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INVESTIGATION OF ALUMINIZED INTERMETALLIC COATINGS ON Fe–Cr–Al SYSTEM 
ALLOY CORROSION RESISTANCE 

L. M. Gurevich,1  D. V. Pronichev,2  V. P. Kulevich,3  O. V. Slautin,4   
V. A. Naumenko,5  and  V. O. Kharlamov6 UDC 620.193.27: 621.785.539 

Results are provided for a study of an aluminized coating corrosion resistance on the surface of alloys  
of the Fe–Cr–Al system (fechrals) and austenitic corrosion-resistant steel 12Kh18N10T under conditions 
of a temperate climate humid atmosphere containing chlorides.  Coatings are applied by immersion in 
a melt.  A study of corrosion during variable immersion of specimens in a 3% aqueous solution of sodi-
um chloride show that coatings of the Fe–Cr–Al system prepared by aluminizing withstand long-term 
exposure to the environment (corrosion rate is 0.0003 g/(m2·day).  An aluminized coating on a steel 
12Kh18N10T surface has twice as good corrosion resistance indicators than for a coating on a Kh15Yu5 
substrate.   

Keywords: aluminizing, fechral, corrosion-resistant steel, corrosion resistance, corrosion testing, elec-
tron microscopy, energy-dispersive analysis. 

Introduction 

Alloys of the Fe–Cr–Al system (fechrals) are well recommended as heat-resistant materials providing stable 
component operation at high temperature and within corrosive media (water vapor, exhaust gases, etc.) [1–5].  
Heat-resistance of fechrals is governed to a significant extent by the aluminum content, and an increase in its 
content above 5% leads to alloy embrittlement, which makes it difficult the treat under pressure [6, 7].  For-
mation of aluminum coatings on alloys of the fechral system facilitates an increase in component service operat-
ing life at high temperature and within corrosive media [8, 9]. 

Various methods exist for applying aluminum to an alloy surface: aluminizing from a gaseous medium, 
powder deposition, electrolytic aluminizing, aluminizing by immersion in a melt, etc. [10–15].  One of the most 
widespread methods is immersion within a melt since it does not require expensive equipment and makes it pos-
sible to aluminize large components, it is simple in implementation, and it provides formation of a continuous 
defect-free coating over a whole component surface. 

Coatings based on alloyed iron aluminides have good heat resistance [16, 17], which is due to formation  
of a dense oxide film preventing oxygen diffusion towards a substrate at high temperature [4, 18].   Aluminum  
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Table 1  
Test Material Chemical Composition 

Alloy 
Element content, wt.% 

C Si Mn Ni Cr Cu Ti Ce Al Fe 

12Kh18N10T 0.11 0.8 2 10 18.5 0.3 0.6 – – Res. 

Kh15Yu5 0.08 0.7 0.7 0.6 14.7 – 0.4 0.1 4.7 Res. 

within a coating composition provides formation of oxide Al2O3 in an oxidizing medium, and alloying compo-
nents stabilize its a-modification distinguished by the greatest density and stability at high temperature [19, 20]. 

It is well known that austenitic corrosion-resistant chromium-nickel steels (for example 12Kh18N10T)  
are used extensively for preparing equipment operating within sea water.  However, the question of improv-
ing the corrosion resistance of these steels is currently important [21, 23].  One method for increasing corro-
sion resistance is coating application, although data currently published about test intermetallic coatings of the 
Fe‒Al system under operating conditions of a moist sea atmosphere point to their quite intense corrosion dam-
age [24, 25].  In this case the question of coating life based on alloyed iron aluminides under electrochemical 
corrosion operating conditions in moist atmospheres or salt solutions has hardly been considered. 

The Aim of This Work is to study corrosion resistance under conditions of the action of electrochemical cor-
rosion of intermetallic coatings of the Fe–Cr–Al system prepared during aluminizing with fechral Kh15Yu5 aus-
tenitic chromium-nickel steel 12Kh18N10T. 

Research Materials and Methods 

The material used for study was fechral strip Kh15Yu5 GOSТ 12766.2–90 and cold-rolled sheet of austenit-
ic chromium-nickel steel 12Kh18N10T GOST 19904–90.  The chemical composition of a substrate before alu-
minizing was monitored by means of an optical emission spectrometer PMI–Master Smart UVR (firm WASAG 
group Oxford Instruments, Germany) in a Spark regime with use of argon and corresponds entirely to the grade 
[26] (Table 1).   

Specimens before aluminizing were cleaned with abrasive cloth and degreased with ethanol in order to re-
move an oxide film and contaminants, and then immersed for 10 min in molten aluminum AD1 heated in a co-
rundum crucible to a temperature of 710 ± 10°C. 

Coating microstructure and chemical composition of the structural components formed were studied in an 
Olympus BX-61 optical microscope (firm Olympus, Japan) and a Versa 3D DualBeam (firm FEI, Netherlands) 
electron-ion microscope using an INCA X-Mac (firm Oxford Instruments, Great Britain) energy-dispersion 
spectrometer.  Coating phase composition was determined in a Bruker D8 Advance Eco X-ray diffractometer.  
Interpretation of phase analysis results was conducted using a licensed version of the Diffrac. Eva and Dif-
frac. Topas program and a PDF-2 licensed data base. 

A study of substrate corrosion before aluminizing and coating based upon aluminum was conducted in ac-
cordance with GOSТ 9.913–90 by an accelerated corrosion method simulating action of temperature climate 
atmosphere containing fluorides with alternate immersion of specimens (immersion/extraction cycle 10/50 min)  
in 3% sodium chloride solution in distilled water with addition of hydrogen peroxide at 18–25°C in a unit of  
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Fig. 1.  Coating microstructure on substrates of Kh15Yu5 (a), (b) and steel 12Kh18N10T (c), (d) after aluminizing. 

the “screen covering” type [27].  The solution was changed every 15 days, specimens were cleaned from the cor-
rosion products formed, washed, dried, and surface microstructure was studied.  Specimen weighing was per-
formed in a Vibra (company Shinko Denshi, Japan) electronic balance with accuracy of 0.001 g.  Before the end 
of a 90-day cycle of a corrosion tests transverse microsections were prepared and studied in order to evaluate the 
nature and depth of damage.   

Research Results and Discussion 

Studies of the microstructure and structural component chemical composition were performed in an Olym-
pus BX-61 optical microscope and a Versa 3D Dualbeam electron microscope and showed that during aluminiz-
ing alloy Kh15Yu5 there is formation of a continuous coating similar with respect to structure to that obtained 
during aluminizing unalloyed steel [27].  The upper layer of a coating is an aluminum matrix with intermetallic 
FeAl3 inclusions (Fig. 1a), and a diffusion layer at the boundary with the Kh15Yu5 alloy consisting of layers of  
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Fig. 2.  Coating microstructure on a substrate of fechral Kh15YuA (a) and steel 12Kh18N10T after diffusion annealing. 

FeAl3 and Fe2Al5 intermetallics with Cr3Si inclusions (Fig. 1c).  The chromium silicide formed is due to separa-
tion of excess chromium from intermetallic phases during cooling and its reaction with Si, contained with  
the AD1 (<0.3%) and fechral Kh15Yu5 (0.07%). 

At the surface of steel 12Kh18N10T under similar conditions there is formation of a coating whose upper 
layer is an aluminum matrix with inclusions of FeAl3 intermetallic (Fig. 1b), and in addition at the boundary 
with steel there are two layers of intermetallics whose phase compositions are FeAl3 and Fe2Al5 + FeNiAl5 
(Fig. 1d). 

After aluminizing specimens with an applied coating were subjected diffusion annealing at 100ºC with ex-
posure for 20 h for the fechral substrate and for 5 h for a steel 12Kh18N10T substrate. 

A study of the structure and coating composition after annealing has shown (Fig. 2a) that coatings at a fe-
chral surface have a composition differing from the surface towards the base: FeAl(Cr) → Fe3Al( Cr) → 
Fe(Al, Cr).  Coatings on steel 12Kh18N10T after annealing have a layered structure, the upper layer is a solid 
solution based on FeAl(Al, Cr, Ni) intermetallic and the lower layer is an a-Fe(Al, Cr, Ni) solid solution with 
smoothly decreasing Al content towards the steel 12Kh18N10T (Fig. 2b). 

Material corrosion resistance was evaluated from weight loss and corrosion rate that was determined from 
the change in specimen weight as a result of forming or removing corrosion products  

 K  =  Dm/t, (1)  

where  Dm  is weight loss;  t  is corrosion medium action time. 
Weight loss was calculated by an equation 

 Dm  =  (m0 – m1)/S, (2) 

where  m0  is specimen weight before testing, g;  m1  is specimen weight after the test cycle and corrosion prod-
uct removal, g;  S  is specimen surface area, m2. 

Analysis of weight loss data and corrosion damage rate, determined in accordance with GOST 9.913‒90 
(Fig. 3), showed that the corrosion resistance of austenitic steel 12Kh18N10T in both the original condition and  
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Fig. 3. Specimen weight loss (a) and corrosion rate (b): 1, 2 — fechral Kh15Yu5; 3, 4 — steel 12Kh18N10T in original condition (1, 3) 
and with applied coating (2, 4). 

 

Fig. 4.  Sites of corrosion damage (1, 2) at surface of aluminized fechral Kh15Yu5 after corrosion testing.   

after coating application remains quite good over the extent of a whole test cycle.  In this case a change in dam-
age rate is close to linear in nature, which makes it possible to predict quite well the component and structure 
operating life within a corrosive medium. 

Fechral Kh15Yu5 also exhibits quite good corrosion resistance, although after 45 days there was a sharp  
acceleration of material breakdown.  An intermetallic coating significantly changed material behavior during 
prolonged action of electrolyte, i.e., after 45 days there was a sharp increase in weight loss and an increase  
in corrosion rate, which makes it possible to predict the operating capacity of this material prolonged operation 
of a corrosive medium. 

A study of specimen microstructure undergoing corrosion testing made it possible to determine reasons  
for accelerated corrosion failure of fechral.  It has been established that at its surface there are areas of pitting 
corrosion damage (Fig. 4), within which by an energy dispersion analysis method an increase has been detected  
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Fig. 5.  Corrosion damage development of substrate surface and aluminized layer of fechral Kh15Yu5 after corrosion testing. 

Table 2  
Energy Dispersion Analysis Results  

within Aluminized Fechral Kh15Yu5 Intercrystalline Corrosion Areas 

Point number  
(Fig. 5) 

Chemical composition, at.% 

Na Cl O Al Cr Fe Si 

1 3.3 2.5 65.3 14.4 4.8 8.0 0.8 

2 3.2 0.5 59.3 11.2 4.8 18.6 0.8 

3 4.2 0.8 64.1 6.1 2.0 20.2 0.6 

in the corrosion medium main element content (sodium and chlorine), and also oxygen (50–60%), whereas  
in the major part of a surface the content of these elements is 18–25%. 

A study of surface layers of aluminized fechral showed that from the surface sites into the depth of material 
there is development of an intercrystalline corrosion process (Fig. 5), and its signs are detected both immediately 
within a coating and also at a depth from the surface up 1000 μm. 

Point energy dispersion analysis confirmed that a corrosion damage site observed within the structure of 
aluminized fechral after corrosion tests (see Fig. 5, points 2, 3) is development of intercrystalline corrosion since 
presence of sodium within these area, chlorine, and oxygen is detected, penetrating there together with corrosive 
medium (Table 2). 

Corrosion breakdown of an aluminized coating on steel 12Kh18N10T immediately within surface layers of 
a coating (Fig. 6a) and in contrast to fechral is pitted in nature (Fig. 6b), which confirms presence within these 
areas of traces corrosive medium action, i.e., up to 11% Na and up to 5.5% Cl.  In individual sections separation 
of NaCl crystals in pure form is observed. 

A study of an aluminized coating surface on a substrate of steel 12Kh18N10T after corrosion testing showed 
that damage sites are uniformly distributed over grain boundaries (Fig. 7, point 1).  The grains themselves are 
a solid solution based on intermetallic FeAl(Cr, Ni) containing an adequate amount of chromium (16%) in order  
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Fig. 6.  Microstructure of aluminized coating on steel 12Kh18N10T substrate (a) and area of corrosion damage (b).   

 

Point  
number 

Chemical composition, at.% 

Ti O Al Cr Fe Ni 

1 – – 37.4 16.1 42.1 4.4 
2 – 57.9 41.0 0.2 0.5 – 
3 3.8 59.1 23.4 1.2 6.4 0.9 

Fig. 7.  Aluminized coating surface on steel 12Kh18N10T substrate after performing corrosion tests.   

that these areas exhibit a positive electrochemical potential and good corrosion resistance.  Over grain bounda-
ries within regions of corrosion damage the chemical composition differs considerably (see fig.  7, points 2, 3): 
a high oxygen content and an increased aluminum content point to presence of Al2O3 oxide, resistant to corro-
sive medium action, whereas other phases not exhibiting corrosion resistance dissolve actively within electrolyte 
during an experiment. 
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Fig. 8. Chemical element distribution within surface layers of aluminized steel 12Kh18N10T after corrosion tests: 1 — Fe; 2 — Al; 
3 — Cr; 4 — Ni.   

In this case development of corrosion is concentrated within a relatively thin layer (about 200–300 μm),  
and there is almost no corrosion damage within deeper layers, since here there is formation of a solid solu-
tion Fe(Al, Cr, Ni) zone containing about 18% chromium and exhibiting good corrosion resistance (Fig. 8).   

The possibility of localizing corrosion solely within a thin surface layer demonstrates the better coating re-
sistance on a substrate of steel 12Kh18N10T 

CONCLUSION 

These studies have demonstrated that an aluminized coating of the fechral Fe–Cr–Al system obtained has 
high corrosion resistance and withstands well prolonged medium action, simulating an atmosphere of a moder-
ate climate containing chlorides: weight loss does not exceed 0.025 g/m2, and the corrosion rate does not exceed 
0.0003 (g/cm2)/day.  An aluminized coating formed on steel 12Kh18N10T has twice as good corrosion re-
sistance indices as a coating on a substrate of Kh15Yu5. 

It has been established by electron microscopy and energy dispersion analysis that in the case of a substrate 
of fechral breakdown proceeds by an intercrystalline corrosion mechanism, and in this case the depth of damage 
recorded exceeds 1000 μm. 

Corrosion breakdown of an aluminized coating on steel 12Kh18N10T is pitted in nature and it is concen-
trated within coating surface layers.  Development of corrosion ceases on reaching a solid solution Fe(Al,Cr, Ni) 
containing about 18% chromium.   
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