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Abstract 
 

Iron aluminides are iron-aluminum alloys that have excellent resistance to oxidation at high temperatures with low density, high 

resistance/weight ratio and a low manufacturing cost. Due to its characteristics, these alloys are presented as an option to replace stainless 

steels in certain applications. This works intends report the casting process and subsequent analyses involving microstructure, mechanical 

properties, and corrosion resistance of two Fe-Al-C alloys (Fe-11wt%Al and Fe-25wt%Al, containing 0.31-0.37%C), which were prepared 

in an induction furnace and poured in a permanent mold. Samples of these alloys were characterized and presented elevated hardness values 

of 37 HRC (alloy Fe-11wt%Al) and 49.6HRC (alloy Fe-25wt%Al) and microstructure with aluminides type Fe3Al and FeAl and also 

carbides type K. The Fe-11wt%Al alloy exhibited superior resistance to uniform corrosion, although both Fe-Al-C alloys exhibited 

significantly higher corrosion rates compared to a binary iron aluminide in 0.5M H2SO4 containing naturally dissolved oxygen. 
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1. Introduction 
 

Iron aluminides are Fe-Al alloys considered to have a large 

potential as structural materials in severe environments due to their 

low density, high strength/weight ratio, elevated high temperature 

and corrosion and oxidation resistance as well as low 

manufacturing costs [1-2]. Iron aluminides can be found in ordered 

(FeAl, Fe3Al) or disordered phases, and some alloys maintain 

ordering up to melting temperature, exhibiting elevated stability at 

high temperatures [3-4]. The most frequently studied iron 

aluminides are Fe3Al and FeAl with approximately 20at% Al and 

40at% Al, respectively, due to their good corrosion resistance and 

mechanical strength [3-4]. Aluminides with higher aluminum 

contents have low ductility at room temperature and therefore are 

less promising for structural applications [4]. The low ductility of 

iron aluminides at room temperature is attributed to hydrogen 

embrittlement due to reaction between aluminum and water vapor 

in atmosphere [5]. 

The improvement of mechanical properties, thermal and 

electrochemical behavior of binary Fe-Al intermetallics can be 

achieved by the addition of numerous alloying elements such as Si, 

V, Cr, Mn, Co, Ni, Cu, Zn, Zr, Nb and Ta. Some elements present 

high solubility in intermetallic (Si, V, Cr, Mn, Co, Ni, Cu, Zn) while 

Zr, Nb and Ta have reduced solubility. Chromium is the main 

alloying element added to iron aluminides [1] and is known to 

increase ductility because of its direct effect on hydrogen 

embrittlement [4]. The carbon solubility in aluminides is low at 

room temperature and leads to grain boundary precipitation of 

needle-shaped κ-type carbides. An increase in yield strength is 

observed with increasing the amount of carbides, but the size and 

distribution of these precipitates strongly influences mechanical 

strength. No reduction of ductility at room temperature is observed 

with increased carbide fraction [2]. 

In recent years, iron aluminide alloys have been increasingly 

studied concerning corrosion resistance at room temperature in 

aqueous media. Most investigations have focused on binary Fe-Al 

alloys, but given the potential for increase in mechanical strength 

http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-0509-2624


78 A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  2 2 ,  I s s u e  2 / 2 0 2 2 ,  7 7 - 8 2  

provided by the addition of carbon, early studies have sought to 

analyze the electrochemical behavior of Fe-Al-C. For instance, Rao 

and co-workers [6,7] and Nigam et al. [8] studied the influence of 

carbon content on the corrosion resistance of Fe-Al alloys in 

sulfuric acid, but so far investigations of the corrosion behavior of 

Fe-Al-C alloys have focused on Fe3Al based intermetallics. 

In this investigation, an analysis of the behavior in sulfuric acid 

of two Fe-Al-C alloys is presented, with sufficient variation in the 

Al-content to allow a modification of the intermetallic matrix, in 

order to assess the influence of the iron aluminide crystal structure 

on the corrosion behavior. 

 

 

2. Experimental procedure 
 

Two Fe-Al-C alloys were cast with approximately 25wt%Al 

and 11wt%Al, which correspond in the Fe-Al phase diagram, at 

room temperature, to the ordered B2 (FeAl) and D03 (Fe3Al) 

structures, respectively. Preparation of the casting involved melting 

in an induction furnace with an alumina crucible. The material was 

cast in cast iron permanent molds (depicted in Figure 1), after 

unfavorable results were obtained after attempts in sand castings 

(elevated solidification times and excess porosities). From each 

melt, four bars with circular section were obtained (50 mm 

diameter and 150 mm height). Low carbon steels and aluminum 

alloys were used as (foundry scrap metals) as charge materials. The 

pouring temperatures for the Fe-25Al and Fe-11Al alloys were 

approximately 1668 and 1600ºC, respectively. The permanent 

mold used for casting was pre-heated to between 100ºC e 200ºC. 

The chemical composition of the cast alloys was determined by 

optical emission spectroscopy and is presented in Table 1. 

 

 
Fig. 1. Permanent mold used for casting the iron aluminide alloys 

investigated in this study 

 

The microstructure of the cast alloys was analyzed by Optical 

Microscopy (OM) and Scanning Electron Microscopy (SEM). 

Preparation for metallography involved grinding in SiC papers 

followed by fine polishing in a diamond suspension and etching 

with Villela’s reagent. Grain size analysis was performed using the 

intercept method. Hardness measurements were performed 

according to the Rockwell-C method. 

The corrosion behavior of the developed alloys was evaluated 

in a 0.5M H2SO4 solution containing naturally dissolved O2. An 

electrochemical cell developed for flat samples was used, with an 

orifice of 0.78 cm2 area for exposure to the electrolyte. The 

conventional three-electrode setup was employed, with an 

Ag/AgCl (in saturated KCl) reference electrode, Pt wire counter 

electrode and the sample as working electrode. The cell was 

connected to an IVIUM Vertex potentiostat galvanostat. The Open 

Circuit Potential (OCP) was initially monitored for 1.5 hours. At 

the stabilized OCP, Electrochemical Impedance Spectroscopy 

(EIS) tests were performed by applying a 10 mV sinusoidal signal 

within a frequency range of 100,000 to 0.01 Hz. After EIS analyses, 

potentiodynamic polarization scans were performed at a scan rate 

of 0.2 mV/s. All tests were performed at room temperature and the 

data was analyzed using IviumSoft software version 4.940. In order 

to assess the influence of carbon content on the overall corrosion 

resistance of the iron aluminide alloys, further electrochemical tests 

were performed on a binary iron aluminide alloy developed in a 

previous investigation [9]. 

 

Table 1. 

Chemical composition (wt.%) of the alloys investigated in the 

present work 

Alloy Fe Al Mn Si C Mo P S 

Fe-25Al 74.3 24.5 0.67 0.16 0.31 0.32 0.026 0.021 

Fe-11Al 87.3 10.8 0.74 0.22 0.37 0.61 0.020 0.020 

Fe-15Al 85.3 14.6 - 0.003 0.003 - 0.002 0.001 

 

 

3. Results and discussion 
 

 

3.1. Microstructure 
 

The microstructure of the Fe-25Al and Fe-11Al alloys is 

presented in Figs. 2 and 3, respectively (as revealed by OM). 

Coarse grains can be noticed for the two alloys (average grain 

diameter of 406,7µm to Fe-25Al and 322µm to Fe-11Alalloy) and 

presence of numerous precipitates with acicular morphology, 

typical of κ-type carbides dispersed in interior of grains and in grain 

boundaries [10]. A closer view of the κ-carbides is presented in Fig. 

4. The Rockwell-C hardness of the Fe-25Al and Fe-11Al alloys 

were found to be, respectively 49.6 ± 2.9 and 37 ± 0.4 HRC. Given 

the similar carbon content and carbide distribution observed in the 

materials, the difference in hardness is likely caused by the 

different crystal structure of the two alloys. 

 

 
Fig. 2. Microstructure of the cast Fe-25Al alloy 

 

100 μm
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Fig. 3. Microstructure of the cast Fe-11Al alloy 

 

 
Fig. 4. Carbide morphology observed in the cast Fe-11Al alloy 

 

 

3.2. Corrosion behavior 
 

The corrosion behavior of the two Fe-Al-C alloys is analyzed 

in Figs. 5-7, in comparison with the binary Fe-Al alloy in the form 

of, polarization diagrams and EIS measurements (Nyquist plots). 

The equivalent circuits used to model the EIS data are shown in Fig. 

8, while a summary of the electrochemical parameters that were 

obtained from the polarization scans and EIS measurements are 

presented in Tables 2 and 3, respectively. 

 

 
Fig. 5. Potentiodynamic polarization diagrams obtained for the Fe-

25Al and Fe-11Al alloys in 0.5M H2SO4 containing naturally 

dissolved O2 

 

The polarization diagrams presented in Fig. 5 reveal that the 

three alloys exhibit an active/passive behavior, with similar values 

for corrosion potential (Ecorr), as registered in Table 2. This is an 

indication that the Al-content and the resulting variation of crystal 

structure from D03 (Fe-11Al) to B2 (Fe-25Al) did not modify the 

anodic reaction of the freely corroding surfaces. The obtained 

values are consistent with previous observations concerning the 

corrosion behavior of iron aluminides in sulfuric acid, which yield 

Fe2+ as the main dissolved species [11] by 

Fe3Al(s) → 3Fe2+(aq) + Al(s) + 6e- in case of the Fe-11Al and Fe-

15Al alloys, and FeAl(s) → Fe2+(aq) + Al(s) + 2e- for the Fe-25Al 

alloy. The cathodic reaction is in turn given by 2H+ + 2e- → H2. The 

change in Al content, however, cause variations on the actual 

reaction rate as evidenced by the different corrosion current density 

(icorr) values (Table 2). The results show that Fe-25Al exhibits a 

lower resistance to uniform corrosion compared to the Fe-11Al 

alloy. The values obtained suggest similar corrosion resistance 

compared to previous reports concerning Fe3Al based Fe-Al-C 

alloys in sulfuric acid [6], but significantly lower corrosion 

resistance compared to the binary Fe-Al alloy, in agreement with 

[12]. 

 

200 μm

20 μm
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Fig. 6. Nyquist plots revealing the EIS results obtained for the 

cast Fe-25Al-C and Fe-11Al-C alloys 

 

 
Fig. 7. Nyquist plot from Fe-15Al alloy 

 

 
Fig. 8. Equivalent circuit models used for analyzing the EIS data: 

(a) Fe-25Al, Fe-15Al and (b) Fe-11Al 

 

The higher reaction rate observed for the Fe-25Al alloy were 

associated with a higher critical current density (icrt), indicating that 

a higher level of metal dissolution was observed prior to the 

formation of the passive layer. In other respects, however, the 

passive behavior of the two materials was equivalent, with similar 

values for the passivation potential (Ep) and passive current density 

(ipass), as shown in Table 2. This is an indication that both materials 

form similar passive layers despite the differences in Al-content. 

 

Table 2. 

Summary of the potentiodynamic polarization results obtained in 

0.5M H2SO4 containing naturally dissolved O2 (Ecorr – Corrosion 

potential; icorr – corrosion current density; icrt – critical current 

density; ipass – passivation current density; Ep – passivation 

potential) 

 
Ecorr 

(V) 

icorr 

(mA/cm2) 

icrt 

(mA/cm2) 

ipass 

(mA/cm2) 

Ep 

(V) 

Fe-25Al -0.52 13.5 36.6 4.16 0.02 

Fe-11Al -0.51 5.27 31.0 4.27 0.01 

Fe-15Al -0.49 1.66 3.8 0.005 0.12 

 

Table 3. 

Summary of the EIS results obtained in 0.5M H2SO4 containing 

naturally dissolved O2 (Rs – solution resistance; Rcp – oxide pore 

resistance; Rp – polarization resistance; Q – constant phase 

elements; L – low frequency inductance) 

 
RS 

(Ωcm2) 

Rp 

(Ωcm2) 

Rcp / RL 

(Ωcm2) 

Q1 (Fsn-1 

cm-2) 

Q2 (Fsn-1 

cm-2) 

L 
(Hcm2) 

Fe25Al 4.67 1.27 4.15 0.0015 - 7.67 

Fe11Al 6.22 3.35 2.26 0.0016 2.96 - 

Fe15Al 37.0 217 79.9 3.45×10-5 - 53.0 

 

The Nyquist plots presented in Figs. 6 and 7 the presence of a 

depressed capacitive arc for both tested materials which were 

modeled by using a constant phase element (Q1) and a polarization 

resistance (Rp) and two time constants. The Rp values (Table 3) 

obtained by equivalent circuit modeling (Fig. 8) are consistent with 

the results of the polarization diagrams, which revealed higher icorr 

values on the Fe-25Al alloys. For this sample, the second time 

constant corresponds to an inductive element (L1) which is usually 

associated with the presence of adsorbate species on the metal 

surface. In the present case, the adsorption layer is possibly formed 

by hydrogen, since the formation of H2, as specified in the cathodic 

reaction, is preceded by the adsorption of hydrogen atoms on the 

metal surface. The same was observed for the binary Fe-Al alloy, 

in agreement with a previous report on the corrosion of Fe-Al single 

crystals [11]. For the Fe-11Al alloy, the second time constant (from 

a second depressed capacitive arc at lower frequencies) 

corresponds to a porous oxide film on the metal surface, with pore 

resistance Rcp [13]. The presence of this oxide film could indicate 

the reasons for the higher resistance to uniform corrosion noticed 

for the Fe-11Al alloy compared to the Fe-25Al alloy. 

In Figure 9 the surfaces of the corroded samples (after 

completion of the polarization scans) are presented. The results of 

semi-quantitative chemical composition analysis performed by 

EDS are shown in Table 4. The chemical composition analysis of 

the corrosion layer formed on both surfaces shows the presence of 

oxygen, indicating the presence of oxides in the corrosion layer. 

The relative Fe-Al-O ratios found on the Fe-25Al and Fe-11Al 

alloys were Fe0.77Al0.15O0.08 and Fe0.43Al0.14O0.43, respectively. 

These values ought to be considered only semi-quantitatively, 

however, since EDS analysis is not accurate for predicting oxygen 

(or carbon) contents. In Figs. 9(a) and 9(b) it is possible to notice 

the presence of macro-cracks on corrosion layer formed on both 

samples, indicating that the passive layer formed during 

polarization did not completely prevent permeation from the 

RS

Q1

L1

RL

RP

(a) (b)
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electrolyte and explains the relatively elevated values for passive 

corrosion density observed in the present study in comparison to 

other investigations [12]. 

 

 
Fig. 9. Surface morphology of the corroded surfaces and EDS 

spectra of the Fe-25Al (a, c, e) and Fe-11Al alloy (b, d, f) after 

polarization measurements in 0.5M H2SO4 containing naturally 

dissolved O2 

 

Table 4. 

Chemical composition analysis performed by EDS on the corroded 

metal surfaces (values in wt.%) 

 Fe Al C O Cu Mn P S 

Fe-25Al-C 69.2 13.4 7.4 6.9 1.8 0.6 0.4 0.4 

Fe-11Al-C 39.0 12.5 4.0 38.4 1.0 0.3 0.1 4.8 

 

Observation of the oxide scales with larger magnifications, as 

shown in Figs. 9(c) and 9(d), revealed two distinct oxide 

morphologies on the corrosion layer formed on both samples: flake 

shaped crystals which appear as protrusions on the outer surface of 

the samples and an inner layer composed of equiaxed oxide 

crystals. In both cases, this inner oxide scale presents large 

quantities of defects (micro-cracks and pores).  

 

 

4. Conclusions 
 

In the present work, two Fe-Al-C alloys containing 25 and 

11wt.%Al were cast and evaluated in terms of their corrosion 

resistance in acid medium (0.5M H2SO4 containing naturally 

dissolved O2). The following conclusions could be drawn: 

 

− In the as-cast condition, the materials revealed a coarse-

grained microstructure with the presence secondary particles 

with morphology typical of κ-type carbides. 

− Increasing Al-content led to an increase in hardness from 

37 ± 0.4 to 49.6 ± 2.9 HRC. 

− Both materials exhibited active/passive transition with 

similar values for corrosion potential, but slightly superior 

resistance to uniform corrosion for the Fe-11Al alloy. 

− Contrary to the binary Fe-Al alloy, the Fe-Al-C alloys 

exhibited significantly higher passive current densities and 

corrosion rates. 

− The Fe-Al-C alloys developed a porous layer of corrosion 

products after polarization. 
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