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Abstract— Alumina (Al2O3) is a potential ceramic material 

which has capability to form impervious protective coating 

layers that can provide underlying substrate permeation 

barriers to toxic gases, excellent electrical insulation and 

high temperature anti-oxidation cum corrosion resistances.  

In proposed fusion reactors the coolant channels made of 

reduced activation ferritic martensitic steels (RAFMS) will 

carry liquid coolant of Pb-Li. These channels require 

protective coating layers to prevent following corrosion, 

conduction due to PB-Li flow and radioactive tritium 

permeation. Hence, alumina coating is highly desirable over 

reduced activation ferritic martensitic steels (RAFMS) as 

coolant channels in test blanket modules (TBM) of fusion 

reactors. The flow of liquid coolant Pb-Li creates resistance 

to flow due to conduction, also corrosive action of Pb-Li can 

damage the channels with a risk of leakage of highly 

radioactive  tritium via  permeation. However, alumina 

coating directly by pack cementation or other techniques is 

difficult to form due to contamination with  iron aluminide 

type of intermetallics. In the present investigation, direct 

alumina coating was achieved plasma spray technique 

having average coating thickness of 100 µm. Alumina 

coatings obtained by adding sealant have good adhesion 

strength (6-7MPa) with porosity level 5% only. The coatings 

had high hardness values (800-900 VHN) for providing 

adequate wear resistance. The SEM images at the cross 

section show uniform layer of coating formation and the 

surface morphology indicates dense coating without any 

cracks. 
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I. INTRODUCTION 

RAFM steel is a potential candidate material for structural 

applications in the Test Blanket module (TBM) system in a 

Fusion Reactor. The cooling channels  made of RAFM steel 

in TBM system carry liquid coolant made up of  molten Pb-

17Li (atom%)  alloy. A typical view of TBM system 

showing the cooling channels is depicted in Fig.1.However, 

Pb-Li coolant being highly corrosive in nature at an 

operating temperature of 5500C can cause damage  to the 

internal walls of RAFM steel  channels  during flow due to 

corrosion effect and  can also undergo  pressure drop  due to  

magneto-hydrodynamic (MHD) effect as Pb-Li liquid is 

conducting in nature.  Moreover, radioactive element tritium 

generated during the fusion process has  high level of 

permeability which can leak through the walls of the cooling 

channels spreading radioactivity in the surrounding 

environment.  These are some of the critical issues which 

are anticipated to occur during the operation of the Fusion 

reactor. Hence, there is an essential need to resolve these 

issues effectively prior to use. The most significant cum 

viable solutions to the above problems could be to provide 

insulating and protective layers of coating on the internal as 

well as external surfaces of RAFM steel channels and other 

structural parts prior to use. Moreover, the coating materials 

should possess high electrical insulation, anti-oxidation, 

anti-corrosion and permeation barrier properties to counter 

above problems [1]. In this respect, alumina (Al2O3) is a 

proven ceramic material that contain all the above and many 

more  favourable attributes of properties suitable for RAFM 

steel coating application. Apart from the above, alumina 

possesses high hardness, chemical inertness, wear resistance 

and a high melting point. Alumina coating can retain up to 

90% of its strength even at 11000C. Because of excellent 

properties of alumina ceramics, they are widely used in 

many refectory materials, grinding media, cutting tools, high 

temperature bearings, a wide variety of mechanical parts, 

and critical components in chemical process environments, 

where materials are subject to aggressive chemical attack, 

increasingly higher temperature and pressures. It is reported 

that the corrosion resistance of alumina coatings are higher 

than that of cermet and metallic coatings. Hence, for fusion 

reactor application, Al2O3 is considered as one of the best 

ceramics material which can provide effective coating over 

RAFM steel having high electrical resistivity, tritium 

penetration resistance and chemical compatibility with Pb-

Li liquid. Moreover, as alumina can provide impervious 

layer of coating having low porosity, tritium leakage due to 

permeation also can be substantially reduced [2]. 

Aiello et.al [3] have carried out experimental 

studies on the deposition of alumina coating on RAFM steel 

by hot dipping (HD) and chemical vapour deposition (CVD) 

techniques. The aim of the study was to investigate the 

efficiency of aluminized coatings as tritium permeation 

barriers. Ozkan Sarikaya [4] has employed atmospheric 

plasma spraying (APS) technique to develop alumina 

coating on 304 SS and investigated the effects of hardness, 

porosity and roughness on the characteristics of coatings. 

Thermal spray coatings have been highly successful in 

industry due to their versatility in characteristics for coating 

on complex surfaces. These coatings are used for component 

surfaces to prevent the corrosion of certain substrate. As far 

as anticorrosion and anti-wear applications are concerned, 

the most frequently used coating materials are oxide ceramic 

coatings particularly of alumina [5]. However, alumina 

coating directly by pack cementation or other conventional 

techniques is not possible. Aluminium rich coating of iron 

aluminides being formed over the substrate surfaces as first 

set of layers are  converted into alumina layer by  controlled 

oxidation. However, coating rate is very sluggish with 

negligible coating thickness (5-10 µm) is achieved on 

prolonged oxidation. Moreover, intermediate layers of iron 

aluminde type of intermetallics formed during alumina 

coating formation can cause brittleness to the coatings  

interfering  with its properties.  

In the present work, a preliminary investigative 

study was carried out to develop protective coating of 

alumina over box type RAFM steel cooling channels using 
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plasma spray technique. The porosities formed during 

coating were minimized using polyester sealant. The 

effectiveness of development of coatings was evaluated by 

studying various parameters like the effects of  bond layer 

formation, sealing treatment, porosity content in the coating, 

its hardness value, microstructural as well as surface 

morphology characterization using  optical and scanning 

electron microscopic facilities.  

II. EXPERIMENTAL WORK 

Rectangular box type simulated channels of TBM system 

with square cross section having dimension of 20 x 20 x 2 

mm with 100 mm long were fabricated from as-received   

RAFM steel sheet of 300 x300 x 6 mm size. Electro-

discharge machining (EDM) technique was used to cut the 

sheet into two halves and then the cut-out sections were 

further sub sized  into small plates which were bent at two 

opposite corners and other two opposite corners were 

welded together to make the box channels. The detailed 

dimensions along with drawings of the plates and their cross 

sections showing welding spots are presented in Fig.2. 

Autogenous welding was used to join the corners to avoid 

filler material.  The chemical composition of RAFMS steel 

substrate used for box channels are presented in Table.1. 

Prior to plasma spraying of alumina powder, the substrate 

surfaces were grit-blasted using hard corundum powder 

(Al2O3) having 50-65 mesh size to improve the adhesion 

behavior of the coating powder followed by degreasing.  

Alumina coating was used with and without sealant. The 

Al2O3 powder used for spray coating was of α phase variety 

having around 40-50 µm size. 

A plasma spray system having the components of 

power source, control console, plasma torch, powder feed 

unit and water cooler system was used. The spraying 

parameters were optimized to obtain coating of best quality 

and the parameters are listed in Table.2. Coated specimens 

were ultrasonically cleaned and dried at 600C before sealing 

treatment. Sealant was used using nylon brush and was 

allowed to impregnate into the coatings. After curing, 

residual sealant was eliminated from the surface by grinding 

with 120 grit SiC paper. The morphology of the alumina 

coating powder, as well as the microstructures of the 

coatings at the cross section and surface level were 

examined by means of a scanning electron microscope 

(SEM). The specimens were cut parallel to the spray 

direction and mounted in epoxy. The cross sections were 

polished following standard metallographic techniques using 

2% Nital etchant containing 2% HNO3 and bal. ethyl 

alcohol by volume. Porosity content of the different coatings 

was measured by using image analyzer attached to an 

optical microscope. The average percentage porosity was 

determined using 10 fields, at four different positions on the 

same specimen. Initially, the coatings were observed with  

100 X magnification to have the complete coating thickness 

into the field view, however, it was not possible to 

efficiently isolate the pores from the coating, so a 

magnification of 200X was allowed to cover the entire 

thickness and pores present in the coating were completely 

isolated with precision. The hardness of coating layers were 

measured on the metallographic specimens using a Vickers 

microhardness tester with a load of 300 g. Indenting time of 

the indenter was applied for 50s. The adhesion test of 

coatings were measured using PosiAT pull off adhesion 

tester using a load of 20MPa max. and 10 mm dolly. 

III. RESULTS AND DISCUSSION 

High pure Al2O3 powder having 40-50 µm size was used 

for coating. The XRD pattern of the alumina powder was 

presented in Fig.3. which confirmed the alumina phase to be 

made of α Al2O3 powder. This α alumina powder was 

chosen for coating because it is stable, ductile compared to 

meta-stable γ Al2O3 which is  brittle. The SEM morphology 

of alumina particles used as spray powder for coating was 

presented in Fig.4. The alumina powder particles were 

found to be of elongated shape, irregular size containing 

sharp edges. This powder is highly suitable   for abrasive 

purpose which require adequate strength against any kind of 

abrasion. The elongated shaped particles   provide good 

interlocking with each other to prevent any kind of peeling 

off of coating during use. Hence, this kind of alumina 

(Al2O3) powder was chosen for coating in the present 

investigation [6]. The photo image of a typical plasma 

sprays coated alumina on box type RAFMS simulated 

coolant channel was depicted in Fig.5. The image 

demonstrated formation of alumina coating   uniformly all 

over the surfaces devoid of any cracks or distortion. The 

photo image of RAFMS pipe coated with alumina coatings 

by plasma process with and without addition of binder was 

shown in Fig.6. to distinguish the quality of coatings formed 

in both the cases. It is distinctly clear than that of the coating 

deposited with the addition of polysterene sealant exhibits 

more shining and impervious coating surface than that of 

without sealant.  The binder added coating also 

demonstrated significant reduction in porosity content in 

coating. 

The cross sectional SEM micrograph of the 

alumina coated RAFMS channel was presented in the Fig.7.  

The coating layer formed over substrate was quite dense and 

granular in nature without having any presence of cavities or 

pores or  other defects. High coating thickness of 100 µm 

was achieved within a 30 min. duration of plasma spray. 

The uniform interfacing layer of coating formed over the 

substrate surface without any gaps or cracks further 

indicates that the coating should have very good adhesion 

strength.  This was substantiated by measuring the adhesion 

strength of alumina coating over the substrate which 

recorded reasonably high value of 7 MPa. This high value of 

adhesion strength of the coating is definitely make the 

coating capable of providing sufficient strength against 

peeling off in any aggressive atmosphere. Using 

polyesterene sealant in the coating resulted in significant 

reduction in porosity level in the coating less than 2 % as 

compared to the coating surface without binder. measured 

porosity in the alumina coating was in the range of 5-6% 

which was further reduced to after the use of polyesterene 

sealant. The hardness profile of alumina coating formed 

over RAFMS channel substrate was depicted in Fig.8. The 

hardness values of coatings were recorded much higher than 

the substrates indicating the coatings were adequately hard 

to resist any kind of wear and tear. Average hardness value 

of 850 HV was obtained on the coating surface as compared 

to 380 HV on RAFM steel substrate. The hardness profile 

runs smoothly without any noticeable fluctuation   along the 

coating surfaces indicating uniform coating pattern. This 
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confirms that the coating surfaces are nearly free from 

defects such as porosity or cracks. The optical micrographs 

in Fig.9 (a) and 9(b) depicted how porosity content in the 

coating can be drastically reduced with the addition of 

sealant. It has been observed that the porosity level in the 

sealant added coating was significantly reduced to 5% from 

20% as found in the coatings without addition of sealant.   

IV. CONCLUSION 

Plasma spray coating technique was found suitable for 

developing direct alumina (Al2O3) coatings over RAFM 

and stainless steels in contrast to other techniques. Adherent 

coatings with thickness as high as 350-400 µm could be 

achieved without any occurrence of cracking or peeling off.  

Porosity in the coatings was significantly reduced to around 

3% from the normal level of around 9% using polysterene 

sealant. The coatings being very hard with hardness value 

varying from 800-900VHN are capable of withstanding 

adequate wear resistance against any adverse environment.  
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Element P V Mn W Al Cr Fe 

Wt % 0.04 0.26 0.56 1.49 4.03 8.65 Bal 

Table 1: Chemical composition of RAFM Steel (wt %) 

Plasma Spraying parameters for  

Coating material Alumina (Al2O3) 

Alumina Average Particle size 40-50 µm 

Carrier gas High pure Argon 

Current Used 600 A 

Voltage 70V 

Nozzle Torch 6  mm dia. 

Spray distance 140 mm 

Sealant Used Polyester 

Table 2: Plasma Spraying parameters of alumina coating 

 
Fig. 1: Schematic view of  Pb -Li liquid flow in TBM 

system 

 
Fig. 2: Sketch Showing Fabrication Drawings Of Box Type 

Channel 

 
Fig. 3: XRD pattern of Al2O3 Powder used for coating over 

RAFM steel 
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Fig. 4: SEM Morphology of Plasma Spray Alumina Powder 

 
Fig. 5: A typical Photo image of alumina coated RAFMS 

box channel 

 
Fig. 6: Typical photo image of alumina coating deposited 

with and without binder 

 
Fig. 7: Cross sectional SEM image of alumina coated 

RAFM steel 

 
Fig. 8: Hardness profile of alumina coating over RAFM 

steel surface 

 
Fig. 9(a):                                            Fig. 9(b): 

Fig. 9: Optical micrographs showing  porosities in without 

and with binder added coatings 


