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TAbstract 

Intermetallic coatings (iron aluminide and nickel aluminide) were prepared by a novel 

reaction process. In the process, the aluminide coating is formed by an in-situ reaction between 

the aluminum powder fed through a plasma transferred arc (PTA) torch and the metal substrate 

(steel or Ni-base alloy). Subjected to the high temperature within an argon plasma zone, 

aluminum powder and the surface of the substrate melt and react to form the aluminide coatings. 

The prepared coatings were found to be aluminide phases that are porosity-free and 

metallurgically bonded to the substrate. The coatings also exhibit excellent high-temperature 

corrosion resistance under the conditions which simulate the steam-side and fire-side 

environments in coal-fired boilers. It is expected that the principle demonstrated in this process 

can be applied to the preparation of other intermetallic and alloy coatings. 
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1. Introduction 

In many industrial high-temperature applications including those in coal-fired 

environments, both high-temperature strength and high-temperature corrosion-resistance are 

required. However, it is usually very difficult to develop steels and alloys that can satisfy both 

these requirements [1]. Therefore, a high-temperature corrosion-resistant coating on a base alloy 

that has superior high temperature strength is both technically and economically attractive for 

these applications. 

The aluminide intermetallics, such as iron aluminide (FeB3BAl) and nickel aluminide 

(NiB3BAl) are among the best candidates as a high-temperature corrosion-resistant coating 

materials. In general, these intermetallics have superior resistance to oxidation [2-5] and 

sulfidation [6-9] at high temperatures. It also exhibits other generally desired attributes such as 

low density, good wear resistance, and low cost [10-13]. However, the industrial applications of 

aluminide intermetallics as bulk components have been limited because of its low ductility, 

which poses considerable technical challenges for fabricating bulk components [10-13]. Using 

aluminide intermetallics as coatings in high temperature applications is a logical approach to take 

advantages of its superior high-temperature corrosion-resistance while avoiding the challenges of 

fabricating bulk components. Aluminide intermetallics coating is especially attractive for the 

power generation industry which has been making great efforts to increase the efficiency of coal-

fired boilers by increasing the operating temperature and steam pressure. These conditions 

require better corrosion resistance [1]. Other possible industrial applications of aluminide 

intermetallics coatings include reactors for coal gasification, gas turbine, advanced gas-cooled 

nuclear reactor and so on, when high-temperature corrosion-resistance is critical. 

Aluminide intermetallics coatings have been explored with various coating processes, 
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among which two categories of processes are notable: a) reaction coating processes including 

conventional chemical vapor deposition (CVD) processes [14], fluidized bed reactor CVD (FBR-

CVD) [15-16] process, and pack cementation process [17-20], for producing thin coatings with 

thicknesses typically less than 20 μm; and b) thermal spray  processes for making thick coatings 

with thicknesses from 0.5 to >3 mm [21-26]. For many structural applications, including coal-

fired power generation systems, thick coatings are often necessary due to the severe 

environments of high-temperature corrosion and erosion and the required long service lifetime. 

Therefore, thermal spray processes of several variations are the only viable options for making 

thick aluminide coatings.  

Many thermal spray coating techniques, such as arc spray [21], low pressure plasma 

spray [22], air plasma spray [23] and high velocity oxyfuel (HVOF) spray [24-28], have been 

explored for depositing thick aluminide coatings on various steel substrates, with aluminide 

powder as the feeding materials. Among the above processes, the HVOF process is most 

attractive because the high velocity of sprayed and melted powders in this process produces 

coatings with higher density and better bonding to substrates than the coatings obtained with 

conventional thermal spray processes. However, even with HVOF processes, aluminide coatings 

with full density are still difficult to obtain. Porosity and oxide inclusions are always found in the 

HVOF aluminide coatings. Furthermore, the mechanical bonding between HVOF aluminide 

coatings and substrates is often unsatisfactory for demanding applications, and the oxidation-

resistance of the coatings is found to be inferior to bulk aluminide intermetallics [28].   

In this study, aluminide coatings were applied using a different coating technique − the 

plasma transferred arc (PTA) process.  The unique advantage of the PTA process in comparison 

with other thermal spray processes is that the substrate is part of the power circuit so that the 
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substrate surface can be heated up to its melting temperature, which enables a metallurgical 

bonding between the coating and the substrate. Another important advantage of PTA process is 

that the coating layer is usually completely melted during the process so that porosities and oxide 

inclusions can be kept to minimum.  

Based on the literature studies, there are only two reported studies to date in which PTA 

has been used to apply coatings of intermetallic compounds, NiTi [29] and NiAl [30]. There is 

no report on applying coatings of the targeted materials of present study, i.e., FeB3BAl and NiB3BAl.  

As a straightforward concept, aluminide coatings can be applied on metal alloy substrates 

using PTA process by feeding pre-alloyed FeB3BAl or NiB3BAl powder, which is commercially 

available, as the raw material. Usually, the pre-alloyed aluminide powder is produced using gas 

atomization processes. It was thought possible, however, that the FeB3BAl (or NiB3BAl) coatings 

could be formed by feeding blends of elemental aluminum and iron (or nickel) powders, 

considering the strong tendency for iron (or nickel) and aluminum to react because of the large 

heat of reaction [31].  This would be more cost effective than using pre-alloyed FeB3BAl (or NiB3BAl) 

powder. Furthermore, aluminide coating can be expected to form, even if pure aluminum powder 

is fed, by an in-situ reaction between the fed Al and the Fe (or Ni) present in the steel (or Ni-base 

alloy) substrates. The reaction and the coating processes would be accomplished in one-step.  

Therefore, the present project investigated the preparation method of FeB3BAl and NiB3BAl 

coatings by PTA process as well as the corrosion resistance performance of the prepared 

coatings. Considering the fact of the extensive applications of FeB3BAl coatings on various grades 

of steel tubings in coal-fired environments, more efforts in the present study were put on FeB3BAl 

coatings on steel substrates in comparison with NiB3BAl on Ni-based alloy substrates. Field tests on 

the corrosion-resistant performance of the prepared FeB3BAl coatings were also conducted in a 

7 



 

coal-fired power plant. 

2. Experimental 

2.1 PTA coating process of iron aluminide 

 Figure 1 schematically illustrates the PTA coating process. The PTA equipment used in 

this study for all coating tests is a Starweld Microstar 150 manufactured by Stellite Coatings. 

(Note: Starweld Microstar is a trade mark of Stellite Coatings). The distance between the plasma 

torch and the substrate was less than 12 mm to prevent the plasma from dying off. Three gas 

flows were used during the PTA process: the first gas flow was used to ignite and maintain the 

plasma between the torch and the substrate; the second gas flow was used as the carrier gas for 

feeding powder through a nozzle into the hot zone; and finally the third gas flow was used to 

provide a protective gas shield surrounding the hot zone to prevent oxidation of the coating as 

well as the substrate.  

Fig.1 Schematic of the proposed coating process. 
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For the iron aluminide coatings, three series of coating tests were conducted in which a 

different feed material was used in each series. In Series A, iron aluminide powder was used as 

the feed material; in Series B, a blend of elemental aluminum and iron powders; while in Series 

C, pure aluminum powder. The iron aluminide powder used in Series A, was acquired from 

Ametek Specialty Metals, with the compositions of 15.4wt% Al, 5.8wt% Cr and Fe as the 

balance and the particle sizes of 44 to 149 μm. For Series B, electrolytic iron powder (>99wt% 

Fe) of <149 μm size was used. The aluminum powder (>99.8wt% Al) used in Series B and C 

was of 44-420 μm size. The substrates were plain low-carbon steel coupons of 12.7 mm 

thickness, 38.1 mm width and 76.2 mm length. 

During the coating process, the raw material powder from a feeder was carried by the 

carrier gas and fed through the plasma torch. As can be seen in the figure, the steel substrate was 

part of the power circuit and the plasma was generated between the torch and the substrate. 

Consequently, the temperature on the top surface of the substrate can be high enough to melt not 

only the fed powder, but also a thin surface layer of the substrate. Thus, as stated earlier, the 

melted feed powders are expected to react with the melted surface layer of the steel substrate to 

form the iron aluminide coatings. 

 

2.2 PTA coating process of nickel aluminide 

 For the nickel aluminide coatings, one series of coating tests were conducted in which 

only pure aluminum powder was used as the feed materials so that the nickel aluminide coatings 

were formed by the in-situ reaction of the fed aluminum and the Ni-base alloy substrate. The 

used Ni-based alloy substrate was Inconel 600 with the composition at% of Ni 73, Cr 17.3 and 

Fe 9.7.  
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2.3 Characterization of obtained aluminide coatings 

After the coating process, the samples were air cooled to room temperature. The 

specimens were then sectioned and polished for metallographic examinations. Energy Dispersive 

X-ray analysis (EDAX) was used to measure the composition profiles across the coating layers. 

X-ray diffraction (XRD) analysis was used to identify the phases therein. 

U2.3.1 Evaluating the bonding strength between the coatings and the substrates 

The testing and evaluations of the bonding strength between the coatings and the 

substrates is one of the most important tasks determining whether or not the proposed coating 

technology has any potential to be used in boiler applications. To evaluate the bonding strength, 

we conducted three-point bending tests as illustrated schematically in Figure 2. When the 

bonding strength equals or exceed that of either the substrate or the coating material, the bending 

specimen will fracture along the transverse plane. When the bonding strength is inadequate, 

delamination will likely occur as shown in the figure. 

Fig. 2. A schematic illustration of bending tests for evaluation of the  
    bonding strength of the coating to the substrate. 

a. Good bonding b. Poor bonding -delamination 

P P

substrate substrate 

 

The samples for three-point bending tests were cut and then polished to the required 

dimensions (5 mm thick, 6.5 mm wide and 33 mm long). Among the total of 5 mm thickness, the 

10 



 

coating layer thickness was 1 mm and the substrate thickness was 4 mm. 

 

U2.3.2 Evaluating the corrosion resistance of the coatings in the atmosphere simulating the steam-

side corrosion environment 

To evaluate the steam-side corrosion resistance of the obtained coatings, corrosion tests 

in an atmosphere of the mixture of air and water vapor (with 10 vol% water vapor) were 

conducted at the temperature of 800P

o
PC. This condition is for accelerated oxidation simulating a 

worst scenario as the environment inside the boiler tube.  

Figure 3 is the schematic of the experimental set-up of the corrosion tests.  

Fig. 3.  Schematic of experimental set-up to evaluate the steam-side  
corrosion resistance 

hot plate 
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air + water vapor 
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The samples for the corrosion tests were cut and then polished to the required dimensions 

(~10 mm wide and ~15mm long). After polishing, the coating layer thickness was ~2 mm and 

the substrate thickness was 16 mm. Stainless steel (304) samples were also tested in the same test 

runs in order to be compared with FeB3BAl coating samples in terms of their corrosion resistance 
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performance. 

 The experimental procedure was as follows:  Samples of FeB3BAl (coated on steel 

substrate) and stainless steel, each placed in a ceramic crucible with cap, were put inside a jar of 

stainless steel. Then the jar with all the samples was placed into a muffle furnace to be heated up 

according to a pre-designed 4-cycle profile with each cycle to be 20P

o
PC/min up to 800P

o
PC, 

800P

o
PCx20h and 10P

o
PC/min down to 300P

o
PC. The atmosphere of air + 10 vol% water vapor in the 

jar was maintained through continuously flowing the gas mixture of air + 10vol% water vapor 

into the jar. The gas mixture was produced by bubbling air in a distilled water bath at a pre-

determined temperature (42P

o
PC for obtaining the required 10vol% water vapor in the mixture). 

After the pre-determined cycles, the samples were removed from the jar to be cut, mounted and 

polished for microscopic observations. 

 

U2.3.3 Evaluating the corrosion resistance of the coatings under the conditions simulating the 

fire-side corrosion environmentU 

To evaluate the fire-side corrosion resistance of the obtained coatings, corrosion tests 

were conducted under the conditions simulating a worst scenario as the environment outside the 

boiler tube.  

Figure 4 is a schematic of the experimental set-up of the corrosion tests. The FeB3BAl 

samples for the corrosion tests were cut from the FeB3BAl layer coated on the common steel 

coupon and then polished to the required dimensions (~10 mm wide, ~15mm long and ~2 mm 

thick). Stainless steel (304) samples (~12 mm wide, ~15mm long and ~2.5 mm thick) were also 

tested in the same test runs in order to be compared with FeB3BAl samples in terms of their 

corrosion resistance performance. 
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Fig. 4.  Schematic of experimental set-up to evaluate the fire-side  
    corrosion resistance 
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The fire-side environment was simulated with coal ash and flue gas. The synthetic coal ash fine 

powder was obtained by the following procedure: a) Sintering a mixture of chemical reagents 

with a desired composition (wt%): 5 NaB2BSOB4B, 5 KB2BSOB4B, 30 AlB2BOB3B, 30 SiOB2B and 30 FeB2BOB3B at 

800P

o
PC for 24 hours; b) Crashing and then wet-milling the sintered mixture in the media of 

heptane for 24 hours to obtain synthetic coal ash powder suspended in heptane. The surfaces of 

FeB3BAl and stainless steel samples were cleaned with ethanol and then applied a layer of coal ash 

powder suspended in heptane with a brush. 

The flue gas consisted of SOB2B and air. In this study, SOB2B in the atmosphere was supplied by 

placing sufficient amount of NiSOB4B powder surrounding the crucible inside which the FeB3BAl and 

stainless steel samples were placed. According to the thermodynamic calculation based on 

decomposition reaction of NiSOB4B into NiO, SOB2B and OB2B, 5 vol% SOB2B would be maintained at 
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800P

o
PC in the air. Thus, during the corrosion tests of this study where the temperature was set to 

be 800P

o
PC, the flue gas was 5 vol% SOB2B, 20 vol% OB2B and 75 vol% NB2B. 

 

U2.3.4 Preparing FeUBU3UBUAl coated stainless steel pipes for field-test in power plant  

Based on the superior corrosion resistance of FeB3BAl coating observed from the 

preliminary corrosion tests simulating environments at both steam- and fire-side, field-tests were 

planned to be conducted in a power plant to evaluate the corrosion resistance performance of 

FeB3BAl coating in realistic environments where this coating is desired to be used. Therefore, a 

series of coating experiments were conducted to prepare FeB3BAl coated stainless steel pipes for 

scheduled field-tests in power plant. 

Stainless steel pipes were actually half-circle pieces cut from whole pipes. These half-

circle pieces are going to be mounted as shields for pipe in a boiler. The shield is expected to 

offer corrosion protection for the inner pipes in which water and steam flow. In comparison with 

the previous coating experiments on thick steel coupons, coating experiments on half-circle 

pieces required much more efforts to minimize the deformation of substrates during the coating 

process. Free standing half-circle pieces suffered significant distortion during the coating 

process, while a custom designed fixture during coating proved to be an effective approach for 

minimizing the distortion as shown in Figures 5 and 6. Microscopic observation also indicated 

that good metallurgical bonding formed between FeB3BAl coating and stainless steel semi-pipe. 
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Figure 5. Overview of FeB3BAl coated on half-circle-shaped 304 stainless steel 
 

Figure 6. Cross-sectional view of FeB3BAl coated on half-circle-shaped 304  
    stainless steel 
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3. Results and Discussion 

3.1 Iron aluminide coatings 

U3.1.1 Iron aluminide coatings with iron aluminide powder as the feed material 

 In Series A tests, iron aluminide powder was used as the feed material. In the process, the 

plasma voltage was fixed at 40 V, while the plasma current was varied from 20 to 40 to 60 

amperes. First of all, the apparent quality of the coatings as a function of the plasma current was 

examined. Optical micrographs, as shown in Figure 7a, indicate that the coatings obtained with 

the low plasma currents (20 or 40 A), have considerable amounts of porosity at the 

coating/substrate interfaces, which would result in poor bonding  between the coating and the 

substrate. In fact, the bonding of these specimens was so poor that the coatings delaminated from 

the substrates during either cooling or sample sectioning afterwards. The bonding is considerably 

improved, however, when the plasma current was increased to 60 A. Figure 7b shows that the 

coatings with excellent coating-substrate bonding were obtained with 60A plasma current.  

Fig.7 Cross-sectional images of coatings obtained with pre-alloyed iron aluminide 
powder as the feed material at different heat input powers: a. plasma current 40A; 
b. plasma current 60A. 

a b
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To examine the possible reactions of the powder with the substrate, the profiles of 
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aluminum and iron contents across the coating layer obtained with the plasma current of 60 A 

were determined, as shown in Figure 8.  

Fig.8 Variation of coating composition with pre-alloyed iron aluminide powder as 
the feed material.    
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The aluminum content in the original iron aluminide powder used in the test was Al = 

27.27 at%, while the maximum Al content in the resultant coating was 19.5 at% which is only 

71.4% of original Al content in iron aluminide powder. This indicates that there was significant 

dilution of the FeB3BAl powder by the steel substrate. It can be further reasoned that the higher 

plasma current, i.e. the higher plasma heat input, increases the depth of melting of the substrate 

surface which in turn results in more dilution. In order to obtain phase pure FeB3BAl coating, the 

plasma current should be kept at a minimum. On the other hand, however, as shown earlier, 

when the plasma current is lowered, the porosity in the coating increases and the bonding 
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between the coating and the substrate deteriorates. To overcome these contradicting factors, one 

solution to the problem is to use a relatively high plasma current to ensure good bonding and low 

porosity, while increasing the aluminum content in the feed powder to compensate for the 

inevitable dilution. This can be done by the use of blend of elemental aluminum and iron 

powders.  

 

U3.1.2 Iron aluminide coatings with blend of elemental iron and aluminum powders as the feed 

material 

 In Series B tests, a blend of elemental iron powder and aluminum powder was used as the 

feed material. The nominal composition of the blended powder was equivalent to FeB3BAl, i.e., 

Al/(Fe+Al) = 25 at%. Two types of gases – pure argon or argon plus 5vol% hydrogen - were 

used in this series of experiments. When pure argon was used, the results showed that dense 

coatings could not be produced, which was attributed to the significant oxidation of the 

aluminum and/or iron powders. It is likely that oxidation occurred before the two powders had 

any chance to melt and react with each other. The oxidized surfaces of aluminum and/or iron 

powders would prevent not only the wetting and reaction between the two powders but also the 

adhesion of the coating to the steel substrate. When a mixed gas of argon plus 5 vol% HB2B was 

used, however, satisfactory coatings with sound appearance and bonding and minimum porosity 

were obtained. It appears that a small amount of hydrogen added in the argon can prevent the 

oxidation. Figure 9 shows the profile of aluminum content across the coating layer, obtained 

using a plasma voltage of 40 V and a plasma current of 60 A. Although the original aluminum 

content in the feed powder was 25 at%, the maximum Al content in the resultant coating was 

only 11.6 at%. This result shows that when a blend of elemental Al and Fe powders is used, 
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dilution of aluminum content in the coating layer is even more severe than when pre-alloyed 

FeB3BAl powder is used as the feed material. The next series of experiments were therefore 

designed to use pure aluminum powder as the feed material. 

Fig.9 Variation of coating composition with a blend of Fe powder and Al 
powder as the feed material.  
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U3.1.3 Iron aluminide coatings with aluminum powder as the feed material 

 In Series C tests, pure aluminum powder was used as the feed material. The argon-5vol% 

hydrogen mixture was used as the carrier, plasma, and shielding gases. The plasma voltage was 

fixed at 40 V, while the plasma current was varied at 20, 30, 40, 50, 60, 70, 75 and 80 A.  

 When plasma currents were 50 A or higher, continuous coating layers were formed and 

excellent metallurgical bonding was achieved between the coating and the substrate, as shown in 

Figure 10a. When the plasma currents were lower than 40 A, there were significant amounts of 
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pores in the coating, as shown in Figure 10b, indicating insufficient melting of Al powder and 

steel substrate surface and/or insufficient reaction between Al and Fe due to low heat input. 

Fig.10 Cross-section of coating-substrate interface formed with Al powder as 
the feed material at different heat input powers: a. plasma current 50A;  
b. plasma current 40A.  
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 Compositional analysis across the coating layers obtained using a 50 A or higher current, 

as shown in Figure 11, suggests that the composition in the obtained coating is uniform. Figure 

12 shows a plot of Al content vs. the current. It shows that when the current was 60A, the 

composition of coating was consistent with that of the FeB3BAl phase. The phase identification was 

further confirmed by X-ray diffraction analysis of the 60A specimen. Figure 13 shows that the 

coating consists of the FeB3BAl phase with no noticeable presence of other phases.   
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Fig. 11  Al contents in coatings (with Al powder as the feed material) obtained 
at different plasma currents. Note: The value beside each plot is the plasma 
current, while the plasma arc voltage was kept at around 40 V for all tests. 
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Fig.12  Al contents in coatings with Al powder as the feed material vs. the 
employed plasma currents 
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Fig.13  X-ray diffraction pattern of the coating obtained at plasma current of 
60 A, with Al powder as the feed material. With Cu Kα radiation.
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When plasma currents of higher than 70 A were used, the Al contents in the coatings 

were lower than that of FeB3BAl, which is attributed to the excessive dilution due to excessive 

melting of the substrate surface. The results also show that when the plasma current is lower than 

60 A, the supply of iron from the steel substrate was insufficient for the reaction with Al to form 

an FeB3BAl coating. Overall, the results suggest that 60 to 70 A is optimum for obtaining iron 

aluminide coatings when using pure aluminum powder as the feed material. 

Bonding strength between the obtained coatings and the substrates were also evaluated by 

the three-point bending test. The tested sample was found to bend in the mode of good bonding, 

i.e., without delamination of the coating from the substrate, as shown in Figure 14, indicating 

excellent bonding between the coating from the substrate. 
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Fig. 14 FeB3BAl coated on steel substrate, after three-point bending test 
 

It is worth pointing out that the optimum plasma current will depend on the ratio the 

feeding rate of aluminum powder and the supply rate of the melted iron from the substrate 

surface which is a function of the net heat flux towards the substrate surface. The net heat flux is 

the difference between the heat influx from the plasma torch and heat dissipation away from the 

substrate surface. It is anticipated that the optimum plasma current will increase with enhanced 

substrate cooling by, e.g., using forced air or water cooling underneath the substrate.   

 

U3.1.4 Corrosion resistance of the coatingsU 

For the steam-side corrosion performance, as shown in Figure 5, the cross-sectional 

images of the samples of FeB3BAl coated on steel substrate indicated that there was merely very 

slight corrosion on the surface of FeB3BAl coatings which can be verified from the fact that the 

surface of FeB3BAl coatings became brownish from the originally white color, while the steel 

substrates suffered a severe corrosion which can be identified from the thick black layer of oxide 
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developed on the surface of steel substrate, indicating that the corrosion resistance of FeB3BAl 

coatings are much more superior than common steel. The appearance of stainless steel (304) 

samples showed that there formed black oxide films on the surface, and some of the oxide films 

were found to be delaminated or even peeled off from the samples. In comparison, the cross-

sectional images near FeB3BAl coating surface and near stainless steel surface are given in Figure 6 

and figure 7, respectively. It is clear that the surface of FeB3BAl coating is quite clean without any 

obvious oxide film, while the non-continuous oxide film can be clearly seen on the surface of 

stainless steel. Therefore, it can be concluded that the corrosion resistance of FeB3BAl coatings is 

much superior to 304 stainless steel. 

 

Fig. 15.  Cross-sectional image of FeB3BAl coated on steel substrate, after 
corroded in the atmosphere of air + 10vol% water vapor at 800P

o
PC for 

4x20 hours 
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 Fig. 16.   Cross-sectional image of the surface of FeB3BAl coating, after  
      corrosion test 

Fe3Al 
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 Fig. 17.   Cross-sectional image of the surface of 304 stainless steel, after  
      corrosion test 

stainless steel 

oxide film 

 

For the fire-side corrosion performance, observation of the FeB3BAl and 304 stainless steel 

samples after the fire-side corrosion tests showed that no observable corrosion layer developed 

on the surface of FeB3BAl at 800P

o
PC for up to 400 hours, while significant corrosion layer developed 

on and much of the corrosion layer peeled off from the surface of 304 stainless steel under the 

same condition, indicating that the corrosion resistance of FeB3BAl coating was much higher than 

that of 304 stainless steel.  

 

U3.1.5 Discussion 

 Based on the aforementioned experimental results, the plasma current must be 

sufficiently high to cause adequate melting of a substrate surface layer in order to obtain dense 

coatings that are metallurgically bonded to the substrates. The substrate melting, however, 

dilutes the coating composition. Consequently, when either pre-alloyed iron aluminide powder or 
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a blend of elemental Al and Fe powders was used as the feed material, the aluminum content in 

the coating was lower than that required for forming the FeB3BAl intermetallic compound. When 

pure aluminum powder was used as the feed material, the iron supply rate from the melted 

substrate surface could be manipulated by controlling the heat influx from the plasma torch so 

that the iron supply rate matched the aluminum powder feed rate to form coatings with 

compositions equivalent to iron aluminide. In this way, the iron aluminide coatings could be 

produced by the in-situ reaction between the fed aluminum powder and the iron present in the 

substrate.  

In a typical in-situ reaction coating process, the substrate supplies part or all of one or 

more constituents for a binary or multi-component coating. The substrate surface reacts with the 

feed material to form a coating of a desired composition. The fed powder, the substrate surface, 

and the coating layer need to be in liquid state for a sufficient period of time during the coating 

process to allow the in-situ reaction to be completed. Otherwise, unreacted powder may remain 

in the coating layer, resulting in a coating of low quality. Therefore, a sufficiently high heat 

influx towards the substrate surface is necessary for the success of an in-situ reaction coating 

process. In this respect, the PTA technique is uniquely suitable compared to other thermal spray 

techniques, because the PTA torch is designed to offer a heat flux towards the substrate high 

enough for the substrate surface to melt. In other thermal spray coating processes, such as arc 

spray [21], low pressure plasma spray [22], air plasma spray [23] and high velocity oxyfuel 

(HVOF) spray [24-28], the torches are designed to operate with a “cold” (in comparison to the 

melting point of the substrate) substrate surface and thus no surface melting can occur. It is 

interesting to note that the dilution from the substrate, which is inevitable in the PTA process and 

usually regarded as a disadvantage in comparison with other thermal spray techniques, is a pre-
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requisite for an in-situ reaction coating process to be successful. 

Finally, it is noted that the principles of the in-situ reaction coating process demonstrated 

in this research are applicable to the production of coatings based on other binary or multi-

component intermetallic and alloy systems. For example, NiB3BAl coatings should be formed on Ni 

or Ni-based alloy substrates by using Al powder as the feed material; or FeCrAl coatings should 

be formed on steel substrates by using a blend of elemental powders of Al and Cr. 

 

3.2 Nickel aluminide coatings 

A series of coating tests were conducted to prepare nickel aluminide coatings on Ni-

based alloy (more specifically Inconel 600 with the composition at% of Ni 73, Cr 17.3 and Fe 

9.7) by an in-situ reaction coating process. The nickel aluminide coating was formed by an in-

situ reaction between the aluminum powder fed through a plasma transferred arc (PTA) torch 

and the Ni-based alloy substrate. Subjected to the high temperature within an argon plasma zone, 

aluminum powder and the surface of alloy substrate melt and react to form the nickel aluminide 

coating. 

The argon-5vol% hydrogen mixture was used as the carrier, plasma, and shielding gases. 

The plasma voltage was fixed at 40 V, while the plasma current was varied at 30, 40, 45, 50, 65 

and 75 A.  

When plasma currents were 40 A or lower, it was hard to obtain continuous coating 

layers, due to in-sufficient heat input towards the coating layer as well as the substrate surface. 

While plasma currents were 45 A or higher, continuous coating layers were formed, and as 

shown in Figure 18 the coatings were found to be porosity-free and metallurgically bonded to the 

substrate. It was found that the optimum plasma current was 45-65 A, because discontinuous 
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coatings formed when the plasma current was lower than 45A, while aluminum content in 

coatings was quite low when the plasma current was higher than 65A. Compositional profiles as 

shown in Figure 19 across the coating layer obtained in proper plasma current, e.g., 65A, 

suggested that the composition in the coating was quite uniform.  

The average composition of the obtained coatings at the plasma current of 65 A  is Al 

10.08, Ni 68.41, Cr 12.93, Fe 8.00 and Mn 0.58, wt%. Since the phase diagram of Al-Ni-Cr-Fe-

Mn system is not available, the above coating composition was converted to a pseudo-ternary 

system of Al-Ni-Cr consisting of Al 10, Ni 75.7 and Cr 14.3, wt%, via distributing Fe and Mn 

contents into Ni and Cr contents. Plotting the composition point of the coating in the available 

Al-Ni-Cr phase diagram as shown in Figure 20, it was found that the coating composition was 

located in the three-phase region consisting of β, δ and (Ni), where β is NiAl, δ is NiB3BAl and (Ni) 

is Ni solid solution, suggesting that the constituent phases in the coating should be NiAl, NiB3BAl 

and (Ni). The above phase constituents in the obtained coatings were identified from the X-ray 

diffraction spectrum of the coatings as shown in Figure 21. 

Plot of average Al contents in the coatings vs. the employed plasma current, Figure 22, 

indicated that aluminum content in the coating layer decreased with increasing plasma input 

power, due to the enhanced melting rate of the substrate surface and thus higher material supply 

rate from the melted substrate surface. 
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Fig. 18. Cross-sectional image at the substrate-coating interface. With pure Al as 
feeding materials and Inconel 600 as substrate, obtained at plasma current of 65A.  

Inconel substrate

NiB3BAl coating 

200 μ 

 

 

Fig. 19. Composition profiles in coating layer obtained via in-situ reaction 
between Al powder and Ni-based alloy substrate using PTA process, with the 
plasma current of 65A. 
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Fig. 20 Phase diagram of Al-Ni-Cr at 1323K and the composition point of the 
coating obtained at plasma current of 65A.

The composition 
of coating 

 

Fig. 21 X-ray diffraction spectrum of coating layer obtained at plasma current 
of 65A.  
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Fig. 22 Average composition of each coating layer vs the plasma current 
employed to obtain each coating layer.  
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3.3 Field-testing FeB3BAl coating in power plant 

After optimizing the coating operation parameters for achieving FeB3BAl coatings on 

stainless steel, FeB3BAl coatings have been successfully deposited on half-circle-shaped stainless 

steel pipes for field-test, as shown in Figure 23. The metallographic analysis indicated that the 

coatings were porosity-free and uniform FeB3BAl that was metallurgically bonded to steel 

substrates. 

 In Sept. 20, 2007, the above two samples were mounted as shields for boiler pipes in Unit 

2 Boiler, Hunter Plant, PacificCorp to start field-testing the corrosion resistance of FeB3BAl 

coatings in realistic industry environment.  
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Fig. 23 FeB3BAl coated stainless steel pipes which is now under field-test. 
Mounted in Unit 2 Boiler, Hunter Plant, PacificCorp in Sept. 20, 2007. 
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The shields were installed on the screen tubes directly upstream of the finishing 

superheater.  These screen tubes are water circuits.  The gas temp in this area is ~1500 deg F.  

The internal water temperature should correspond to saturation at essentially the drum pressure 

(nominally 2700 psi) or 680 degrees F. The air space between the shield and the tube and the 

shield is closer to the 1500 deg F gas temp.  

 After tested for nearly 8 months, one of the tested samples was taken out of the boiler for 

examination of the corrosion-resistant performance of the coating, while another sample is still in 

test in the boiler. The examination of the taken-out sample showed that there was no obvious 

corrosion on the coating, indicating excellent corrosion resistance of the FeB3BAl coatings.  

 

4.  Conclusions 

Based on the results presented above, the following conclusions are drawn: 

1. A novel in-situ reaction process for depositing intermetallic aluminide coatings on steel or 
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Ni-base alloy substrates was developed. In this process, aluminum powder was fed through a 

plasma transferred arc (PTA) torch onto the steel substrate surface. Experimental results 

demonstrated that the aluminide coating was formed by an in-situ reaction between the 

aluminum powder and the metal substrate.  

2. Coatings prepared under optimum conditions were iron aluminide or nickel aluminide that is 

porosity-free and metallurgically bonded to the substrate.  

3. Prepared iron aluminide coatings exhibited excellent corrosion resistance in both the 

conditions simulating steam-side and fire-side environments in coal-fired boilers. 

4. It is expected that the principle demonstrated in this process can be applied to the deposition 

of other intermetallic and alloy coatings. 
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Accomplishments 
 
Peer-reviewed journal articles 

Iron aluminide coating by an in-situ reaction process, P. Fan, E. Riddle, Z.Z. Fang and H.Y. 

Sohn, Surface and Coating Technology, 2008, vol.202, No.24, pp.6090-6094. 

 

Conference presentations 

Iron aluminide coating produced by plasma transferred arc process, P. Fan, E. Riddle, Z.Z. Fang, 

H.Y. Sohn and M.D. Clark, 8P

th
P International Conference on Trends in Welding Research, June 

2008, presented. 

 

US Patent Applications 

Processes for in-situ coating of metals, Z.Z. Fang, H.Y. Sohn, P. Fan and E. Riddle, U.S. Patent 

Application, 2007, Serial No. 61/018,162. 
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