT mm) Cost ($/m) 

Mild steel tube 76.1 x 3.2 12.50 

Stainless 316 tube 76.2 x 1.6 25.30 

MAXI-TUBE 
76.1 x 2.3 10.52 

76.1 x 2.6 11.67 

ACMS tube 

76.2 x 2.3 11.74 

63.5 x 1.6 15.48 

76.2 x 1.6 19.10 

 

A financial analysis was carried out with the parameters shown in Table 10 for the MAXI-TUBE. It is noted that a 
$50 per tube premium was placed on the MAXI-TUBE to account, for example, for an additional weld that may be 
required between the normal tube at the top and the MAXI-TUBE section at the bottom.  NPV values of $32000 
and $138000 were calculated for option 1 and option 2 respectively. 

Table 10 Financial analysis parameters for MAXI-TUBE. 

Parameter Value 

Discount rate (%) 15 

Analysis carried over number of years 30 

No. of tubes replaced with MAXI-TUBE 500 

Cost of replacement of air heater ($) 400000 

Premium for MAXI-TUBE (per tube) $50 

Initial life of air heater (years) 7 

Loss of factory operating time due to air heater failures (days) 0 

Option 1 20% increase in life 

Option 2 200% increase in life 

 

6.2 Phase 2 – Laboratory scale testing 

Laboratory scale testing of materials and coatings for erosion and corrosion resistance was carried out at the 
CSIRO manufacturing Clayton Laboratory.  The full testing program is summarised in Alam et al. (2018).  The 
testing was carried out on uncoated and coated steel samples. 

 Erosion resistance testing 

For the uncoated steel tests flat coupon samples were machined from flat bar (32 mm wide and 6 mm thick) or 
produced by flattening an extract from a semi-circular section of boiler shield material while curve samples were 
machined from boiler tubes or extracted from a semi-circular section of boiler shield material.  Table 11 shows 
some of the uncoated materials commonly used for making boiler tubes and shields (Alam et al., 2018). 
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Table 11 Uncoated steels commonly used for making tubes and shields (Alam et al., 2018). 

Supplier  Specification  Description  

QUT AS/NZS 3679.1 grade 300  
3059/1999 Part 2 S2 grade 360 

Flat bar (32 mm wide and 6 mm thick) 

Uneek Bending SAE 316 stainless steel  
SAE 253 MA stainless steel  

Half circle section (70 mm OD x 3 mm) 

Isis Central Sugar Mill  ASTM A192 cold drawn air heater 
tube (China) 

Seamless tube (76 mm OD x 2.63 mm) 

 

The coated steel tests were carried out for coatings supplied by commercial suppliers and for coatings produced 
by CSIRO from several commercially available metal powders using a high power industrial laser. 

For the coated steel tests using coatings supplied by commercial suppliers the coatings were applied to flat bars 
and tubes of AS/NZS 3679.1 grade 300 steel.  Table 12 and Table 13 (Alam et al., 2018) provide descriptions of 
these coated steel samples. 

Table 12 Thermal spray based coatings on AS/NZS 3679.1 grade 300 flat bar and tube (wire diameter 
1.6 mm) (Alam et al., 2018). 

Supplier  Coating  Process  Description  

Stoneman 
Engineering  
 

CrC / NiCr HVOF (high velocity oxy-
fuel) spray 

Tube: OD 63.5 mm, WT 
6.0 mm, L 300 mm; Coating 
thickness 0.4 mm 

Flat Bar: 300 mm x 32 mm x 6 
mm; Coating thickness 0.6 
mm 

SE 420 stainless steel TWAS 

Tube: OD 63.5 mm, WT 
6.0 mm, L 300 mm; Coating 
thickness 2.1 mm 

Flat bar: 300 mm x 32 mm x 6 
mm; Coating thickness 2.4 
mm 

High chrome alloy (27%) TWAS 

Tube: OD 63.5 mm, WT 6.0 
mm, L 300 mm; Coating 
thickness 2.0 mm 

Flat bar: 300 mm x 32 mm x 6 
mm; Coating thickness 2.0 
mm 

Lincoln 
Electric / SWP 

WEARTECH SHS 8000W 
(high Cr iron based alloy) TWAS 

Tube: Nominal bore 65 mm, L 
1000 mm 

Flat bar: 300 mm x 32 mm x 6 
mm 

 

Table 13 Epoxy based ceramic coating applied by brush or air spray (Alam et al., 2018). 

Suppliers  Coating  Process  Description  

AMT/WHERTEC  CeramaClad ARX  Brush or air spray  
Flat bar: 7" x 1" x 1/4"  

Tube: OD 76.1 mm, L 300 mm  
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The coatings produced by laser by from metal powders by CSIRO were applied to 32 mm wide and 10 mm thick 
mild steel plate (AISI 1020 grade) or 65 mm diameter tube of grade 300 steel.  A summary of the coated samples 
produced by laser cladding at CSIRO is given in Table 14. 

Table 14 Coated samples produced by laser cladding using various metal powders (Alam et al., 2018). 

Stellite 21 Flat 

 Curved 

Inconel 625 Flat 

 Curved 

C276 Flat 

Durmat 520 Flat 

 Curved 

Sandvik 38Cr-C Steel Flat 

Durmat 506 Flat 

 Curved 

Sandvik Osprey T2 Flat 

Metco 7010 + Cr2C3 Flat 

 Curved 

Durmat XDU37 Flat 

Durmat 62/WearPro Flat 

 

Fig. 1 shows the laser cladding process where metal powders were delivered by a powder feeder into the laser 
beam through a coaxial nozzle. 

 

Figure 1 Laser cladding process using coaxial powder delivery system.  Metal powder is fed into the laser 
beam, and a robot is used to manipulate laser beam; a) coating is made on tube; and b) coating is 
made on flat bar (Alam et al., 2018). 

The coating surface of all flat and tube sections was surface ground to produce a smooth surface of roughness 
value Ra= 1 µm or less.  Finally, samples of suitable size from both flat and tube sections were machined for 
erosion testing.  Flat section produced flat samples and tube section produced curve samples (Alam et al., 2018). 
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The erosions test for all samples were conducted in accordance with ASTM G76, which closely simulates the 
field working conditions where fine abrasive particles hit boiler tubes.  Each sample was subjected to four 90 
second tests (producing four data points), giving a total testing duration of six minutes.  Fig. 2 shows a schematic 
image of the erosion testing chamber (Alam et al., 2018). 

 

Figure 2 Schematic image of the erosion testing chamber.  The bar (green) holds sample and the erodent is 
delivered through a nozzle (blue) (Alam et al., 2018). 

Test parameters for the erosion testing are given in Table 15, and sample preparation before and after testing 
is described in Table 16. 
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Table 15 Test parameters used in erosion testing (Alam et al., 2018). 

Test parameters 

Sample dimensions Flat Bar: 70 x 32 mm 

 Tube: 70 x 32 mm arc 

Nozzle Samson S109004 (renew after 4 samples/16 runs) 

Nozzle angle 90° and 30° 

Nozzle to sample distance 17 mm 

Abrasive 30/60 Garnet (replace after every sample/4 runs) 

Abrasive weight 750 g 

Air pressure 4.5 bar 

Particle flow 362 g.min-1 

Particle velocity 55 m.s-1 

Test duration 4 runs × 90 s 

 

Table 16 Sample cleaning and weighing (Alam et al., 2018). 

Sample cleaning and weighing 

Pre erosion test Ultrasonic cleaned in ethanol for 5 mins.  Rinsed with ethanol and 
dry. Weighed to nearest 0.1 mg. 

Between erosion test runs Blown off with compressed air.  Weighed to nearest 0.1 mg 

Between erosion test runs Ultrasonic cleaned in ethanol for 5 mins.  Rinsed with ethanol and 
dry.  Weighed to nearest 0.1 mg. 

 

The flat samples were tested at 90° and 30° impact angles.  The curved samples from the tube sections were 
only tested at a 90° impact angle - it is noted that a curved surface will result in impacts at angles other than 90°. 

The measured erosion mass losses from all flat samples tested at the 90° and 30° impact angles are compared 
in Fig. 3 and Fig. 4.  The run number on the columns indicates the test run when the coating was broken through.  
Fig. 3 shows that the coating of all thermal sprayed samples was destroyed during the first runs of the tests.  The 
erosion loss in the subsequent runs which eroded mostly the substrate underneath the coating, is similar to that 
observed in the grade 300 bare metal sample (first column in Fig. 3).  The best performance (lowest mass loss) 
was obtained with the WearPro 62 laser coated sample. 
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Figure 3 Cumulative weight losses for the flat samples tested at 90° impact angle.  Run number on the 
columns indicates when the coating was destroyed and subsequent runs eroded only substrate 
metal (Alam et al., 2018). 

At the 30° impingement angle (Fig. 4.) the weight loss from the 253MA uncoated steel is slightly less than the 
weight losses from the SAE 316 and grade 300 steels.  At this shallow impingement angle the CeramaClad brush 
coating and the 27Cr Alloy thermal spray coating had the highest mass losses.  As was the case for the 90° 
impingement angle, the best performance (lowest mass loss) was obtained with the WearPro 62 laser coated 
sample.  The Durmat XDU37 laser cladding coating was the next best performer.  Fig. 4. also shows that all the 
laser coated samples performed much better than the brush and thermal spray coated samples. 
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Figure 4 Cumulative weight losses for the flat samples tested at 30° impact angle.  Run number on the 
columns indicates when the coating was destroyed and subsequent runs eroded only substrate 
metal (Alam et al., 2018). 

The ratios of the wear of flat samples to the wear of the grade 300 bare metal flat sample at 90° and 30° impact 
angles are compared in Table 17.  The two worst performing (highest wearing) of the laser clad alloys were the 
T2 and Metco E7010 + Cr2C3 alloys.  Both these alloys produced significant number of pores in the overlays 
during the laser cladding process.  The remaining laser clad samples performed much better than the brush and 
thermal sprayed samples.  The Inconel 625 and C276 alloy coatings were destroyed during the fourth run.  The 
WearPro 62 coating was the only laser coated alloy that survived the four test runs. 
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Table 17 Ratios of the wear of the flat samples to the wear of grade 300 bare metal flat sample at 90° and 
30° impact angles (blue rows: uncoated; green rows: TWAS and brush coating; brown rows: laser 
coating) (Alam et al., 2018). 

Material / coating 90° 30° 

316 SS  1.00 

253 MA  0.93 

CrC/NiCr 3.02 1.10 

SE 420 SS 2.39 1.18 

27Cr Alloy 5.93 2.00 

CeramaClad 2.72 2.29 

SHS 8000W 3.28 1.22 

Stellite 21  1.57 0.93 

Inconel 625  1.39 1.02 

C276  1.33 0.97 

Durmat 520  1.42 0.91 

38Cr-C Steel  1.92 0.85 

Durmat 506  1.49 1.03 

T2 Steel  3.01 1.11 

M7010 + Cr2C3  2.87 1.00 

Durmat XDU37  1.98 0.63 

WearPro 62  0.77 0.30 

 

The measured erosion mass losses from the curved samples at 90° impact angle are shown in Fig. 5 and the 
ratios of the wear of curve samples to the wear of the grade 300 bare metal curve sample at 90° impact angle are 
compared in Table 18.  The A192 tube metal from Isis Mill produced the best result (least wear); all other 
samples wore more than the grade 300 bare metal. 
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Figure 5 Cumulative weight losses from the curved samples extracted from pipe and tested at 90° impact 
angle.  Run number on the columns indicates when the coating was destroyed and subsequent runs 
eroded only substrate metal (Alam et al., 2018). 

 

Table 18 Ratios of the wear of the curve samples to the wear of grade 300 bare metal curve sample at 90° 
impact angle (blue rows: uncoated; green rows: TWAS and brush coating; brown rows: laser 
coating) (Alam et al., 2018). 

Material / coating 90° 

ISIS  0.89  

316 SS  1.32  

253 MA Steel  1.27  

CrC/NiCr  2.62  

SE 420 SS  2.80  

27Cr Alloy  7.67  

CeramaClad  4.34  

SHS 8000W  < 0.2 mm coating breakthrough very early  

Stellite 21  1.57  

Inconel 625  1.29  

Durmat 520  1.23  

Durmat 506  1.50  

M7010 + Cr2C3  2.57  
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In summary the erosion tests on the flat samples at 90° impact angle (Fig. 3, Table 17) and the curve samples at 
90° impact angle (Fig. 5, Table 18) all the tube coatings, apart from WearPro 62, performed poorly compared to 
the grade 300 bare metal.  For the erosion tests on the flat samples at 30° impact angle (Fig. 4, Table 17) many 
of the laser clad coatings performed better than the grade 300 bare metal.  Given that erosion is worse at 30° 
impact angle than at 90° impact angle and that a number of coating performed better than bare metal at 30° 
impact angle (Raask, 1969) it is it recommended that future laboratory scale testing of materials for resistance to 
erosion use flat samples at 30° impact angle. 

The coatings recommended for resistance to erosion were WearPro 62, Inconel 625, Stellite 21, SAE 316 or SAE 
420, applied by laser process to a carbon steel boiler tube.  Also, CrC/NiCr applied by the high velocity oxy-fuel 
(HVOF) process was recommended for installation in a boiler convection bank because it had a similar 
performance to tube shields in the laboratory tests, and because it can provide a reference to the laboratory 
testing for spray on material. 

 Erosion resistance testing 

The materials used for the acid immersion corrosion testing are summarised in Table 19.  The laser clad samples 
(the last three rows of Table 19) were produced by laser cladding all six surfaces of a small mild steel cube with 
metal powders.  These surfaces were subsequently surface ground before acid immersion testing.  Detailed 
testing conditions are given in Table 20. 

Table 19 Materials used for acid immersion test.  Green rows denote material produced by laser cladding of 
a mild steel tube (Alam et al., 2018). 

Test materials  Suppliers / comments  

S-TEN 1  NSSMC/Mitsui  

Flat bar  QUT: AS/NZS 3679.1 Grade 300  

Boiler tube  QUT: 3059/1999 Part 2 S2 Grade 360  

MAXI-TUBE  CP-65-4-C350-MAXI-PE-6800, commercial pipe AS / NZS 1163:2009, 
Grade C350L0 4.0 mm (actual dimensions 76.1 mm outside diameter, 
4.0 mm wall thickness)  

ACMS  PTC-76.2-2-ACMS-6000, precision tube circular, aluminium coated 
mild steel. (actual dimensions 76.2mm outside diameter, 2.0 mm wall 
thickness)  

MS Black  “Mild steel” pipe to be used as a base material: CP-65-LC350-BLK-
PE-6500, Commercial pipe light grade C350L0 AS1163 Painted Black 
Plain End  

GreenShield XT  Ceramic coating  

ChromeClad + GreenShield XT  Ceramic coating.  

Corten  ASTM A423 grade 1.  

Stellite 6  CSIRO laser clad with Stellite 6 alloy  

Inconel 625  CSIRO laser cladding with Inconel 625  

M7010 + CR2C3  CSIRO laser clad with carbides in nickel base matrix 
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Table 20 Corrosion test (acid immersion test) conditions (Alam et al., 2018) 

Acid solution  10%, 20%, 40%, 50% and 60% sulphuric acid (% weight)  

Test temperature  60 °C  

Samples As received, surface ground or descaled and sectioned  

Sample area / solution volume  ≤ 1.5 dm2/L (ASTM D 1280)  

Largest sample area dictated a solution 
volume  

≥ 137 ml 
Used 160 ml acid solution  

 

Before testing all samples were thoroughly cleaned and weighed as described below (Alam et al., 2018): 

• Wipe with acetone; 
• Ultrasonic clean in ethanol for 10 minutes; 
• Rinse with ethanol; 
• Rinse with acetone; 
• Dry on hotplate; and 
• Weigh to the nearest 0.1 mg. 

Samples were then immersed in beakers containing 160 ml 10%, 20%, 40%, 50% and 60% sulphuric acid 
solutions (Fig. 6).  The beakers were covered with a watch glass, placed in water and the solutions were heated 
to 60 °C by a hotplate (Fig. 7 and Fig. 8).  A constant temperature is maintained using a thermocouple and 
closed loop control.  Immersion test duration is 6 hours.  After testing the samples were thoroughly cleaned and 
weighed to determine weight loss following the detailed procedures given in Table 21. 

 

Figure 6 Samples immersed in sulphuric acid solution before placing on heater (Alam et al., 2018). 
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Figure 7 Six hour immersion test set showing beakers in baths which are placed over heater.(Alam et al., 
2018). 

 

Figure 8 Immersed samples in acid solutions (Alam et al., 2018). 

Table 21 Post-test cleaning and analyses (Alam et al., 2018). 

Post-Immersion Removal of corrosion products 

• Remove samples one at a time 
• Rinse in beaker that has water running into 

it 
• Rinse with distilled water 
• Rinse with acetone 
• Shake free acetone 
• Dry in ambient conditions 

• Clean samples for 3 minutes by immersion 
in a boiling solution of ammonium citrate 
(10% weight) 

• Rinse with distilled water 
• Scrub surface with soft bristle nylon brush 
• Rinse with distilled water 
• Rinse with acetone 
• Shake free acetone 
• Dry in ambient conditions 
• Dry on hotplate 
• Weigh to nearest 0.1 mg 
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The measured weight losses of samples are plotted against sulphuric acid concentration in Fig. 9.  There are 
clearly two groups of materials with respect to performance.  The corrosion mass loss in the worst performing of 
these two groups reaches 140 mg.cm-2.h-1 loss at 40% sulphuric acid concentration while in the better performing 
group of material the corrosion mass losses are less than 15 mg.cm-2.h-1 loss at 40% sulphuric acid 
concentration. 

The measured weight losses of the better performing group of samples are plotted against sulphuric acid 
concentration in Fig. 10.  The GreenShield XT and ChromeClad + GreenShield XT samples performed better 
than two of the laser clad materials (M7010 + CR2C3 and Stellite 6) at higher sulphuric acid concentrations but 
not necessarily at low sulphuric acid concentrations.  The laser clad Inconel 625 was the best performing material 
at all sulphuric acid concentrations. 

 

Figure 9 Measured corrosion rates as a function of sulphuric acid concentration.  Materials in the legend are 
ranked from worst (top) to best (bottom) (Alam et al., 2018). 
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Figure 10 Measured corrosion rates as a function of sulphuric acid concentration for the better 
performing group of materials.  Materials in the legend are ranked from worst (top) to best 
(bottom) (Alam et al., 2018). 

The coatings recommended for resistance to corrosion were Inconel 625, Stellite 6, C276, or SAE 420 applied by 
laser cladding to the inside of a carbon steel air heater tube.  It was recommended that tubes made of S-TEN 1, 
Corten and CR50 material, and MAXI-TUBE and ACMS “own coat” tubes should also be tested to assess 
performance in a boiler air heater environment.  This is because the laboratory corrosion tests may not be 
representative of air heater conditions.  For example, Corten did not perform well in these laboratory tests but it is 
used in air heater applications overseas. 

6.3 Phase 3 – Installation of selected tube coatings into industry boilers 

Prior to the start of the 2019 crushing season 12 tube sections (~2.0 m long) were delivered to Mulgrave Mill and 
were installed for external erosion testing in the convection bank of the No. 7 boiler.  The length of coating on the 
coated tubes was approximately 1.0 m.  These tubes include: 

• Two tube sections with WearPro 62 coating applied by the laser process; 
• Two tube sections with SAE 420 coating (a cheaper option identified by CSIRO) applied by the laser 

process; 
• Two tube sections with coating material SAE 420 applied by the TWAS process, which had similar 

performance to tube shields in the laboratory.  They will provide a reference to the laboratory testing for 
the spray on material; 

• Two tube sections with 253MA stainless steel tube shields; 
• Two tube sections with SS316 / 316L stainless steel tube shields; and 
• Two bare tube sections for reference. 

Prior to the start of the 2019 crushing season 21 tube sections (~2.0 m long) were installed in the first row of the 
cold air side of the Isis CBH boiler air heater.  These tube sections replaced the bottom sections of the existing 
air heater tubes and included: 

• Two tube sections with the Inconel 625 coating applied by the laser process; 
• Two tube sections with the Stellite 6 coating applied by the laser process; 
• Two tube sections with the SAE 420 coating applied by the laser process; 
• Three Corten tube sections; 
• Two S-TEN 1 tube sections; 
• Two SS 304 stainless steel tube sections; 
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• Two CR50 tube sections; 
• Two MAXI (zinc alloy coating) tube sections; 
• Two ACMS (aluminium coating) tube sections; and 
• Two material black (typical carbon steel) tube sections for reference. 

6.4 Phase 4 – Initial monitoring and assessment of wear and corrosion performance 

Initial measurements have been carried out to assess tube coatings and different tube materials for resistance to 
ash particle erosion and dew point corrosion.  The thickness measurements for the ash particle erosion 
resistance evaluations were carried out on tubes in the front two rows of the convection bank of the Mulgrave Mill 
No. 7 boiler.  The thickness measurements for the dew point corrosion resistance evaluations were carried out on 
tubes in the front row of the Isis Mill CBH boiler air heater. 

 Mulgrave No. 7 boiler convection bank thickness measurements 

The tube thickness measurements were carried out on selected tubes in the front two rows (rows U and T) of the 
Mulgrave Mill No. 7 boiler convection bank, below the refractory baffle in an area in which high tube wear is 
usually experienced.  The measurements were carried out using an Olympus 45MG meter with probe 
'Panametrics-NDT D790-SM, 5MHZ 866092' from QUT and digital callipers.  There were three measurement 
elevations per tube.  The measurement elevations on the coated tubes relative to the extents of the coatings are 
shown in Fig. 11.  The measurement elevations on the bare tubes were chosen to line up with the elevations on 
the coated tubes. 

 

Figure 11 Elevations of coatings and measurements at rows U and T of the convection bank of the 
Mulgrave Mill No. 7 boiler (distance in mm from the refractory baffle). 

For row U, the average reduction in wall tube thickness or coating thickness was determined from an average of 
thickness measurements at the three measurement elevations using the Olympus 45MG thickness meter.  These 
measurements were checked against calculated thicknesses from the outside diameters measured with the 
callipers.  Three thickness measurements were carried out at each elevation: the front (furnace side) of to the 
tube, and at approximately 45° from the front, on both sides.  For the small number of measurements on row T, 
the outside diameter front-on to the tube was measured. 

Significantly, the Olympus 45MG thickness meter measured the total of the thickness of the coatings applied by 
laser process plus the tube wall thickness.  For the coatings applied by TWAS, the Olympus 45MG thickness 
meter measured only the coating thickness.  The Olympus 45MG thickness meter thickness measurements were 
stable and consistent with the outside diameter measurements. 

The average reduction in wall thickness and expected tube and coating life for the first crushing season are 
summarised in Table 22.  Overall, the bare tubes and the tungsten carbide applied by laser process coated tubes 
experienced the lowest wear, the tubes with SAE 420 stainless steel coating applied by twin wire arc spray 
(TWAS) were the next lowest wearing and the tubes with the SAE 420 stainless steel coating applied by the laser 
process experienced the most wear.  It should be stressed that these measurements were carried out after only 
one year of operation and should be treated as preliminary. 
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Table 22 Summary of the Mulgrave Mill No. 7 boiler tube wall and coating thickness measurements during 
the 2020 maintenance season. 

Tube designation 
(uncoated tubes) 

Specified wall 
thickness (mm) 

Average1 reduction in 
wall thickness (%) 

Expected tube life 
(seasons) 

2019 new bare tube 1 6.0 6.1 13.6 

2019 new bare tube 2 6.0 5.0 16.7 

2019 new bare tube 3 6.0 6.7 12.5 

2019 new bare tube 4 6.0 5.0 16.7 

Average 6.0 5.7 14.6 

Tube designation 
(coated tubes) 

Specified coating 
thickness (mm) 

Average1 reduction in 
coating thickness (%) 

Expected coating life 
(seasons) 

WearPro 62 (tungsten carbide 
coating) tube 1 1.0 13.8 7.2 

WearPro 62 (tungsten carbide 
coating) tube 2 1.1 16.5 6.0 

Average 1.05 15.2 6.6 

SAE 420 stainless steel coating 
applied by TWAS tube 1 3.0 35.8 2.8 

SAE 420 stainless steel coating 
applied by TWAS tube 2 3.0 18.9 5.3 

Average 3.0 27.3 3.7 

SAE 420 stainless steel CSIRO 
coating tube 1 1.175 41.6 2.4 

SAE 420 stainless steel CSIRO 
coating tube 2 0.975 53.1 1.9 

Average 1.075 47.4 2.1 

 

In addition to the bare tubes and coatings, two shields of 3 mm 253MA stainless steel, and two shields of 3 mm 
SS316 / 316L stainless steel were also installed for the 2019 crushing season.  The shields had been installed 
using 253 MA steel clips specifically made for the 63.5 mm outside diameter tubes.  However, three shields had 
completely fallen off, while the 3 mm SS316 / 316L shield on tube T17 had almost fallen off and was buckled at 
the bottom, with the bottom 253 MA steel clip having slid down off the tube (shown in Fig. 12).  It was noted by 
the boiler supervisor that it was unusual for tube shields to come off within two years of installation.  These four 
shields did not even last one season.  This is of significant concern and will be followed up with the supplier as to 
whether more clips are required per metre length of shield, or to get more detailed installation procedures that 
include the required torque on the clips. 

  

 
1 Average of the minimum thicknesses measured at each location on the tube. 



Final Report Project 2016/020 
 
 

sugarresearch.com.au   |    35 
 
 

 

Figure 12 T17 tube with a 3 mm SS316 / 316L stainless steel tube shield.  The shield has almost fallen 
off and was buckled at bottom.  The bottom 253 MA steel clip had slid down off the tube. 

 Isis CBH boiler air heater tube thickness measurements 

The Isis CBH boiler air heater is arranged in six bays across the width with the cold air entering on the bay 6 (left 
looking from the front of the boiler) side.  At the start of the 2019 crushing season all tubes in the first four rows 
were blocked by Isis Mill apart from the test tubes in the first (cold air side) row.  At the end of the 2019 crushing 
season five of the twenty-one test tubes were blocked with ash.  The ash in these tubes was subsequently 
removed by Isis Mill staff.  While blocked the internal surface of a tube will not be in contact with flue gas and less 
metal loss due to corrosion would be expected.  It is unknown how long during the season these tubes were 
blocked.  However, given that more than three quarters of the test tubes were not blocked, and the process by 
which ash blockages form in air heater tubes due to flue gas condensation is gradual, it is likely that the 
blockages occurred late in the season. 

Tube thickness measurement were carried out using the USN 60 meter supplied by Isis Mill and an Olympus 
45MG meter with probe 'Panametrics-NDT D790-SM, 5MHZ 866092' from QUT.  Some of the tubes had an 
external coating of rust which was removed before carrying out the measurements.  The measurements are 
summarised in Table 23.  Cases where the thickness loss of one of the tubes would have been reduced by ash 
blockages during the crushing season are noted with a superscript ‘2’ and shown with a ‘1’ below the affected 
tube in the plan view of the tube layout (Fig. 13).  Note that all the calculations in Table 23 are based on 
thickness losses after only one crushing season and should be treated as preliminary. 
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Table 23 Summary of the Isis Mill CBH boiler air heater tube thickness measurements during the 2020 
maintenance season. 

Tube material (number of tubes) Specified wall 
thickness (mm) 

Average reduction in wall 
thickness (%) 

Expected life 
(seasons) 

Black (2)2 3.2 24.8 4.0 

SS304 stainless steel (2)2 1.6 8.6 11.6 

S-TEN 1(2)2 3.2 0.7 134.7 

Corten (3)2 2.7 9.1 10.9 

CR50 (2) 2.11 25.9 3.9 

Inconel 625 coating (2) 3.7 36.8 2.7 

SAE 420 coating (2) 3.43 33.6 3.0 

Stellite 6 coating (2)2 3.47 7.1 14.1 

MAXI coating (2) 4.0 16.1 6.2 

ACMS coating (2) 2.0 32.0 3.1 

 

 

Figure 13 Locations of the test tubes in the air heater. A ‘1’ is shown below the tubes that were 
found to be blocked after the 2019 season. 

Overall, the S-TEN tubes had very low loss of wall thickness, and the Corten tubes and the SS304 stainless steel 
tubes experienced smaller loss of wall thickness comparable to the black tubes.  The CR50 tubes experienced 
similar thickness loss to the black tube. 

 Flue gas condensate analyses 

Condensate collected from the flue gas sampled during dust emission tests on both Isis Mill boilers during the 
2015 and 2018 crushing seasons were analysed at QUT.  The CBH boiler has a wet dust collector and the JTA 
boiler has a dry dust collector.  The pH was measured using a pH meter, the anion concentrations were 
measured using ion chromatography (IC) and the concentrations of cations and uncharged elements were 
measured using inductively coupled plasma - optical emission spectrometry (ICP-OES).  The measurements are 
summarised in Table 24. 

  

 
2 One of these tubes was blocked with ash at the end of the 2019 crushing season. 
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Table 24 Summary of condensate sample analyses. 

Sample CBH 2015 CBH 2018 JTA 2015 JTA 2018 

pH 5.60 5.50 3.24 3.57 

Anion concentrations (mg.L-1) 

Fluoride (F-) < 0.1 < 0.1 0.43 < 0.01 

Chloride (Cl-) 19.21 38.46 35.89 39.02 

Nitrite (NO2-) 13.40 15.52 < 0.20 < 0.20 

Sulphate (SO42-) 31.23 145.77 305.86 435.46 

Bromide (Br-) < 0.40 1.45 1.67 < 0.40 

Nitrate (NO3-) 2.45 8.01 45.09 41.80 

Phosphate (PO43-) < 0.50 < 0.50 < 0.50 1.49 

Cation and other component concentrations (mg.L-1) 

Sulphur (S) 10.1 48.45 92.37 133.55 

Calcium (Ca2+) 1.69 6.32 3.7 4.76 

Copper (Cu2+) 30.64 29.13 182.6 224.32 

Iron (Fe2+) 0.7 0.61 0.97 0.78 

Potassium (K+) 0.26 30.16 0.53 23.01 

Magnesium (Mg2+) 0.66 8.09 1.77 5.83 

Sodium (Na+) 2.54 27.16 7.16 27.6 

Nickel (Ni2+) 0.45 0.95 0.5 0.37 

Phosphorus (P5+) 1.66 1.52 10.1 12.22 

Silicon (Si) 1.88 2.89 11.17 11.03 

Zinc (Zn2+) 1.19 2.1 7.2 6.73 

 

The main anions measured in the condensate from the CBH boiler stack are chlorides, nitrites and sulphates and 
the main anions measured in the condensate from the JTA boiler stack are chlorides, sulphates and nitrates.  
The concentrations of sulphates and nitrates are significantly lower in the condensate from the CBH boiler stack 
than in the condensate from the JTA boiler stack.  The bagasse supplied to both boilers would be similar, so it is 
likely that the wet scrubbers were responsible for the different condensate compositions.  The differences in 
sulphate and nitrate compositions between the two condensate samples are much greater than what would be 
expected from scrubber water dilution alone; it appears that the scrubber water removes a lot of the sulphates 
and nitrates from the flue gas.  The nitrite concentrations are higher in the condensate from the CBH boiler stack 
than in the condensate from the JTA boiler stack.  This requires further investigation. 

The measured copper ion concentrations are high in all condensate samples.  A possible reason for this is 
leaching of copper from the coils in the stack testing sampling train condenser. 

 Acid dew points 

The tube metal temperature in an air heater depends on the gas and air flow and temperature distributions.  The 
measurements of Dixon et al. (2000) confirmed that the tube metal temperatures can fall to below the flue gas 
dew point temperature.  As noted by Masotti (2013), components in boiler flue gas can combine with the 
condensing water vapour to form sulphuric (H2SO4), hydrochloric (HCl) and nitric (HNO3) acids that attack the 
tube metal and make the corrosion problem far worse.  Furthermore, the precursors to these acids in boiler flue 
gas can elevate the dew point.  The predicted acid dew point for H2SO4 as a function of SO2 concentration (ppm 
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dry basis), the predicted acid dew point for HCl as a function of HCl concentration (ppm dry basis) and the 
predicted acid dew point for HNO3 as a function of HNO3 concentration (ppm dry basis) are shown in Fig. 14. 

 

Figure 14 Predicted acid dew point temperatures as a function of the relevant gas phase component 
for a flue gas oxygen concentration of 3% (wet basis).  The dashed line shows the predicted dew 
point temperature based only on the vapour pressure of water vapour in the flue gas. 

The relationship of Verhoff and Banchero (1974) was used to produce the curve for H2SO4 and the curves for 
HCl and HNO3 were produced using relationships from Kiang (1981).  The curves show that SO2 in the flue gas 
significantly increases the dew point but there is little if any dew point elevation associated with the presence of 
HCl and HNO3 in the flue gas.  From Fig. 14, if the tube metal temperature stays above 70 °C the tube material 
will need to resist attack from sulphuric acid only, but at lower tube metal temperatures, the tube material will 
have to resist attack from hydrochloric and nitric acids as well. 

6.5 Phase 5 – Final monitoring and assessment of wear and corrosion performance 

Follow up measurements were carried out to assess tube coatings and different tube materials for resistance to 
ash particle erosion and dew point corrosion.  The thickness measurements for the ash particle erosion 
resistance evaluations were carried out on tubes in the front two rows of the convection bank of the Mulgrave Mill 
No. 7 boiler in March 2021.  The thickness measurements for the dew point corrosion resistance evaluations 
were carried out on tubes in the front row of the Isis Mill CBH boiler air heater in February 2021. 

 Mulgrave No. 7 boiler convection bank thickness measurements 

Photos of some of the tubes from the 2021 maintenance season are shown in Fig. 15 to Fig. 20. 
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Figure 15 Worn and cut out bare tube. 

 

Figure 16 Failed tube shield separated from tube and about to fall off, top strap missing. 

  



Final Report Project 2016/020 
 
 

sugarresearch.com.au   |    40 
 
 

 

Figure 17 WearPro 62 coating on tube number 21, row U. 
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Figure 18 WearPro 62 (tube 58) and SAE 420 applied by laser (tubes 59 and 60) and bare tube 61, 
row U. 
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Figure 19 Close up of WearPro 62 (tube 58) and SAE 420 applied by laser (tubes 59 and 60), row U. 
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Figure 20 SAE 420 applied by TWAS looking rusty on tube number 22, row U. 
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The measurements during the 2021 maintenance season were carried out using an Olympus 45MG meter with 
probe 'Panametrics-NDT D790-SM, 5MHZ 866092' from QUT.  The average reduction in wall thickness over the 
first two crushing seasons and the expected tube and coating lives are summarised in Table 25. 

Table 25 Summary of the Mulgrave Mill No. 7 boiler tube wall and coating thickness measurements during 
the 2021 maintenance season. 

Tube designation 
(uncoated tubes) 

Specified wall 
thickness (mm) 

Average3 reduction in 
wall thickness (%) 

Expected tube life 
(seasons) 

2019 new bare tube 1 6.0 14.3 11.7 

2019 new bare tube 5 6.0 13.4 12.4 

2019 new bare tube 6 6.0 17.1 9.8 

Average 6.0 14.9 11.2 

Tube designation 
(coated tubes) 

Specified coating 
thickness (mm) 

Average3 reduction in 
coating thickness (%) 

Expected coating life 
(seasons) 

WearPro 62 (tungsten carbide 
CSIRO coating) tube 1 1.0 8.9 22.4 

WearPro 62 (tungsten carbide 
CSIRO coating) tube 2 1.1 13.8 14.5 

Average 1.05 11.4 17.6 

SAE 420 stainless steel coating 
applied by TWAS tube 1 3.0 32.3 6.2 

SAE 420 stainless steel coating 
applied by TWAS tube 2 3.0 11.7 17.1 

Average 3.0 22.0 9.1 

SAE 420 stainless steel CSIRO 
coating tube 1 1.175 75.8 2.6 

SAE 420 stainless steel CSIRO 
coating tube 2 0.975 93.3 2.1 

Average 1.075 84.6 2.4 

 

These measurements were carried out after two years of operation and are therefore considered more reliable 
than the 2020 maintenance season measurements (Table 22).  The WearPro 62 coating is clearly the best 
performer with an expected coating life of more than 17 years.  This is consistent with the conclusions from the 
laboratory scale erosion tests.  The SAE 420 stainless steel coating applied by TWAS is the next best performer 
with an expected coating life of more than nine years.  The SAE 420 stainless steel coating applied by laser 
cladding has an expected coating life of less than three years.  This poor performance of the SAE 420 stainless 
steel coating applied by laser cladding when compared with the performance of the SAE 420 stainless steel 
coating applied by TWAS is not consistent with the laboratory scale tests in which the coatings applied by laser 
cladding generally performed better than the coatings applied by other methods.  It is also noted that there was a 
large variation in wear between individual tubes for both the WearPro 62 applied by laser and the SAE 420 
stainless steel coating applied by TWAS.  This may be due to a variation in gas velocity across the width of the 
Mulgrave No. 7 convection bank. 

  

 
3 Average of the minimum thicknesses measured at each location on the tube. 
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 Isis CBH boiler air heater tube thickness measurements 

At the end of the 2020 crushing season three of the test tubes were blocked with ash: one of the ACMS coated 
tubes, one of the SAE 420 coated tubes and one of the Stellite 6 coated tubes.  The ash in these tubes was 
subsequently removed by Isis Mill staff.  It is unknown for how long during the season these tubes were blocked.  
While blocked the internal surface of a tube will not be in contact with flue gas and less metal loss due to 
corrosion would be expected. 

Tube thickness measurement were carried out with an Olympus 45MG meter with probe 'Panametrics-NDT 
D790-SM, 5MHZ 866092' from QUT.  Some of the tubes had an external coating of rust which was removed 
using fine sandpaper before carrying out the measurements.  The measurements are summarised in Table 26. 

Note that all the wall thickness reduction and life estimation values in Table 26 are based on wall thickness 
measurements after two crushing seasons.  Cases where the thickness loss of one of the tubes would have been 
reduced by ash blockages during the 2020 crushing season are noted with a superscript ‘4’. 

Table 26 Summary of the Isis Mill CBH boiler air heater tube thickness measurements during the 2021 
maintenance season. 

Tube material 
(number of tubes) 

Specified wall 
thickness (mm) 

Average reduction in wall 
thickness over two 
seasons (%) 

Expected life 
(seasons) 

Black (2) 3.2 33.0 6.0 

SS304 stainless steel (2) 1.6 10.9 18.3 

S-TEN 1 (2) 3.2 11.1 18.1 

Corten (3) 2.7 23.4 8.5 

CR50 (2) 2.11 36.7 5.4 

Inconel 625 coating (2) 3.7 18.8 10.6 

SAE 420 coating (2)4 3.43 40.3 5.0 

Stellite 6 coating (2)4 3.47 19.1 10.5 

MAXI coating (2)  4.0 23.0 8.7 

ACMS coating (2)4 2.0 27.7 7.2 

 

The SS304 stainless steel tubes had the lowest percentage loss of wall thickness, closely followed by the S-TEN 
tubes.  The expected life for tubes of these materials is three times the expected life of the black tubes.  None of 
the other tubes had an expected life more than double the expected life of the standard ‘black’ tubes.  In the 
laboratory scale tests the S-TEN 1 tube material and the Inconel 625 and Stellite 6 coatings were in the best 
performing group (Fig. 10) and they are also among the four best performers in Table 26 (SS304 stainless steel 
was not included in the laboratory scale tests).  This suggests that the laboratory scale tests are an effective way 
to pre-screen materials and / or coatings for corrosion resistance prior to factory testing.  However, the Inconel 
625 coating performed the best in the laboratory scale tests but did not perform as well as S-TEN 1 in the Isis Mill 
CBH boiler air heater so the laboratory scale testing is not a definitive predictor of factory scale performance.  It is 
likely that the rough surfaces that resulted from the laser applications caused a higher corrosion rate due to ash 
and condensing acidic moisture sticking to the rough surfaces.  If a smooth surface could be achieved (for 
example by dipping the tubes into a molten solution of the materials that performed well such as the Inconel 625) 
then results closer to the laboratory tests would be expected. 

 Isis CBH boiler air heater tube metal temperature measurements 

Prior to the commencement of this project, Isis Mill conducted a series of trials of the S-TEN 1 material over the 
2013 to 2016 crushing seasons.  The first of these trials was a small scale preliminary trial conducted in 
partnership with Mitsui in 2013.  The results of the preliminary trial were inconclusive but did warrant further 
investigation.  The second trial undertaken by Isis Mill was a large scale project where a sample set of 123 S-
TEN 1 tubes were purchased and installed with alternating new mild steel tubing during the CBH boiler air heater 

 
4 One of these tubes was blocked with ash at the end of the 2020 crushing season. 



Final Report Project 2016/020 
 
 

sugarresearch.com.au   |    46 
 
 

retube in the 2014 Maintenance Season.  A certificate provided for those S-TEN1 tubes including chemical 
composition is provided in Appendix 2.  This trial occurred over the 2014, 2015 and 2016 crushing seasons 
where significant comparative testing and analysis was completed by Isis Mill during this time.  The S-TEN 1 
material did not perform well in this trial and it was concluded that there was no advantage in using S-TEN 1 
instead of mild steel tubing in the Isis Mill CBH boiler air heater.  After discussions with Isis Mill on the recent 
findings of improved performance, Isis Mill suggests that any performance improvement may be the result of a 
change in material composition resulting from the analysis results and feedback provided to Mitsui over 2013 to 
2016.  The data available on the S-Ten 1 tubes installed in 2019 are the descriptions 8-847-N3-S-3-0001-010 
and S-TEN1-TB E-G. 

During 2019 and 2020 crushing seasons, nearly all the tubes in the first few rows on the cold side of the CBH 
boiler air heater were blocked by Isis Mill after the tubes had failed due to dew point corrosion.  This would have 
increased the gas flow through the remaining unblocked tubes.  Virtually all the unblocked tubes were the ones 
with the 2 m trial tube sections installed at the bottom of the air heater tubes for this project.  It was thought that 
the better performance of the S-TEN 1 tubes in this project could be a result of the metal temperatures of the trial 
tube sections not getting down to the hydrochloric and nitric acid dew points.  To investigate this further, 
thermocouples and logging equipment were purchased in the 2020 maintenance season.  The thermocouples 
were attached to the front external surface of an S-TEN 1 tube near the bottom of the trial tube section in the first 
row on the cold air side of the air heater during the 2020 maintenance season and the measured temperatures 
logged during the 2020 crushing season.  Fig. 21 shows the logged tube section metal temperatures at two 
locations in the front row of the cold air side of the Isis Mill CBH boiler air heater.  For most of the season the 
metal temperatures were between 50 °C and 70 °C (the temperatures near 20 °C were during some weekends 
when the factory was shutdown).  This suggests that condensation of hydrochloric and nitric acids was still 
possible during the 2020 crushing season and that the likely reason for the improved performance of S-TEN 1 in 
this project was a change in material composition and the new composition material being more resistant to acid 
attack.  Table 27 shows compositions for S-TEN 1 and new S-TEN 1 materials provided in page 5 of Mitsui 
brochure accessed approximately in 2017.  It is also noted that there is at least one more composition described 
in the Mitsui literature (S-TEN 2). 

 

Figure 21 Logged tube metal temperatures (°C) by thermocouple at two locations on the test 
sections in the front row of the cold air side of the Isis Mill CBH boiler air heater. 
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Table 27 Chemical composition of S-TEN 1 / new S-TEN 1 provided in page 5 of Mitsui brochure dated 
approximately 2017. 

Specification 

Mass % 

C Si Mn P S Cu Sb Ni 

≤0.14 ≤0.55 ≤1.60 ≤0.025 ≤0.025 0.25-0.50 ≤0.15 ≤0.50 

S-TEN example 0.096 0.19 0.35 0.009 0.006 0.26 0.096 0.18 

New S-TEN example 0.029 0.21 0.89 0.010 0.006 0.32 0.097 0.21 

 

6.6 Phase 6 – Tube life assessment and cost benefit analysis 

 Materials and / or coatings for erosion resistance 

Financial analyses were carried out on the use of tube coatings and shields for increasing the life of boiler 
convection banks based on the following initial assumptions: 

• 500 tubes in the convection bank; 
• all tubes in the convection bank require 1 m length of protection (coating or shield); 
• $ 1 000 000 cost (variable) for a full convection bank retube; 
• $ 20 000 cost (tube blocking etc.) per year for two years prior to a full convection bank tube retube; 
• WearPro 62 coating applied by laser cladding over half circumference and 1 m length; 
• $500 per metre cost of WearPro 62 coating; 
• WearPro 62 coating (1 mm thickness) life of 18 years 
• SAE 420 coating applied by TWAS over half circumference and 1 m length; 
• $500 per metre cost of SAE 420 coating; 
• SAE 420 coating (3 mm thickness) life of 9 years; 
• bare tube life of 11 years; 
• tube shield (SS 316) life of 5 years (variable); 
• 15% discount rate 

Results of the financial analyses over 30 and 50 year analysis periods are summarised in Table 28 and Table 29.  
Note that the relative attractiveness of the coatings options is slightly higher over the 50 year analysis period.  For 
both analysis periods the WearPro 62 coating applied to all tubes in the convection bank has a positive net 
present value (NPV) and an internal rate of return (IRR) greater than 15%.  While the WearPro 62 coating is not 
as financially attractive as tube shields due to the coating being more expensive than tube shields, it is still an 
option worth considering because factories often have problems with tube shields.  Many of the shields installed 
on tubes in the Mulgrave No. 7 boiler convection bank had fallen off or distorted during this project, within one 
year.  From Table 28 and Table 29 the relative attractiveness of the coatings increases as the cost of a 
convection bank retube increases.  It is also likely that monitoring costs will reduce for WearPro62 coated tubes, 
that is, the time between thickness measurements is likely to increase.  It has been confirmed that the WearPro 
62 coating can be applied in thicknesses greater than 1 mm, which will decrease the relative costs of application 
relative to wear life.  

The SAE 420 coating produced by TWAS is less financially attractive than the WearPro 62 coating because its 
expected life is less than half that of the WearPro 62 coating.  However, the SAE coating by TWAS is currently 
commercially available by many suppliers.  The coating can also be applied in situ at the sugar factory convection 
bank, for example, for urgent repair.  It is also noted that the SAE 420 applied by TWAS performed much better 
than the SAE 420 stainless steel applied by laser.  This performance was unexpected and has no current 
explanation.  However, it does raise an option of applying the WearPro 62 using the TWAS method, if it is 
technically possible, and possibly achieving low wear rates. 
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Table 28 Financial analyses for different convection erosion protection options over a 30 year analysis 
period. 

Description Net present 
value (NPV) 

Internal rate of 
return (IRR) 

Installation of SS 316 shields (lasting 1 y) relative to bare tubes -$71 774 - 

Installation of SS 316 shields (lasting 3 y) relative to bare tubes -2 642 14.5% 

Installation of SS 316 shields (lasting 5 y) relative to bare tubes $59 523 20.8% 

Application of WearPro 62 coating relative to bare tubes $1488 15.1% 

Application of WearPro 62 coating relative to bare tubes but cost of 
convection bank retube increased to $1 200 000 

$50 000 16.8% 

Application of SAE 420 coating relative to bare tubes -$44 983 12.8% 

Application of SAE 420 coating relative to bare tubes but cost of 
convection bank retube increased to $1 200 000 

-$3381 14.8% 

 

Table 29 Financial analyses for different convection erosion protection options over a 50 year analysis 
period. 

Description Net present 
value (NPV) 

Internal rate of 
return (IRR) 

Installation of SS 316 shields (lasting 1 y) relative to bare tubes -$67 963 - 

Installation of SS 316 shields (lasting 3 y) relative to bare tubes $6 796 15.9% 

Installation of SS 316 shields (lasting 5 y) relative to bare tubes $57 750 20.7% 

Application of WearPro 62 coating relative to bare tubes $14 149 15.5% 

Application of WearPro 62 coating relative to bare tubes but cost of 
convection bank retube increased to $1 200 000 

$65 318 17.2% 

Application of SAE 420 coating relative to bare tubes -$36 540 13.4% 

Application of SAE 420 coating relative to bare tubes but cost of 
convection bank retube increased to $1 200 000 

-$6826 15.3% 

 

The wear of the coatings (and tube walls) due to erosion is proportional to the gas velocity to the power of 3.1 
(Mann, 2016).  To allow an approximate calculation of the expected life for other boiler convection banks and 
carry out the relevant cost benefit analyses, the following information is provided. 

The gas velocity at the test location underneath the centre baffle of the No. 7 Mulgrave boiler was predicted using 
the FURNACE CFD to be approximately 21 to 24 m.s-1 at 170 t.h-1 steam load.  The upper velocity of 24 m.s-1 
was adopted (as it causes the worst wear) as well as the average measured life for the 1.0 mm thick WearPro 62 
coating of 17.6 years, and the average coating life was predicted for other gas velocities.  The gas velocities can 
be read from existing reports showing the predicted gas velocity plots for many other boilers in the Australian 
sugar industry and the expected life of the coating determined using Table 30. 

  



Final Report Project 2016/020 
 
 

sugarresearch.com.au   |    49 
 
 

Table 30 Calculated life for a 1.0 mm thick WearPro 62 coating for different gas velocities. 

Gas velocity (m.s-1) Wear rate (mm.yr-1) Coating life (yr) 

30 0.11 9.0 

28 0.09 11.1 

26 0.07 13.8 

24 0.06 17.6 

22 0.04 22.8 

20 0.03 30.4 

18 0.02 41.7 

 

 Materials and / or coatings for corrosion resistance 

Using the tube life estimates from Table 26 and available costing information, the ratios of the expected lives of 
the different tube sections in the Isis Mill CBH boiler air heater to the expected life of a mild steel (black) tube (life 
ratios) were calculated.  The ratios of the costs of the different tube sections to the cost of the black tube section 
were also calculated.  These ratios and the ratios between each life ratio and each cost ratio (sorted from largest 
to smallest) are shown in Table 31.  All the tube materials in Table 31 are commercially available.  Note these 
calculations could not be done for the tube sections where cost information was not available and was not carried 
out for coatings which were judged to be not viable at this stage. 

Table 31 Calculated life ratios, cost ratios and the ratios between the life and cost ratios for selected tube 
sections evaluated for corrosion resistance in the Isis CBH boiler air heater. 

Tube description Life ratio Cost ratio Life ratio
Cost ratio 

S-TEN 1, 3.2 mm wall tube 3.02 1.65 1.83 

SS304 stainless steel, 1.6 mm wall tube  3.05 1.95 1.56 

MAXI coating, 4 mm wall tube 1.45 1.03 1.40 

ACMS coating, 2 mm wall tube 1.2 1.34 0.89 

 

Based on the calculations in Table 31, S-TEN 1 and SS304 stainless steel are the most attractive options.  The 
MAXI coating tube is only slightly more expensive than the black tube but the expected increase in tube life is not 
nearly as great as the expected increases in life for S-TEN 1 and SS304 stainless steel.  Given that the 
installations costs of new tubes are significant, the longer expected life tube materials like S-TEN 1 and SS304 
stainless steel are preferred. 

 Potential commercial partners 

For tube coatings for external erosion, there are many commercial laser coating application companies in 
Australia, some options are: 

• Laserbond.  https://laserbond.com.au/, based in New South Wales and South Australia. 
• Hardchrome Engineering. http://www.hardchrome.com.au/technologies/laser-cladding/, based in 

Victoria. 
• Laser cladding services. http://www.lasercladdingservices.com.au/, based in Western Australia. 
• CGCEngineering. https://www.cgcengineering.com.au/laser-cladding, based in Western Australia. 

There are many commercial Twin Wire Arc Spray coating application companies in Australia, some options are: 

• Stoneman’s Engineering.  30 Monte St, Slacks Creek QLD 4127.  This company produced the SAE 420 
coating applied by TWAS in this project. 
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• Metal spray supplies Australia. https://www.metalspraysupplies.com/, 3/37 Veronica Street, Capalaba, 
QLD 4157 

• Alloys International Australasia Pty Ltd.  https://www.alloysint.com.au, site in Queensland. 

It is noted that Specialised Welding Products (SWP), https://aus.swp.com.au/, is a company that has a long term 
relationship with the Australian sugar industry, for example in welding of roll groove surfaces and has experience 
in introducing new technologies.  It is also worthwhile determining if SWP would be interested to be a commercial 
partner in the application of coatings described in this report.   

For internal corrosion of air heater tubes, all the identified well performing materials are already available 
commercially. 

7. CONCLUSIONS 

An extensive investigation of options for reducing the maintenance costs of and deferring capital expenditure 
associated with sugar factory boilers has been carried out in this project.  This included an assessment of 
different materials and / or coatings for increased resistance to tube erosion and dew point corrosion. 

A review of available information on tube materials and / or coatings for resistance to erosion and corrosion from 
coating suppliers, different industries and in the literature was carried out.  This was used to rank the tube 
materials and / or coatings in order of likely best performance in sugar mill boilers.  A financial analysis was 
carried out for each of the ranked coatings to determine if they should proceed to the laboratory trial stage of the 
project. 

Laboratory scale erosion testing was carried on samples (coupons) of tube coating material, uncoated tube 
material and tube shield material at the CSIRO.  Accelerated wear tests were carried out at two impact angles 
and the most promising materials were selected for full scale factory testing. 

Laboratory scale accelerated corrosion testing was carried out on coupons of different types of tube coating 
material, corrosion resistant tube material and two types of mild steel tube material at the CSIRO and the most 
promising internal coatings were selected to be included in the full scale factory testing. 

The selected external tube coatings for wear testing were applied to sections of new convection bank tubes by 
the various suppliers and these tube sections were subsequently installed in high wearing locations in the 
Mulgrave No. 7 boiler convection bank prior to the start of the 2019 crushing season.  Shields made of the two 
different materials were attached to convection bank tube sections that were installed in these same high wearing 
locations. 

The selected internal tube coatings for corrosion testing were applied to sections of new air heater tubes.  These 
internally coated tube sections, some corrosion resistant material tube sections, some ‘own coat’ tube sections 
and some mild steel tube sections were used to replace the bottom sections of selected tubes in the front (cold 
air side) row of tubes in the air heater of the Isis Mill CBH boiler prior to the start of the 2019 crushing season. 

The test tube sections in the Mulgrave No. 7 boiler convection bank and the Isis Mill CBH boiler air heater were 
inspected and tube wall thicknesses were measured during the 2020 and 2021 maintenance seasons. 

The tube thickness measurements in the Mulgrave No. 7 convection bank and the Isis CBH boiler air heater over 
the two crushing seasons were used to estimate the life of the different coatings and tube materials.  Cost benefit 
analyses were carried out on the most promising tube materials and / or coatings for resistance to erosion and 
corrosion. 

Based on the work carried out in this project the most promising coating for erosion resistance is the WearPro 62 
coating applied by laser process and the next most promising option is the SAE 420 coating applied by TWAS.  
The promising options for extending the life of air heaters are the S-TEN 1 and SS304 stainless steel tube 
materials which have significantly greater resistance to dew point corrosion than carbon steel. 

8. RECOMMENDATIONS FOR FURTHER RD&A 

1. It is important that extension of the WearPro 62 application by laser to commercial suppliers be 
supervised by CSIRO Manufacturing, and test sections be checked by CSIRO regularly, to ensure the 
quality of the coating is maintained.  It is suggested this be carried out in an adoption project. 

2. The SAE 420 coating produced by TWAS is less financially attractive than the WearPro 62 coating 
because its expected life is less than half that of the WearPro 62 coating.  However, the SAE coating by 
TWAS is currently commercially available by many suppliers and can also be applied in situ at the sugar 
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factory convection bank, for example, for urgent repair.  It is also noted that the SAE 420 applied by 
TWAS performed much better than the SAE 420 stainless steel applied by laser.  This performance was 
unexpected and has no current explanation.  However, it does raise an option of applying the WearPro 
62 using the TWAS method, if it is technically possible, and possibly achieving low wear rates.  The 
application of WearPro 62 by TWAS (instead of laser), if feasible, may result in a significant 
improvement in erosion performance compared to that achieved by the SAE 420 material applied by 
TWAS.  This requires further literature review and discussion with manufacturers and suppliers. 

3. It has become apparent from the project that there are at least three different S-Ten tube materials 
compositions available from the supplier, Mitsui.  As S-TEN is the most promising tube material for 
reduced corrosion, it is very important to identify and confirm the composition of the existing tubes in the 
Isis mill CBH boiler air heater, both the ones that were installed in 2014 (which performed similarly to 
carbon steel tubes), and the ones that were installed in 2019 (which have performed very well in the 
2019 and 2020 crushing seasons).  Therefore, it is recommended that sections of the S-TEN tubes be 
cut out and analysed in a follow up project.  This will also require repairs to the current setup, perhaps in 
combination with item 4. 

4. Monitoring of performance has occurred for two years.  It is recommended that the monitoring at Isis mill 
(air heater tube corrosion) and at Mulgrave Mill (convection tube wear) be continued with the current 
tubes in a follow up project, for a further four years.  For this to occur, for the air heater, replacement of 
the carbon steel tube sections above the test sections is required, as holes have started to appear in 
those sections.  The Mulgrave Mill tube sections with the test coatings may also need to be relocated to 
provide reliable testing.  This is because, in the 2020 crushing season, some of the test coatings have 
been relocated because of the need to access worn tubes behind the test sections. 

5. It is recommended that the S-TEN 1 and SS304 tube materials be tested in a significantly larger test 
program in an air heater, and similarly for the WearPro 62 in a convection bank. 

6. Although the SS 304 has very good corrosion performance, it is well established in both Australian and 
overseas sugar mill boilers that SS304 tubes installed in air heaters have one significant issue.  The 
issue is cracking at or near the bottom support tube plate.  Information has been collected during this 
project that concludes that the expansion procedure/s of the SS 304 tubes into the air heater tube plate 
needs to be revisited, including stress analysis. 

7. It was found that the trialled tube shields, as well as many installed normally by mill staff, fell off, rotated 
or became distorted, rendering them useless in protecting the tubes.  The failure mechanisms of the 
tube shields are of concern.  Since tube shields are the current main method of protecting tubes from 
erosion, and should remain as an option in the future, a detailed assessment of the attachment straps 
including stress analysis and attachment procedures is warranted.   

8. The information gained in this project should be applied to the combined erosion and corrosion problem 
of economisers in a new project.  This is a significant current issue that has resulted in economisers 
being removed from several boilers, resulting in other issues such as overloading of scrubbers, 
increased erosion in other boiler components, and reduced boiler steam capacity.   

9. It is also likely that the current information in this project can be applied to improved corrosion and 
erosion performance of other sugar mill stations, for example, corrosion in vacuum pans. 

10. It has been concluded that the laboratory corrosion measurements are a helpful but inadequate 
representation of the in-situ boiler air heater performance.  An improved laboratory test method would 
be valuable in initially identifying better performance, as well as for testing other corrosion issues in the 
factory. 

It planned that results from the project will be presented at future ASSCT (and possibly other) conferences and 
journals. 

9. PUBLICATIONS 

There are no publications from this work at this stage, but future publications are planned. 
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12. APPENDIX 

12.1 Appendix 1 METADATA DISCLOSURE 

TABLE 32 METADATA DISCLOSURE 1 

Data  Project data 

Stored Location  QUT 

U:\Research\Projects\sef\ctcb\sri\Projects\Project 4254 Plaza P1158 
SRA\Technical 

Access  
 

Restricted to staff from the Centre for Agriculture and Bioeconomy 

Contact  
 

Floren Plaza / Anthony Mann 
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12.2 Appendix 2 Inspection certificate including chemical composition for S-TEN 1 tubes installed in the Isis Mill CBH boiler air heater in 2014. 
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