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IMPROVEMENT OF CARBON STEEL SCALE RESISTANCE BY COMBINED 
TITANIZING AND ALUMINIZING FROM MULTILAYER COATINGS 

A. M. Gur’ev,1  K. A. Krasnikov,2  S. A. Zemlyakov,3    
М. А. Gur’ev,4  and  S. G. Ivanov5 UDC 621.785 

Results are presented for research on the problem of increasing the stability and durability of a diffusion 
aluminized coating on carbon steel 45 when held in an oxidizing atmosphere at 1100°C.  A method is 
proposed for aluminizing from a three-layer impregnation mixture in which resorption of the aluminized 
layer is excluded and good oxidation resistance of the protected steel is provided.  Experimental tests of 
an aluminized specimen made of steel 45 at a temperature of 1100°C for 200 hours showed that under 
the specified conditions there is 10% better oxidation resistance than for steel 12X18H10T and 1140% 
better than for unaluminized steel 45.   
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Carbon steels are the main structural material for preparing machine components and structures.  Intensive 
use of these steels is due to low cost and a good set of operating properties.  However, carbon steel does not  
exhibit good heat and corrosion resistance properties that limits its use under high-temperature and corrosive 
media conditions.  One method for improving heat and corrosion resistance and also to resistance to high-
temperature corrosion is chemical heat treatment, in particular aluminizing and siliciding.  Preparation of  
pore-free silicide diffusion layers with a high silicon content on carbon steels is connected with significant diffi-
culties [1–4].  Aluminized diffusion coatings are free from this problem although during prolonged high-
temperature exposure an aluminized diffusion layer is inclined towards “resorption” that reduces a protected  
surface heat resistance.  It should be noted that high temperature resorption and also formation of intermetallic 
interlayers concerns aluminized coatings on iron-carbon alloys independent of the application method [5–9].   
In this case various barrier composites, for example an underlayer of nichrome, makes it possible to reduce alu-
minized layer resorption rate.  Research on the theme of preparing complex titanium-aluminized and also sili-
con-titanium-aluminized coatings is relatively sparse in publications, although good prospects are noted for the 
use of such coatings within the plan for improving steel corrosion and scaling resistance [10–12]. 

A possible method for reducing the effect of aluminized layer resorption is application of barrier intermedi-
ate layer exhibiting low diffusion permeability for aluminum (for example nichrome) or bonding aluminum into 
chemical compounds resistant to high temperature and exhibiting reduced diffusion permeability with respect  
to  aluminum  and  in  addition weak  solubility in iron.   One of these elements is titanium, i.e., its solubility in iron  
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Fig. 1.  Steel 45 aluminized coating microstructure. 

does not exceed 2.7 wt.%.  In addition, it may bonded with both iron and aluminum forming corresponding 
chemical compounds with a covalent bond, stable at high temperature, so-called intermetallics. 

Studies have been conducted in the present work for determining the possibility of preparing multilayer dif-
fusion aluminum coatings resistance to the effect of resorption at temperatures up to 1200°C.  Impregnation was 
performed in a SNOL chamber furnace fitted with a program controller on specimens of steel 45 with a size of 
30X30X40 mm.  A multilayer impregnation medium was used whose first layer was a mixture of ferrotitanium 
FTi75 and aluminum PA-3 powders in the ratio 80:20 wt.% diluted in ethyl silicate.  The first coating layer 
thickness was 70–100 µm.  After drying the first coating layer a second coating layer was applied to the surface 
represented by a mixture of ferrosilicon FS25 and aluminum PA-3 powders in the ratio 15:85 wt.% diluted in 
ethyl silicate.  The coating layer thickness was 400–500 µm.  After drying the second layer a third layer was ap-
plied represented by aluminum PA-3 powder diluted in ethyl silicate.  The third coating layer thickness was not 
more than 100 µm.  After drying specimen with the applied coating they were place in a furnace previously 
heated to 900°C and held at this temperature for 1 h.  At the end of exposure specimens were extracted from the 
furnace and stood on a metal plate.  Cooled specimens were washed in warm (30–40°C) soap and soda solution 
and metallographic templates were cut from them. 

Specimens were cut in a MICROCUT-201 precision cutting machine and pressed in a METAPRESS metal-
lographic press into BAKELIT compound.  Grinding and polishing was performed in an automatic DIGIPREP 
grinding and polishing unit.  Metallographic etching was performed successively in two stages: in the first stage 
the overall microstructure of the steel substrate was revealed by means  “Nital” etchant (4% alcoholic HNO3  
solution), and in the next stage the coating structure was revealed by means of modified Keller etchant (2 mliter 
HF, 3 mliter HCl, 20 mliter HNO3 , 120 mliter glycerol) [13].  Analysis of the microstructure, determination of 
diffusion layer thickness and its components was accomplished by means of Thixomet PRO software and a Carl 
Zeiss Axio Observer Z1m metallographic microscope by procedures provided in [14-18]. 

The microstructure of a coating obtained is provided in Fig. 1.  It is seen that at the steel surface there was 
formation of a diffusion layer with an average thickness of 80 µm.  The boundary of the layer is smooth, and the 
layer itself columnar crystals.  There is no transition zone beneath the diffusion layer and the structure of basic 
material is troostite-sorbite, and structurally free ferrite is also present in the form of acicular precipitates of the 
Widmanstätten type. 

The diffusion coating microstructure at high microscope resolution is shown in Fig. 2 where it is seen that  
at the diffusion layer boundary there is another layer differing morphologically from the main diffusion layer 
(see Fig. 2b).  This underlayer is a thin barrier layer of titanium intermetallic formed from the first coating layer.  
The barrier layer thickness is 0.8–1.2 µm. 
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Fig. 2. Aluminized layer microstructure:  (a) general microstructure;  (b) boundary of diffusion coating and basic metal:  recording area 
separated by square (a), titanium intermetallic layer indicated by arrows (b). 

 

Fig. 3.  Diffusion aluminized layer microstructure after heat resistance testing. 

The aluminized layer was tested for scaling resistance at 1100°C for 200 h.  Tests were conducted by 
a gravimetric method in accordance with GOST 6130–71 “Metals. Methods for determining heat resistance 
(with change N 1)”. The comparison specimens used were made from steel 12Kh18N10T and unalloyed steel 45.  
Weight increase in this case was 18.72 g/cm2  for steel 12Kh18N10T, 16.44 g/cm2  for aluminized steel 45, 
and 187.81 g/cm2  for unaluminized steel 45. 

Therefore, compared with unaluminized material the resistance of aluminized steel 45 increased by 1140% 
and appeared to be 10% better than the resistance of steel 12Kh18N10T.  At the surface of an aluminized speci-
men in this case there was formation of a clearly visible oxide layer.  After testing for heat resistance an alumi-
nized specimen of steel 45 was also subjected to metallographic analysis (Fig. 3).  It is seen that during heat  
resistance testing the aluminized diffusion layer thickness decreased to a value of the order of 30 µm.  However, 
resorption of an aluminized layer and formation of a transition zone did not occur.  A thin barrier layer of titanium  
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Fig. 4. Titanium-aluminized coating on steel 45 chemical composition with observation from the coating surface (aluminum peaks not 
separated). 

intermetallic remains almost in unchanged form, i.e., the weight increase during testing occurred as a result of 
oxidation of an aluminized coating and formation of an aluminum oxide film at its surface. 

According to the composition diagram for iron with titanium there may be formation of intermetallics 
Fe2Ti  and FeTi, and in turn titanium with aluminum stable compounds Ti3Al, TiAl, TiAl2 , TiAl3 [19].  Layer-
by-layer X-ray diffraction analysis established within a diffusion coating compounds Fe2Ti , FeTi, TiAl, 
TiAl2 , TiAl3 .  In order to implement layer-by-layer X-ray diffraction analysis by means of a polishing machine 
and diamond wheel with a grain size of 3 µm a coating layer 70 µm thick was removed from a specimen with 
an interval of 3 µm, and then a surface was analyzed.  Results of diffraction pattern studies are provided 
in Figs. 4 and 5. 

A record of diffraction patterns conducted in a Bruker D8 ADVANCE diffractometer with CuKα -radiation 
(λ  = 1.5418 Å).  Synthesis and treatment of diffraction patterns was accomplished by means of JADE 6 soft-
ware.  Diffraction patterns showed that at a depth of 70 µm from surface of a diffusion coating the aluminum 
content, and also intermetallic titanium-aluminum phases are at a minimum, and in this case titanium-iron in-
termetallic phase predominates in this part of a diffusion coating.  Titanium is not revealed in a free condition 
within a coating.  From the surface a diffusion coating is represented by chemically pure aluminum in view of 
which aluminum peaks were excluded from identification (see Fig. 4) as they “obstructed” a useful signal. 

CONCLUSION 

The method developed for combined diffusion of titanium and aluminum of a three-layer coating makes it 
possible to improve significantly carbon steel scaling resistance.  This is achieved due to the fact that at the 
boundary of an aluminized layer and the basic material there is formation of a thin layer titanium intermetallics, 
in particular Fe2Ti  and FeTi from the direction of a steel base, and TiAl, TiAl2 , TiAl3 from the direction of 
an  aluminized  layer.   Titanium  intermetallics with  iron  and  aluminum  have a higher decomposition temperature  
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Fig. 5.  Titanium-aluminized coating on steel 45 chemical composition with recording for a value of coating 70 µm. 

than iron and aluminum intermetallics.  As a result of this fixing aluminum atoms within an aluminized layer is 
achieved and desorption of a diffusion aluminized coating is excluded with high temperature exposure. 
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