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Abstract :    Aluminide coatings are a class of intermetallic coatings applied on nickel and cobalt base superalloys and
steels to protect them from different forms of environmental degradation at high temperatures. In this report a CVD
system that can produce the aluminide coatings on iron, nickel and nickel base alloys has been described and the
result of chemical vapor deposition of aluminide coatings  on iron specimens, their characterization, and property
evaluation have been presented. The CVD system consists of an AlCl3 bath, a stainless steel retort as a hot-wall
reacto, cold traps and vacuum system. Aluminium chloride vapor was carried in a stream of hydrogen gas at a flow
rate of 150 SCCM (standard cubic centimeter per minute) into the CVD reactor maintained in the temperature range
of 1173 - 1373 K and at a pressure of 1.33 kPa (10 Torr). Aluminum deposition takes place from aluminium sub-
chlorides produced by reaction between AlCl3 and pure aluminum kept in the CVD reactor. The aluminum diffuses
into the iron samples and iron aluminide phases are formed at the surface. The coatings were shining bright and
showed good adherence to the substrate. The coatings consisted of FeAl phase over a wide range of experimental
conditions. The growth kinetics of the coating followed a parabolic rate law and the mean activation energy was
212 ± 16 kJ/mol. Optical microscopic studies on the transverse section of the coating showed that the aluminide
coating on iron consisted of two layers. The top layer had a thickness in the range of 20-50 μm, and the under layer
had thickness ranging from 35 to 250 μm depending on coating temperature in two hours. The thickness of the
aluminide layer increased with coating duration and temperature. Electron microprobe studies (EPMA) showed that
the aluminum concentration decreased steadily as distance from the surface increased. TEM  studies showed that the
outer most layer had a B2 order (of the FeAl phase), which extended even into the under layer showing thereby that
the under layer is not a low aluminum phase different from the top layer. By measuring the hardness at close intervals
of 10 μm, hardness profiles across the transverse section of the coatings were generated. The hardness was high at
the surface and it decreased as the distance from the surface increased, at a rate decided by the coating temperature.
These graphs were identical to the aluminum concentration profiles obtained by EPMA, except that it had a dip in
at a region corresponding to the interface between the top layer and the under layer.



saaraMSasaaraMSasaaraMSasaaraMSa    
 

Alyauimanaa[D kaoiTMga ek p̀kar ka [nTrmaoTOilak kaoiTMga hO ijasao inaikla va kaobaalT pr 
AaQaairt saupr imaEaQaatu AaOr sTIla kao ]ccatap pr ivaiBanna vaatavaraNaIya saMxaarNa sao bacaanao ko ilae 
lagaayaa jaata hO. [sa ivabarNa maoM ek koimakla vaOpr iDpaoija,sana (CVD) tknaIk ka vaNa-na ikyaa 
gayaa hO̧  ijasasao Aayarna ¸ inaikla tqaa inaikla pr AaQaairt imaEaQaatu pr Alyauimanaa[D kaoiTMga kI jaa 
saktI hO tqaa Aayarna pr CVD Wara Alyauimanaa[D kaoiTMga ko pirNaama¸ p̀kRit inaQaa-rNa va gauNaQama- 
kao p̀stut ikyaa gayaa hO.[sa CVD isasTma maoM ek AlCl3 baaqa¸ ek sTonalaosa sTIla irTaT- ka 
hâT vaala ire@Tr¸ kaolD T/Op tqaa inavaa-t isasTma hO. Alyauimanama @laaora[D vaaYp kao 150 

SCCM (maanak Gana saoinTmaITr p̀it imanaT)ha[-D/aojana gaOsa ko p̀vaah ko saaqa 1173 – 1373 K 
tap p̀saar tqaa 1.33 kPa (10 Torr) daba vaalao CVD ire@Tr maoM lao jaayaa gayaa. AlCl3 

vaaYp AaOr CVD ire@Tr maoM r#ao Xauw Alyauimanama ko baIca AiBaiËyaa sao Alyauimanama saba–@laaora[D 
banata hO. Alyauimanama saba–@laaora[D Wara Alyauimanama ka iDpaoija,sana haota hO AaOr Alyauimanama Aayarna 
saOmpla maoM fOlakr sath pr Aayarna Alyauimanaa[D phase banaa laota hO. 

kaoiTMga toja camakdar tqaa sabasT/oT sao AcCI trh sao icapkI hu[- qaI. ivaiBanna pàyaaoigak 
Avasqaa maoM FeAl phase kaoiTMga maoM ]pisqat payaa gayaa. kaoiTMga ko ivakasa kI gait pravalayaIya 
gait inayama ka palana ikyaa tqaa AaOsat iËyaa%mak }jaa- 212±16 kJ/mol payaa gayaa. 
AaiPTkla saUxmadSaI- Wara T/ansavasa- Baaga AQyayana sao pta lagaa ik Aayarna pr Alyauimanaa[D maoM dao prtoM 
qaI.}prI prt kI maaoTa[- 20-50 µm tqaa naIcao vaalaI prt kI maaoTa[- 35-250 µm jaao ik 
2 GaMTo ko kaoiTMga tapmaana pr inaBa-r krtI qaI. kaoiTMga ko samaya tqaa tapmaana ko saaqa Alyauimanaa[D 
prt kI maaoTa[- maoM baRiw payaI gayaI.[lao@T/ana prIxaNa saUxmaivaSlaoYak (EPMA) sao AQyayana dSaa-yaa 
ik sath sao dUrI baZnao pr Alyauimanama kI saand`ta kma hao gayaI.TEM sao AQyayana dSaa-yaa ik baahrI 
prt FeAl phase ko B2 order maoM qaa jaao BaItrI prt tk fOlaa huAa qaa ijasasao pta calata 
hO ik BaItrI prt kma Alyauimanama vaalaa phase nahIM qaa tqaa ]prI prt sao iBanna nahIM qaa. kma 
dUrIAntrala pr T/ansavasa- Baaga ka haD-naosa naapkr haD-naosa p̀aofa[la ]%pnna ikyao gayao. sath pr haD-
naosa AiQak qaa tqaa sath sao dUrI baZnao ko saaqa haD-naosa kma haota gayaa AaOr haD-naosa kma haonao gait 
tapmaana pr inaBa-r payaa gayaa. haD-naosa pàofa[la Wara ]%pnna gàaf tqaa EPMA Wara p̀aPt 
Alyauimanama saand`ta pàofa[la ko gàaf ko samaana payaa gayaa prntu haD-naosa pàofa[la maoM }prI prt tqaa 
naIcao kI prt ko baIca maoM ek iDp payaa gayaa. 

 
kunjaI SabdkunjaI SabdkunjaI SabdkunjaI SabdÁÁÁÁ    Alyauimanaa[ijaMga¸ Alyauimanaa[D\sa¸ Alyauimanaa[D kaoiTMga\sa¸ ]ccatap kaoiTMga\sa¸ iDFyausana 
kaoiTMga\sa¸ koimakla vaOpr iDpaoija,sana¸ saMxaarNa p`itraoQak kaoiTMga\sa¸ [nTrmaoTOilak kaoiTMga¸ [nTrmaoTOilak 
imaEaQaatu AaOr Aayarna Alyauimanaa[D    
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Abstract 

 Aluminide coatings are a class of intermetallic coatings applied on nickel and cobalt base superalloys 

and steels to protect them from different forms of environmental degradation at high temperatures.  In this report 

a CVD system that can produce the aluminide coatings on iron, nickel and nickel base alloys has been described 

and the result of chemical vapor deposition of aluminide coatings on iron specimens, their characterization, and 

property evaluation have been presented. The CVD system consists of an AlCl3 bath, a stainless steel retort as a 

hot-wall reacto, cold traps and vacuum system.  Aluminum chloride vapor was carried in a stream of hydrogen 

gas at a flow rate of 150 SCCM (standard cubic centimeter per minute) into the CVD reactor maintained in the 

temperature range of 1173 - 1373 K and at a pressure of 1.33 kPa (10 Torr). Aluminum deposition takes place 

from aluminum sub-chlorides produced by reaction between AlCl3 and pure aluminum kept in the CVD reactor. 

The aluminum diffuses into the iron samples and iron aluminide phases are formed at the surface.   

 The coatings were shining bright and showed good adherence to the substrate. The coatings consisted of 

FeAl phase over a wide range of experimental conditions. The growth kinetics of the coating followed a 

parabolic rate law and the mean activation energy was 212 ± 16 kJ/mol. Optical microscopic studies on the 

transverse section of the coating showed that the aluminide coating on iron consisted of two layers.  The top 

layer had a thickness in the range of 20-50 μm, and the under layer had thickness ranging from 35 to 250μm 

depending on coating temperature in two hours.   The thickness of the aluminide layer increased with coating 

duration and temperature. Electron microprobe studies (EPMA) showed that the aluminum concentration 

decreased steadily as distance from the surface increased. TEM studies showed that the outer most layer had a 

B2 order (of the FeAl phase), which extended even into the under layer showing thereby that the under layer is 

not a low aluminum phase different from the top layer. By measuring the hardness at close intervals of 10μm, 

hardness profiles across the transverse section of the coatings were generated.  The hardness was high at the 

surface and it decreased as the distance from the surface increased, at a rate decided by the coating temperature. 

These graphs were identical to the aluminum concentration profiles obtained by EPMA, except that it had a dip 

in at a region corresponding to the interface between the top layer and the under layer.  

 Key words 

Aluminizing, Aluminides, Aluminide coatings, High temperature coatings, Diffusion coatings, Chemical vapor 

deposition, Corrosion resistant coatings, Intermetallic coatings, Intermetallic alloys and Iron aluminide 



Introduction 

 Metallic components that are required to be operated at high temperatures and in 

corrosive environments should have a combination of high temperature strength and resistance 

to creep and environmental degradation. Although superalloys having higher strength, superior 

creep and corrosion properties are continuously being developed, it is not often possible to 

combine all the desirable high temperature properties in one alloy because of the conflicting 

alloying requirements [1]. Since, corrosion is a surface phenomenon it is more convenient to 

improve corrosion resistance by surface coatings. 

 High temperature coatings work by forming a highly stable, self-healing and slow 

growing protective oxide scale at high temperatures, which acts as a barrier between the 

corrosive environment and the alloy and prevents further degradation. Three types of scales that 

provide such protection are based on Al2O3, Cr2O3 and SiO2, which appear towards the bottom 

of the Temperature-Gibb’s free energy plots of oxides. Cr2O3 scales have excellent oxidation 

and hot corrosion resistance [2, 3]. However, their use is restricted to temperatures less than 

1223 K as they form volatile CrO3 on prolonged exposure to higher temperatures. In a moist 

environment, they may form Cr (OH)3, which is non protective . The alumina scale is stable at 

temperatures beyond the melting point of the iron group metals, and at the temperatures above 

1173K they can provide better protection against oxidation than Cr2O3 scales. However, it has 

poor resistance to hot corrosion. In combination with Cr2O3, the Al2O3 scale gives excellent 

protection in the range 1173- 1473K. SiO2 scale has excellent oxidation and hot corrosion 

resistance and are stable up to1673 K. However, silicon forms low melting eutectics with many 

substrate elements and hence it can be used only in combination with either Al2O3 or Cr2O3 

scales. 

 These scales provide protection against oxidation, sulfidation, carburization and 

halogenation. The protective properties of the aluminide coating can be improved by 

incorporating Cr, Si and noble metals such as Pt and Pd [4-10]. Chromium improves the hot 

corrosion resistance and noble metals improve the oxidation and corrosion resistance. Alumina-

forming coatings alone or in combination with platinum, chromium, silicon and rare-earth 

elements are the major coating system on components used in aircraft engines, power plants, 

coal gasification plants and petrochemical industries [11-17], where corrosion due to mixed 

gases, reducing atmosphere and high temperatures are involved.  

Types of High Temperature Coatings  

 High temperature coatings are of two types: metallic and ceramic coatings. The 

metallic coatings can be further divided into diffusion coatings and overlay coatings. 

Ceramic coatings, also known as the thermal barrier coatings (TBC), work by reducing 

the thermal load on the component, due to their low thermal conductivity [18-20]. It consists of 

a thin layer [50-250μm] of ceramic material, usually stabilized or partially stabilized zirconia 
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applied over a bond coat, such as NiCr or CoCrAlY. Zirconia is selected due to its high 

thermal expansion coefficient (compared to other ceramics) and low thermal conductivity. The 

ceramic thermal barrier coating (TBC) reduce heat transfer to the metallic substrate and 

significantly improve resistance to hot corrosion, erosion and oxidation of the coated 

components. By reducing the metal temperature, the TBC effectively increases the operating 

temperature of the system. However, due to the insufficient mechanical properties, TBC is 

presently applied to only static components. They are applied by low-pressure plasma spray or 

electron beam physical vapor deposition (EBPVD).  

The overlay coatings are produced by applying a mixture of metals, typically Ni, or Co 

or both with Cr, Al and Y, ( hence named as CoCrAlY, NiCrAlY, NiCoCrAlY etc.) over the 

surface of the component. These coatings permits much more flexibility than diffusion coatings 

and can be optimized to provide the maximum corrosion resistance in the environment in which 

it is used [21-27]. The coatings are produced by low-pressure plasma spray or electron beam 

physical vapor deposition (EBPVD).  

Diffusion coatings are produced by enriching the surface of a component with 

constituents of the coating such as aluminum, chromium and silicon at high temperatures. They 

are produced by techniques such as chemical vapor deposition, pack cementation, hot 

dip and slurry fusion [28-33]. In pack cementation the articles to be coated are 

embedded in a powder mixture containing an inert filler (eg. Alumina), a source metal 

such as Al , Al-Cr, Al-Si etc. and an activator such as NH4Cl, NaCl, KBr , K3AlF6 etc. 

and heated in a closed container. To avoid impurity pick up the articles are some times 

heated above the pack. Pt and Pd are incorporated by applying them as a coating on the 

articles before pack cementation. Hot dip aluminizing is widely used to produce 

aluminide layers on steels [34]. A comparison of the oxidation and corrosion resistance 

capabilities of different coating systems are shown schematically in Fig. 1. [35].  

Chemical vapor deposition of aluminide coatings can be done starting from either organo-

aluminum compounds or anhydrous aluminum chloride. In the former, an organoaluminum 

compound vapor is allowed to decompose on a substrate and by a suitable heat-treatment, the 

aluminum is diffused into the substrate to form the aluminide [36-38]. In the latter, a mixture of 

chlorides of aluminum produced by the reaction between aluminum trichloride with pure 

aluminum is brought into contact with the substrate at high temperatures. Aluminum gets 

deposited by a chemical reaction where aluminum trichloride is regenerated. Metal aluminide 

intermetallic phases are formed instantaneously at the surface and at the high temperatures 

aluminum from this phase diffuses into the substrate forming various intermetallic phases [39-

41].   

In a slight variation the AlCl3 is generated in situ by passing a mixture of HCl and H2 over 

an alloy of aluminum ( eg. Al-Cr) [42] or in a fluidized bed CVD reactor where the articles to 
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be coated are fluidized with a powder mixture of an aluminum alloy and a catalyst such as 

NH4Cl  [ 43 ].  The CVD process offers a number of advantages over other coating techniques 

such as, ability to coat a wide variety of complex shapes including internal passages in turbine 

blade.  Extremely good process control and possibility for automation, ability to perform 

additional operations such as stress relieving and heat treatment in the  reactor,  purer and 

smoother coatings free of any extraneous inclusions, which are more ductile are some of the 

advantages of chemical vapor deposition over pack cementation.  

 

Experimental 
 Aluminide coatings were produced on nickel, super alloy IN738, Alloy 800 and pure 

iron specimens of size 15 x 20 mm cut out from a 0.5 - 1 mm thick sheet that was cold rolled 

from a thickness of 3mm with an intermediate annealing (923K for one hour followed by 

furnace cooling). They were ground by emery papers of grit size up to 400, serially numbered, 

cleaned, dried, weighed and stored in a desiccator.  

A schematic diagram of the CVD system that was used in the study is shown in Fig. 2. 

A one-end closed stainless steel 304 tube with an internal diameter of 75 mm and a length of 

800 mm was used as a hot-wall reactor. Aluminum chloride vapor from an external bath was 

carried in a stream of hydrogen and brought into contact with specimens that were suspended 

from an Inconel-600 thermocouple well, over a pool of molten aluminum in the CVD reactor. 

The temperature of the AlCl3 bath was varied in the range 333K-383K and that of the substrates 

in the range 1173- 1373K. The unreacted vapors emerging from the CVD reactor were pumped 

out maintaining a nominal pressure of 1.33 kPa (10 Torr) in the reactor. The pressure was 

monitored using a capacitance manometer connected to the exit side of the CVD reactor. After 

the required time of exposure the coatings were removed cleaned dried and weighed. 

 

Characterization of coatings 

 Coatings produced on nickel, IN738 and Alloy-800 were characterized by x-ray 

diffraction (XRD) only. Aluminide coatings on iron were studied and characterized in great 

detail by (XRD), optical microscopy, scanning electron microscopy (SEM), Transmission 

Electron Microscope (TEM) and Electron microprobe (EPMA). Aluminide coated iron 

specimens were cut to reveal the transverse section, mounted and polished to mirror finish and 

chemically etched (30-60 seconds dip) in a solution containing HCl, HNO3, acetic acid and 

water in the ratio 22:20:50:7 by volume, to reveal the microstructure of the coating. A 

subsequent dip for 5-10 seconds in 2-3 % ‘Nital’ etched the underlying iron substrate.  

Adherence of the coatings with the substrate was determined in an adherence testing machine, 

where a metallic stud of known cross-sectional area (0.03 cm2) was bonded to the coating with 

epoxy resin and was pulled. The load required to detach the stud was related to the strength of 
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adhesion of the coating. Microscopic examination of the bonded area was carried out to 

determine whether the stud was detached from the coating (in which case the coating-substrate 

bond were stronger than the epoxy bond) or if the coating-substrate bond had failed.    

 Transmission electron microscope (TEM) was used to study the crystal structure of iron 

aluminide coatings at various depths from surface. Thin slices of the coating were prepared by 

grinding from one side of the sample to leave a 100μm thick layer of coating. Discs of diameter 

3mm were punched out from them to produce the TEM samples. Dimples of known depths- 10, 

30 and 50 microns- were produced from the outer surface side of the original coating by 

mechanical grinding on a dimpling machine. They were removed, cleaned, and then 

electrolytically thinned from the other side to penetration in a jet-thinning machine using a 

methanol – perchloric acid electrolyte. The samples were washed, dried, and examined in a 

JEOL Transmission Electron Microscope operated at 160 kV. 

Results  
Pale pink satin finish coatings were obtained on the nickel samples at 1273K. Coatings 

produced onIN738 and Alloy 800 were dark grey in color. On iron samples smooth, shining, 

silvery bright coatings could be produced in the temperature range of 1173-1373 K with the 

AlCl3 bath maintained at temperatures in the range of 343 to 393K. Iron aluminide coatings 

produced with the AlCl3 bath at temperatures between 323K and 333K were relatively dull in 

appearance.  

In general, a higher weight-gain was observed with increase in substrate temperature. 

In Fig. 3 the weight-gain data (mg.cm-2) are shown as a function of substrate temperature for 

iron samples with AlCl3 bath temperatures varying from 323 to 373 K. Each curve represents a 

set of data for a particular AlCl3 bath temperature. These data were obtained from experiments 

where depositions were carried out for two hours. 

X-ray Diffraction studies 

 Figs. 4 a,b,c show the XRD patterns of CVD coatings produced at three different 

conditions. Since both FeAl and Fe3Al are structures based on disordered bcc structure all peaks 

corresponding to FeAl coincide with that of Fe3Al Phases. The presence of superlattice peaks at 

d = 3.34Å, 1.79 Å, 1.33Å and 1.11Å can be used to differentiate between these two phases. 

However, the situation is complicated by the low intensity of these peaks and the existence of 

large grains, orientated in certain preferred planes. This can lead to absence of some peaks and 

reduction in the relative intensity (of peaks) from those of the powder samples reported in the 

JCPDS files. At the temperature of deposition Fe3Al phase does not exist. It is formed from 

FeAl containing less than 40 at% aluminum while cooling below 833K (5600C). At that 

temperature the reaction is very slow and hence Fe3Al may not form to any significant extend. 

In the present analysis from XRD pattern, it has been assumed that those data, which do not 
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contain any superlattice peaks of Fe3Al, are made up of FeAl only. On that basis, the phases 

identified at different substrate are listed in Table 1. Under most of the experimental conditions, 

an FeAl phase was formed on the surface. In a few cases involving low substrate temperatures 

and high aluminum chloride bath temperatures Fe2Al5 was formed, whereas at high substrate 

temperatures and low aluminum chloride bath temperatures, a mixture of Fe3Al+ FeAl was 

formed on the coating surface.  

XRD of the Coatings at Different Depths 
In order to determine the phases formed at different depths XRD was done by grinding 

the sample to a desired depth using emery paper and taking the XRD at that depth. Table 2 

shows the XRD data from the sample at various depths. The XRD pattern at the surface and at 

the depth of 30μm matched well with FeAl phase. The XRD peaks from the depths 65μm and 

110μm had an additional peak at around 3.34 Å, which showed the presence of Fe3Al.   

However, judging from the height of the peaks, the volume fraction of the Fe3Al is expected to 

be low. The XRD pattern at the depth of 190μm corresponded to pure iron with a random 

texture. 

Table 1 Phases identified by XRD in aluminide coatings on iron substrate. 

AlCl3 bath 

temperature(K) 

Substrate Temperature(K) 

1373  1323  1273  1223  1173   

383 * FeAl FeAl Fe2Al5 Fe2Al5 

373 FeAl FeAl FeAl FeAl Fe2Al5 

363 FeAl FeAl FeAl FeAl FeAl 

353 FeAl+Fe3Al FeAl FeAl FeAl FeAl 

343 FeAl+Fe3Al FeAl FeAl FeAl FeAl 

* Not analyzed 

Table 2.  XRD data as a function of depth. Substrate temperature 1273K and AlCl3 bath 
temperature 363K. * The phase identified is indicated in the last row 

surface 30μm depth 60-70μm depth 110μm depth 190μm depth 

d (Å) I/I0 (%) d (Å) I/I0 (%) d (Å) I/I0 (%) d (Å) I/I0 (%) d (Å) I/I0 (%) 

    3.494 39 3.32 38   

2.073 100 2.066 100 2.061 100 2.058 100 2.03 100 

1.684 73 1.740 19 1.677 19 1.459 17 1.867 9 

1.459 14 1.682 41 1.461 16 1.185 29 1.685 8 

1.189 58 1.454 17 1.185 26 1.044 13 1.436 7 

  1.188 28 1.031 12   1.171 13 

FeAl FeAl FeAl+Fe3Al FeAl+Fe3Al Fe 
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 Aluminide phases formed in nickel, IN738 and Alloy -800 samples are given in Table. 3-5. 

The aluminide coating on pure nickel consisted of Ni2Al3 at low temperatures and a mixture of  

Ni2Al3 and NiAl was formed at temperatures of 1200 and 1250K and NiAl was formed at 

1318K. On IN738 and Alloy 800 coating consisted of only NiAl at all temperatures. 

 

Table 3. Aluminide coatings on pure nickel         

 

 

 

 

 

 

 

 

 

Table  4.  Aluminide coatings on IN738 

 

 

 

 

 

 

 

  Table  5 . Summary of results of aluminizing Incoloy 800 

 

 

 

 

 

 

 

Microscopic Studies 

  Microscopic examination of the surface of the coatings revealed equiaxed grains in the 

as-deposited surfaces of the samples. The morphology of the coatings was almost identical 

under all deposition conditions. The structure depended only on the substrate temperature. The 

surface was free of grinding marks of the original surface. Figs. 5 a and b show the optical 

micrographs of the surface morphology of the coatings at 1173K and 1273K. Figs. 6 a and b 

Sl.No. AlCl3bath 

T(K) 

Pressure 

(Torr) 

Substrate 

Temp.(K) 

Phase(s) 

formed 

1 373 100 1103 Ni2Al3 

2 373 100 1200 Ni2Al3+NiAl 

3 373 100 1250 Ni2Al3+NiAl 

4 373 100 1273 NiAl 

5 373 100 1318 NiAl 

Serial 

number 

Duration 

hours 

AlCl3 bath 

T(K) 

Pressure 

Torr 

Substrate 

T(K) 

Phase 

formed 

1. 3. 363 10 1173 NiAl 

3. 3 363 10 1273 NiAl 

5. 3 363 10 1373 NiAl 

Serial 

Number 

Duration 

of coating 

AlCl3 bath 

Temp(K) 

Pressure 

(Torr) 

Substrate 

Temp.(K) 

Phase 

formed 

1 3 hours 373 100 1223 NiAl 

2 3 hours 373 100 1273 NiAl 

3 3 hours 373 100 1300 NiAl 
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show SEM micrographs of the morphology of coatings produced with substrate temperatures 

1298K and 1273K.  

Figs. 7 a, b show the cross section of iron aluminide coatings produced at 1323K and 

1273K respectively. Examination of the cross-section of the coating showed two-layer 

structure. There was a top layer which was not more than 5-10% of the total coating thickness 

and a thick under layer. The grains have grown to more than 200 micron in size across the 

specimen. It may also be noted that the size of the grains in the top layer and the second layer 

from the top are very different.  The outermost layer contained a lot of dark spots (inclusions), 

but the inner layer is nearly free of them. Some grains can be seen growing at the expense of 

other grains, which grow thin and vanish.  These features have been observed in other 

microstructures as well. The outermost layer had small equiaxed grains and the layer 

immediately below it had large columnar grains. 

Electron Microprobe Studies (EPMA) 

 Figs. 8 and 9 show the concentration profile of aluminum in the transverse section of 

the coating obtained by EPMA on samples produced at 1373 K and 1273 K and bath 

temperature 363Kin two hours. The aluminum concentration at the surface of coating produced 

at 1373K and 1273K was 44.6 at. % and 49.5 at. % respectively. It decreased with increase in 

distance from the surface. In the sample produced at 1273K, the layer of the pure base metal 

left unalloyed at the center was about 150 microns. In coatings produced at 1373K, the 

aluminum concentration at the center was around 30 at.%  indicating that aluminum has 

diffused completely into the sample and pure base metal was not present. This was in 

agreement with the optical microscopic data. The boundaries of various phases as per phase 

diagram [44] are marked in the concentration profiles. If the phases were formed at the coating 

temperature then the two-phase regions would not have formed. Since, Fe3Al is formed by the 

decomposition of FeAl while cooling two-phase regions could be expected.  

Transmission Electron Microscopic Studies  

 Transmission electron microscopic investigation was carried out on some of the 

samples with a view to establish the microstructure formed at different depths as well as their 

crystal structure. These studies were handicapped by the magnetic nature of the samples, which 

interfered with the electron beam.  However, one could make some significant observations, 

from a region close to the surface where aluminum content is high and hence magnetic 

interference was low. Results reported here pertain to a sample where CVD was carried out at 

1258 K for 3hrs. The outermost layer was about 41μm thick and the inner layer 135μm. X-ray 

diffraction studies have shown that the outermost layer is FeAl. TEM micrographs taken from a 

region 50μm deep from the surface are shown in Fig. 10a. Very few dislocations could be 

observed in the domains. The <110> zone axis selected area diffraction (SAD) pattern obtained 
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from this region is shown in Fig.10b.  The [100] super lattice reflection was very strong 

indicating that ordering to B2 was almost complete. These ordered regions could be imaged in 

dark field with {100} superlattice reflections. Diffuse spots that appeared at 2
1 {111} positions 

indicated that formation of DO3 phase had also started in this region. However, dark field 

imaging with superlattice reflection could not reveal clear domains of DO3 (Fe3Al) structure in 

this area. This could be attributed to the initial stages as well as partial ordering to DO3 

structure.  

 Diffraction pattern taken from a region 30μm in depth from the surface also revealed 

features similar to that shown in Fig. 10b (Fig. 11a.). However, the superlattice spot 

corresponding to DO3 order was more diffuse and weak.  The dislocation density was appeared 

to have increased compared to that observed in a region 50μm deep from the surface (Fig. 11b). 

Region very close to the surface (for example 10 μm from the surface) contained a high density 

of dislocations (Fig. 12 a). Strong super-lattice reflections corresponding to only B2 order were 

present in this region. A typical selected-area diffraction [SAD] pattern from <100>zone is 

shown in Fig. 12b.  

 From the present TEM investigations one can conclude that B2 order persisted beyond 

the first layer into the second layer (50 micron depth from the surface). This could be attributed 

to the fact that FeAl forms over a range of composition. However, the intensity of DO3 

reflections increased with increasing distance from the surface. Distinct DO3 region could not 

be seen up to the depth studied here probably because of the incomplete transformation to 

Fe3Al. These results are in conformity with the x-ray diffraction data and EPMA concentration 

profiles, which showed that aluminum concentration was the highest at the surface and it 

decreased with increasing depth. XRD studies as a function of depth showed that Fe3Al peaks 

are weak even at a depth of 60-70 μm.  

Microhardness Studies 

 Microhardness profile of the samples was measured across the transverse section of the 

samples at three locations in a sample and the average value of hardness at corresponding depth 

were calculated and plotted as function of depth from one surface. The variation in hardness 

values was between 2 to 10 % at corresponding depth. Fig. 13 shows the hardness profile across 

the specimen deposited at 1373K using AlCl3 bath temperature of 363K and 373K. For the 

sample with bath temperature 363K the outermost layers showed a hardness of 275 KHN at the 

surface and it increased to about 400 KHN at a depth of about 100-120 micron before dropping 

down to around 220 KHN at the middle of the substrate. For the samples with bath temperature 

373K, the general behavior was the same except that the hardness values were higher by about 

50 KHN.  The hardness at the surface of the coating was nearly same in both the samples. The 

hardness profile was symmetric about the central plane. Fig 14 shows the hardness profile of 
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samples produced at 1323K. The profile was nearly symmetrical about the central plane. The 

hardness at the surface was the highest. At a depth of about 40-50 micron from the surface the 

hardness profile passed through a minimum (about 370 - 390 KHN) and again rose to a value of 

about 450 KHN at a depth of 100 - 120 micron and then decreased to a low value of 180- 

210KHN towards the centre of the sample. Optical micrographs showed a substrate layer of 

about 40-60 microns at the centre and the low hardness values correspond to this region. 

Hardness at the surface was more than 500 KHN for those samples. Fig. 15 and 16 show the 

hardness profile of samples produced at 1273K and 1223K respectively. The profiles were 

similar to that obtained for samples with substrate temperature 1323K except that the central 

low hardness region has increased in width. The hardness of this layer (substrate layer) was 

lower at lower substrate temperatures. The hardness at the surface was higher than 500 KHN in 

all the cases.   

Adhesion 

 The result of the adhesion testing is given in Table 6. It was observed that the 

strength of adhesion was in the range 140 -190 kg/mm2. Hence, it was assumed that the 

adhesion of the coatings to the substrate was very good. Microscopic examination of 

the stud area showed that in these cases it was the epoxy bond that has failed and not 

the coating. This observation showed, that the coatings were, in fact, more adherent 

than what these values would suggest.  
Table 6. Coating adhesion at various conditions * 

Sr. No. Sample history Bond strength (kg.cm-2) 

1 373 - 1373 -3 >178 

2 373 - 1323 - 3 >194 

3 363 - 1373 - 2 >190 

4 363 - 1323 - 2 >164 

5 363 - 1273 - 2 >149 

6 363 - 1223 - 2  >150 

7 373- 1273 - 2 >153 

8 363 - 1373 - 2 >169 

.  

*Sample history denotes condition of deposition. The first number denotes the AlCl3 bath 
temperature (K)- Second number denotes substrate temperature (K) and last number  
denotes coating duration (hours ) 

Kinetics of growth 

The rate of growth of iron aluminide coatings on pure iron was studied to understand 

the kinetics of the coating process.  Keeping the AlCl3 bath temperature at 363K, weight gained 
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by pure iron substrates kept at 1173K were determined for as function of time (30 to 240 

min.). The experiment was repeated for different substrate temperatures ranging from 1223 to 

1373K. Fig. 17 shows the plot of the square of the weight-gain versus time of growth (seconds). 

The slopes of the lines gave the parabolic rate constant, kp for various coating temperatures. 

The rate constant was calculated from the coating thickness – time data also. Figure 18 shows 

the plot of square of the coating thickness (obtained by microscopic studies on the transverse 

section) versus time (seconds) for the substrate temperatures 1323 and 1273K. The parabolic 

rate constants calculated from these studies are given in Table 7. It can be seen that kp  increases 

with temperature.  

Activation Energy of the Coating Process 

 Activation energy of the coating process was calculated by studying weight-gain 

as a function of substrate temperature. Weight-gain data of CVD coatings, produced 

with substrate temperatures ranging from 1173 to 1373 K and bath temperatures in the 

range 323 K to 373K were used to calculate the activation energy. The ‘Arrhenius plot’, 

log (square of weight-gain) vs. 1/T (K), for coatings with six different AlCl3 bath 

temperatures (coating duration was two hours) was plotted and the activation energy 

was calculated from the slope of these lines. (In a parabolic rate process, the square of 

the weight-gain per unit area for a fixed duration is proportional to the rate constant and 

can be used for obtaining the Arrhenius plot). Activation energy was also calculated 

from the slope of the Arrhenius plot of parabolic rate constants with temperature (log 

(kp ) vs. 1/T(K)) and from the variation of thickness with temperature, log (thickness2) vs. 

1/T (K)  ( Figs. 19, 20).  The activation energy obtained from these plots for different 

experimental conditions are listed in Table 8. The activation energy obtained from thickness 

measurements and weight-gain measurements yield nearly the same values. 

       Discussion 
 The results showed the formation of aluminide diffusion coatings on nickel, alloy 800 , 

IN 738 and pure iron.  In detailed investigations on iron samples the properties of the coatings 

could be correlated with coating conditions and structure.  

Deposition Parameters and Quality of Coatings 

 The process parameters that determine the quality of the coating in the CVD process 

are precursor-input rate, reactor temperature and pressure. The partial pressure of AlCl3 in the 

CVD reactor is decided by the AlCl3 bath temperature (sublimation temperature) and the carrier 

gas-flow rate. The carrier gas flow rate has been maintained constant at 150 SCCM. The system 

pressure was maintained at a pressure of 10 Torr so that the coating could be carried out in the 
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kinetic-controlled regime [45]. A low system pressure makes diffusion coefficients large and 

consequently the mass transport is very fast. Under this condition, the thickness of the coatings 
 

Table 7.   The parabolic rate constants for the formation of iron aluminide coatings by CVD 
 

 

 

 

 

 

   

 

  

 

     

 Table 8.  Activation energy for the formation of aluminide coatings at different conditions  

 
coating duration 
 

Activation energy ( kJ.mol –1)  at different AlCl3 bath temperatures*  

373K 363K 353K 343K 333K 323 K 

60 min.  218     

90 min.  218     

120 min. 224 213 197 178 212 230  

180 min  187     

240 min.  199     

From kG(wt)  214     

From thickness 234 217 205    

 

is determined only by the kinetics of the reaction (temperature in most of the situations) and is 

less sensitive to mass transport characteristics. Hence, in this study uniformity in coating 

thickness (both within a sample and in samples produced at identical conditions in different 

runs) was achieved by maintaining the CVD reactor temperature accurate to within ±2K 

throughout the study. The variation in coating thickness within a sample measured across the 

vertical and horizontal sections was very low, usually with a standard deviation less than 5 % of 

the average thickness.  

 The coating was adherent under most of the experimental conditions. The high 

interdiffusivity in the Fe-Al system led to a high rate of formation of iron aluminide coating. In 

Substrate  

Temperature (K) 

Kp (AlCl3 bath at 363 K) 

From weight-gain 

mg2.cm-4.s-1 

From thickness 

    mm-2.s-1 

1173 0.0047  

1223    0.0141  

1273  0.0353 4.138 x 10-6 

1298   0.0514  

1323  0.0625 6.554 x 10-6 

1348               0.0836  

1373              0.128  



  

12

 

two hours, aluminide coatings of thickness of 170μm could be produced on iron at 1273K. 

Under the same conditions the aluminide coatings on nickel had a thickness of only a fraction 

of this value.  

Influence of Temperature on Weight-gain 

The coatings were formed from the subchlorides of aluminum produced by the reaction 

of AlCl3 with pure aluminum. Aluminum was transported to the substrate as the subchlorides by 

gaseous diffusion. The influence of temperature on the CVD process was two-fold, 

thermodynamic and kinetic. The activity of AlCl increases with temperature while that of AlCl2 

and AlCl3 decrease with increase of temperature [46]. Since AlCl was the main species 

responsible for the transport of aluminum to the substrate,  aluminum pickup was expected to 

go up with increase in temperature. 

 The kinetic factors were the rate of transport of aluminum carrying species to the 

substrate and the diffusion of aluminum into the substrate by solid-state diffusion. Both of these 

processes were accelerated with increase in temperature. Hence, one could expect a higher 

weight-gain at higher substrate temperatures (Fig.3). 

 At a given flow rate the AlCl3 activity in the CVD chamber depended mainly on the 

aluminum chloride bath temperature. The higher the bath temperature, the higher would be the 

AlCl3 activity in the CVD chamber and the higher would be the rate of transport of aluminum to 

the substrate. Coating weight-gain versus substrate temperature followed this trend (Fig. 3).  

X-ray Diffraction Studies  

 Results of the x-ray diffraction studies confirmed the general conclusion drawn about 

the formation of diffusion coatings. A higher aluminum chloride bath temperature and lower 

substrate temperature favored a higher aluminum concentration at the substrate, whereas a 

lower aluminum chloride bath temperature and higher substrate temperature favored lower 

aluminum concentration at the surface of the substrate.  The aluminum concentration at the 

surface was decided by two factors, namely, 

i) the rate of transport of aluminum from the gas phase to the substrate surface and  

ii) the rate of diffusion of aluminum from the surface to the interior of the sample.  

A higher aluminum activity in the CVD reactor accelerated the transport of aluminum to the 

surface and increased the aluminum concentration at the surface. A lower substrate temperature 

resulted in a reduced rate of diffusion of aluminum from the surface into the substrate. Both 

these factors lead to an increase in aluminum concentration at the surface. Conversely, a lower 

AlCl3 temperature and higher substrate temperature led to a lower aluminum concentration at 

the surface. Coatings produced with AlCl3 bath temperature 373K and 383K and substrate 

temperatures around 1173K were found to contain Fe2Al5 and coatings produced with AlCl3 

bath temperatures 323K to 353K and substrate temperatures around 1373K were found to 
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contain Fe3Al in addition to FeAl. Under most of the coating conditions FeAl phase was 

detected.  

 Fe3Al is a low temperature phase formed from FeAl containing aluminum 

concentration less than 37 at %. . Since diffusion is low at these temperatures the 

transformation does not proceed to completion. And hence even in those alloys with aluminum 

concentration less than 37 at % , Fe3Al peaks are weak. 

Microstructure of the Coatings 
In most of the samples three distinct coating layers could be seen along the edge of the 

sample, in addition to the central layer which is the substrate.  The outermost layer has grain 

size (20-40μm) and it does not appear to grow in thickness significantly with time or 

temperature. The grains were of uniform width at the top and bottom. The under layer is very 

thick and has very large grains in it. This layer has a columnar growth and the grain boundary 

appears to be aligned nearly along the direction of growth (Fig. 7). Some of the grains grow 

thin and vanish whereas some others grow in width and size to occupy their space as the 

thickness increase. This shows that the growth mechanism is different for these two layers. The 

third layer, seen as a thin layer of finite width at the leading edge of these grains in many 

microstructures, does not appear to be a distinct layer of grains, but only a region of different 

gray level of varying contrast. Its presence depends on the etching time and solution 

composition. The central layer is essentially the substrate.  

Examination of transverse section showed the evolution microstructure of aluminide as 

a function of depth. Prior to the deposition process the samples were polished with emery paper 

of grit size 400 and degreased. However in the final coating none of the scratches were visible 

(Figs. 5, 6). This surface layer is the one that initially forms when the aluminum vapor comes 

into contact with the substrate surface. Iron atoms diffuse out from the substrate and form the 

iron aluminide phase instantaneously due to the huge free energy of formation. In many 

coatings voids generated by this migration can be seen just below the top layer. The grains in 

the top layer reflect the grain structure of the substrate. The concentration of aluminum in the 

top layer as well as its thickness is controlled by the rate of arrival of aluminum from the 

gaseous phase and the rate of diffusion of aluminum from this layer to the interior. The fact that 

the thickness of the layer is not very sensitive to temperature or coating time and that the grain 

size is the same as that in the substrate before the arrival of aluminum supports this mechanism. 

The thickness of this layer is small in samples deposited 1373K where the solid phase diffusion 

to the substrate is the highest. It increases to a maximum in samples deposited at 1323K or 

1273K and then decreases in samples deposited at 1223K and 1173K, due to lower rate of 

transport of aluminum to the substrate. The thickness of this layer increases slightly with 

increase in duration of the deposition.  
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The second layer is formed by the diffusion of aluminum from the top layer into the 

interior of the substrate. At the temperature of diffusion it exists as FeAl phase or as solid 

solution if aluminum content is low. On cooling, ordering takes place resulting in the formation 

of FeAl or Fe3Al or their mixture, depending upon the concentration. This has all the 

characteristics of a diffusion layer, namely, the thickness increases with coating duration and 

temperature. The growth of this layer appears to be similar to secondary recrystallization. Of all 

the nucleii generated from the first layer, those grains whose orientation favor high growth rate 

grow consuming the unfavorable ones (Figs. 7). XRD analysis of sample as a function of depth 

for a typical case where the substrate temperature is 1273K (Table 2) revealed that the ratio of 

different fundamental peaks (strong peaks) in the surface layers did not change with depth, till 

the substrate is reached. It is a confirmation for the columnar growth. XRD results indicated 

that the texture is along <211> direction in most of the coatings.  

It could be roughly estimated that the interface between the top layer and the under 

layer correspond to the original surface of the sample, and not any phase boundary. During 

aluminide formation the thickness of the sample grows by about 70-100 microns and the 

thickness of the outermost layer was approximately half this value. In some samples produced 

with insufficient vacuum the coating was seen to be detached from the substrate at this 

interface. Microhardness studies showed that this is a weak interface and gave rise to the 

inflexion in the  hardness profile close to the surface. 

 

X-ray diffraction and TEM 

The surface layer was 20-40 μm thick and in XRD analysis structure of only this layer 

would be revealed. In most of the cases the surface layer was found to be FeAl phase. However, 

phases such as Fe3Al +FeAl, and Fe2Al5 are also observed in coatings produced under some 

conditions. For the temperature range employed for deposition and the concentration of 

aluminum observed at the surface, the surface layer could be either FeAl or Fe2Al5 during 

deposition [44]. From the position of different phases in the Fe-Al phase diagram, it can be seen 

that while cooling the coated sample to room temperature, FeAl coatings with low aluminum 

concentrations, would transform to Fe3Al by a second order phase transformation. However, it 

is believed that the cooling rate was not sufficiently slow for the transformation to progress 

significantly. This is the reason why Fe3Al peaks at the surface and at various depths are very 

weak. TEM studies corroborated this observation.  TEM study could not be carried out 

satisfactorily on many samples since the samples were strongly magnetic. The limited study on 

samples, which had about 50 at. % aluminum at the surface, showed strong superlattice 

reflection corresponding to B2 ordering. With increasing depth one could observe spots of DO3 

order from a depth of 30 microns onwards. However, the DO3 is very weak even at a depth of 

50 microns.  This suggested that the second layer (which started in this sample at about 
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40micron depth) is predominantly FeAl (B2). Fe3Al (DO3 order) is present as a minor phase, 

because the transformation has not progressed to any significant extent. A third layer is visible 

in some samples where EPMA results indicated that the composition is less than 5 at. % 

aluminum and it corresponds to solid solution of aluminum in α-Fe. This interface is 

expected to be sharp as at the temperature of deposition the substrate is in γ phase 

where diffusion expected to be slow and aluminum containing phase will be in the α as 

aluminum is a ferrite stabilizer.  

Microhardness 

 The aluminide formation on iron specimens resulted in the increase in surface 

hardness of the samples. The hardness profile across the thickness roughly matched with the 

aluminum concentration profile obtained by EPMA [Fig.8,9] and the transverse structure as 

revealed in the optical micrographs [Fig. 7a,b].  In general the highest hardness was observed at 

the surface where the aluminum content was the highest. As the distance from the surface 

increased the hardness decreased at a rate depending upon the deposition temperature. The 

lower the substrate temperature, the steeper the slope of the hardness profiles and wider the soft 

middle layers. The soft middle layer was the substrate. The results of the hardness studies in 

aluminized iron specimens agreed with the findings of earlier investigators that hardness 

increased with increase in aluminum content in Fe-Al alloys [47, 48]. 

  Table 9.  Hardness values of various phases in the Fe-Al system [49] 

Phases Micro-hardness 

VHN[257] 

Results of this 

study  in  KHN 

 Fe3Al   350 330-350 

FeAl   640 650 

 FeAl2 1030  

  Fe2Al5  820 >850 

          FeAl3              990  

          Fe2Al7            1080  

Between 30 to 50 μm from the surface, the hardness profile invariably showed 

subsidiary minima in all samples. The low apparent hardness is due to the weak interface 

between the top layer and the under-layer. The hardness further deep in the under layer showed 

the true hardness of the layer and appeared as a peak.   

However, it may not fully explain the appearance of the hardness peak further deep in 

the under-layer in the case of samples produced at 1373K. This observation could be 

rationalized on the basis of EPMA, and microscopy results. EPMA run taken on two samples 

showed that aluminum concentration continuously decreased with increase of depth. One may 

expect that the hardness should follow the same pattern. The hardness value corresponding to 
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secondary maximum in all samples is in the range of 350-400 KHN and matches very well 

with the hardness value reported for Fe3Al in the literature [Table 9].  Hence it is also possible 

that a large number of small Fe3Al domains get nucleated in the FeAl domains and provide a 

hardening effect. Regions away from this concentration of aluminum are quite far away from 

stoichiometry and this is reflected in the low value of hardness  
As the sample was only 0.5 mm thick, the aluminide phases from both the surfaces 

merge at the center of sample when the substrate temperature was 1373 K. The aluminum 

concentration at the middle of the specimen was around 28-30 at. %, which is close to the Fe3Al 

phase composition. Hence, at the middle of the specimen, the hardness was much higher than 

that of specimens produced at a lower substrate temperature where it is pure iron at the centre. 

When the substrate temperature was 1373K, the hardness of the sample very close to the 

surface was found to be some what lower than the hardness about 20-30 micron inside the 

surface. This could be due to the edge effect. The hardness of samples near the surface 

produced at substrate temperature 1323K, 1273K and 1223K the aluminum composition in the 

above samples was shown to be around 50 at. %,  the stoichiometric composition for FeAl. The 

hardness of the outer most layer in these samples was close to that of pure FeAl phase reported 

in literature [47]. 

 Surface hardness of the samples produced at substrate temperature 1173K and AlCl3 

bath temperature 373K exceeded 850 KHN. This indicated the presence of high aluminum 

phases such as Fe2Al5 or FeAl2 (Table 9). XRD studies confirmed the presence of Fe2Al5 phase 

in the outermost layer (Table 1).  

Kinetics of CVD Coating 
 The aluminide coating was formed by the diffusion of aluminum and iron through a 

layer of Fe-Al intermetallic layer, whose thickness increased with time. Hence the rate of 

change of weight-gain (the rate of change of thickness) with time was inversely proportional to 

the weight-gain or coating thickness and this lead to a parabolic rate law. This study showed 

that the aluminide formation on iron by CVD obeyed parabolic kinetics in weight pick up and 

coating thickness growth. Formation of aluminide coatings on iron base alloys by hot-dip, on 

nickel base alloys by pack cementation and CVD has been reported to obey parabolic rate law 

[50]. The rate constant could be used to calculate the coating weight and coating thickness at 

any coating duration and temperature. The weight-gain/ coating thickness could be calculated 

using the relationship: 

  Thickness or Weight-gain = tk p .                                                           

Where kp  is the  parabolic (global) rate constant ( either thickness or weight-gain) and  

t   is time in seconds.  



  

17

 

Table 10 shows the weight-gain for 60,120 and 240 min. calculated using the kp values and the 

actual values obtained by the experiment. There was good agreement between the calculated 

values and the data obtained in this study. 

 

Table 10.  Coating weight calculated using kp and the experimentally obtained values.  

Substrate 

temperature 

T (K) 

 

kp  

 mg2.cm-4.s-1 

AlCl3 bath temperature 363 K 

Weight-gain (experimental)  

w (mg/cm2) 

Weight-gain (calculated) 

w (mg/cm2) 

1 hr 2hr 4hr 1 hr 2hr 4hr 

1323 0.0625 14.99 21 29.99 14.53 21.86 30.25 

1273 0.0383 11.75 16.6 23.5 11.34 17.7 23.69 

1223 0.0141 7.25 10.3 14.5 6.97 9.48 16.15 

 

The activation energy obtained from the study of weight-gain as a function of 

temperature with AlCl3 bath at temperatures from 323 to 373K are tabulated in Table 8. The 

median value is 212kJ.mol-1. The study of the coating thickness as a function of time gave the 

activation energy as 217kJ.mol-1 for coatings produced with AlCl3 bath temperature 363K.  In 

Table 11 the activation energy for the formation of iron aluminide coating reported in the 

literature by different coating techniques are tabulated. Denner and Jones reported that the 

activation energy was 160 to 170 kJ.mol-1 for hot dip aluminizing of steel from molten 

aluminum bath [51]. El Mahallaway and coworkers reported that the activation energy values 

were 138 and 108 kJ/mol for hot dip aluminizing from pure aluminum bath and silicon doped 

aluminum bath, respectively [34]. These values are much smaller than the activation energy 

obtained in this study. 

Hirai and coworkers obtained a value of 198 kJ.mol-1 for hot dip aluminized steels from 

a molten Al-Mg alloy [52]. Sivakumar and Janardhana Rao obtained a value of 235 kJ.mol-1 for 

the formation of FeAl coatings by pack cementation [53]. Thus there was a wide variation in 

the activation energy values reported in the literature. One striking observation is that for hot 

dip aluminizing, where the coating consists of high aluminum phases such as FeAl3, Fe2Al5 and 

FeAl2 with a pure aluminum layer at the surface, the activation energies are low   [34].   In pack 

cementation and CVD, where the coating consists of FeAl phase and the reported activation 

energies are in the range 198 -235kJ/mol.  

 

If solid state diffusion is the slowest step in the coating process, then the activation 

energy of the process should be the activation energy of the diffusion coefficients. Nciri and 

Vandenbulke showed that the average diffusion coefficient of Fe-Al alloys containing 
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aluminum between 0-50 at. %, in the temperature range 1273-1325 K, can be expressed by the 

equation [54], 

D = 72.9 exp[ 
−29000

T
 ] cm2.s-1                                                      

Table 11. The activation energy of formation of iron-aluminide coatings in different coating 
process (literature data)  

 
 
Process 

Activation 
Energy 
kJ.mol-1 

 
Comments 

 
Reference 

Hot dip in molten Al    160-170 Coating consists of Fe2Al5, 
FeAl2 & FeAl3+Pure Al 

Denner and Jones  [104] 

Hot dip in molten Al –
Mg alloy bath 

198  Thin coatings of FeAl 
phase formed 

Hirai and coworkers [100] 

Hot dip pure Al bath 138 Coating consists of Fe2Al5, 
FeAl2 & FeAl3+Pure Al 

El Mahallaway and 
coworkers [99] 

Hot dip Al-Si bath 108 Silicon decelerates 
aluminizing 

El Mahallaway and 
coworkers [99] 

Pack cementation 235 FeAl phase formed R.Sivakumar and 
Janardhana Rao [116] 

a) CVD (weight-gain) 
b) CVD(thickness study) 

212 
217 

FeAl phase  
  

 
This work 

  

Where, T is temperature (K). This is equivalent to activation energy of 239 kJ.mol-1. However, 

the diffusion coefficient in the Fe-Al system is known to vary with composition in the 0 to 50 

at.% aluminum range. From the data of Nishida and coworkers [55 ], the activation energies for 

the diffusion coefficient in the Fe-Al system with aluminum composition 10, 20, 30, 40 and 50 

at.% were calculated in the temperature range 1173-1373 K. These are given in Table 12. It was 

observed that the activation energy varies from about 223 to 295 kJ.mole-1 in the 10 to 30 at. % 

aluminum range and from 295 to 276 kJ. mol-1 in the 30 to 50 at.% aluminum range. Kale et.al 

reported that in the formation of diffusion layers, where the diffusion coefficient varied with 

composition and temperature, the layer with the lowest activation energy decides the kinetics of 

the process [56].  The lowest activation energy in this composition range is 223 kJ/mol obtained 

for the composition 20 at. % aluminum [Table 12]. This means that activation energy of 

coatings of composition above 20 at. % aluminum should be about 223kJ/mol. The activation 

energy obtained in this study agrees well with this value. The values reported for the hot dip 

aluminizing reported by different authors appear to be very low. The presence of unreacted 

aluminumat the surface of these coatings can introduce significant error in the activation energy 

determined by weight-gain measurements.  Singheiser, Wahl and Thiele showed that the 

activation energy was influenced by alloy elements present in a material [57]. Hence, it would 

be difficult to get consistent results unless same material was used. Hence, a value around 

223kJ/mol appears to be a more appropriate for the formation of aluminide coatings on pure 
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iron. The activation energy values for iron aluminide coatings obtained in this study (CVD) 

was consistent with activation energy for iron aluminide coatings obtained in pack cementation 

[53]. 

Table 12:  Activation energy of diffusion coefficients at various compositions 

Composition 
(at. % Al) 

 
D1173 
cm-2.s-1 

 
D1223 
cm-2.s-1

 
D1273 
cm-2.s-1 

 
D1323 
cm-2.s-1 

 
D1373 
cm-2.s-1 

Activation 
energy 
kJ.mole-1 

10 1.8x10-10 4.8x10-10 1.05 x10-9 3x10-9 5.05x10-9 228 

20 5 x10-10 1.1 x10-9 2.7 x10-9 7.9 x10-9 1.2 x10-8 223 

30 5 x10-10 1.6 x10-9 4 x10-9 1.7 x10-8 3.8 x10-8 295 

40 3 x10-10 9 x10-10 2.3 x10-9 7 x10-9 1.85x10-8 277 

50 7 x10-10 2 x10-9 6 x10-9 1.8 x10-8 4 x10-8 276 

 

Conclusion 
 Aluminide coatings have been produced on iron, nickel, alloy-800 and  IN 738 samples 

by chemical vapor deposition using anhydrous aluminum chloride precursor. Aluminide 

coatings produced over pure iron has been studied in detail and the coatings fully characterized. 

The kinetics of deposition followed diffusion controlled growth with parabolic growth kinetics. 

The deposit consisted of FeAl phase in most of the deposition conditions. In coatings produced 

with high aluminum activity (AlCl3 bath temperature 373K) and low deposition temperature 

(1173K) Fe2Al5 phase was formed. Where as in coatings produced with low aluminum activity 

(AlCl3 bath temperature 353K) and high deposition temperature (1373K) a mixture of FeAl3  

and FeAl phase was formed. The coating consisted of two layers. A thin top layer (20-50μm ) 

of and a thick under layer. The grains in the under layer were very large and they grew with 

temperature and duration. Micro-hardness values across the cross-section of the samples could 

be correlated with EPMA values.    
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Fig. 2 Schematic diagram of the CVD system.  1 Needle valve  2, 3  Mass flow controllers. 4,5,6,8 Ball 

valves.  7, 9 Capacitance manometer.  10,11,12 Butterfly valves. 13 Alumina boat carrying molten  

aluminum. 14  Samples suspended for CVD coating. 15 Thermowell.  

 

Fig. 1 Oxidation and corrosion characteristics of  different  
high temperature coating systems are compared schematically  
[ 35] 
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Fig. 3  Coating weight pick up versus substrate temperature (K) in 
TWO hour experiments. AlCl3 bath temperature  323 to 373K 
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Figure 4.a X-ray diffraction pattern from Fe-Al coating with substrate temperature 
1373K and AlCl3 bath temperature 343K. Peaks at 3.392 Ǻ shows presence of Fe3Al 
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Figure 4 b X-ray diffraction pattern from Fe-Al coating with substrate temperature 1223K 
and AlCl3 bath temperature 363K

Figure 4c. X-ray diffraction pattern from Fe-Al coating with substrate temperature 1173K and 
AlCl3  bath temperature 383K. Peaks for Fe2Al5 and FeAl2 are visible.



  

27

 
  

Figs.  5 a-b Morphology of the iron aluminide coatings produced at different 
temperatures, as observed in optical microscope. The grains were visible in the as 
deposited condition. (a) Substrate temperature 1173K and AlCl3 bath temperature 
363K.    (b) Substrate temperature 1273K and AlCl3 bath temperature 363K.  
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Fig 6 a,b SEM Micrograph of the morphology of the coatings Figure 4.19 
a-b Morphology of the iron aluminide coatings produced under different 
conditions as observed in SEM. (a) Substrate temperature 1298K and 
AlCl3 bath temperature 363K in 3 hours . (b) Substrate temperature 
1273K and AlCl3 bath temperature 363K in 2 hours. 
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Fig. 7  a, b Transverse section of the coatings formed at 1323K and 
1273K   

a 

b 
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Fig. 9 Concentration profile of aluminum across the cross-section of 
sample produced with substrate temperature 1273K and AlCl3 bath 
temperature 363K[black dots]. The phase boundaries that can be 
expected from phase diagram are indicated.  
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the sample with substrate temperature 1373K and AlCl3 bath 
temperature 363K   [Black dots] with phase boundaries marked as 
per phase diagram. Two- phase regions are expected because Fe3Al 
is formed from FeAl while cooling from coating temperature. 
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Fig. 10 a-b. TEM study of coating produced at 1258K and AlCl3 bath temperature 363K 
(a). TEM micrograph at a depth of 50 μm depth from the surface of the coating, showed 
very low dislocation density.  

(b) The < 110 > zone axis SAD pattern taken at depth of 50μm showed strong [100] super 
lattice reflections. Diffused but clear sub spots due to DO3 ordering at }111{2

1  indicates 
Fe3Al phase making its appearance. 
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Fig. 11 a-b. TEM study of coating produced at 1258K and AlCl3 bath temperature 
363K (a). The < 110 > zone axis SAD pattern showing strong [100] super lattice 
reflections. Spots due to DO3 ordering are weaker and barely visible, indicating that 
Fe3Al is insignificant at this depth.  

(b) TEM micrograph at a depth of 30μm from the surface of the coating showed more 
dislocation density at this depth than at 50μm depth.  
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Fig. 12 a-b. TEM study of coating produced at 1258K and AlCl3 bath temperature 363K 
(a). TEM micrograph at a depth of 10μm from the surface of the coating showed high 
dislocation density at this depth. 

(b) The strong [100] super lattice reflections correspond to only B2 ordering 
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Fig. 13 Hardness profile across the transverse section of the coatings 
produced with substrate temperature 1373K and AlCl3 bath temperature 
363K and 373K. Sample was approximately 525 μm thick.  

Fig. 14 Hardness profile across the transverse section of the 
coatings produced with substrate temperature 1323K and AlCl3 
bath temperature 363K and 373K. Sample was approximately 
525 μm thick 
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Fig. 15 Hardness profile across the transverse section 
of the coatings produced with substrate temperature 
1273K and AlCl3 bath temperature 363K and 373K. 
Sample was approximately 525 μm thick 

Fig. 16 Hardness profile across the transverse section of the coatings 
produced with substrate temperature 1223K and AlCl3 bath 
temperatures 363K and 353K. Sample was approximately 525 μm thick 
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Fig.  17  Kinetics of formation of aluminide coatings on iron. Substrate 
temperatures 1198K to 1348K and AlCl3 bath temperature 363K. Slopes 
of these lines give the parabolic rate constants for coating formation 
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Fig. 19 Arrhenius plot  for iron alumnide coatings from 
parabolic rate constants (kp) 
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Fig 20. Arrhenius plot for aluminide coatings with coating 
thickness and temperature ( log t2 vs. 1/T(K) )
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