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ABSTRACT 

 
The cold working; aging process; and corrosion behavior of the Fe-Mn-Al stainless steel having a 
composition of Fe-29wt%Mn-3.5wt%Al-0.5wt%C were investigated.  Three different groups of 
specimens of the alloy were subjected to different procedures of cold working and aging.  The first 
group were cold worked then solution treated at 1100°C for 24hrs, coded as CW+ST.  The second 
group were cold worked, solution treated at 1100°C for 24hrs then  cold worked again, coded as 
CW+ST+CW.  The third group were solution treated at 1100°C for 24hrs then cold worked, coded 
as ST+CW.  Subsequent aging treatments of the controlled-worked alloy showed age hardening 
similar to that reported for the solution-treated alloys.  The strengthening of the experimental alloy 
due to the controlled-working and aging is discussed on the basis of microstructural observations 
and X-ray diffraction analysis.  The corrosion behavior of the different groups of the alloy, 
CW+ST; CW+ST+CW; ST+CW, with their peak aged and over aged conditions has been 
examined in 3.5%NaCl solution.  The electrochemical techniques; potentiodynamic polarization 
and Tafel plots were employed.  All the groups of the alloy did not passivate in 3.5%NaCl solution 
and the major corrosion type observed  was general corrosion.  The peak aged and over aged of the 
CW+ST+CW exhibited higher corrosion rates due to  the formation of ferrite phase that formed a 
galvanic couple with the austenitic matrix. 
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1. INTRODUCTION 
 
Ni-Cr Stainless steels are used extensively in the nuclear, battery, agricultural, automotive, food 
processing and defense industries because of their excellent strength, oxidation characteristics and 
acceptable corrosion resistance.  These properties are primarily due to the presence of chromium 
and Nickel as alloying elements.  Chromium is classified as a strategic material because it imparts 
corrosion resistance to steels and 95.1% of the element’s world reserves are located in two 
countries, South Africa and Zimbabwe.  Consequently, alternative alloys without chromium are 
important[1-3] similar to conventional stainless steel in performance. Also, Nickel is an expensive 
element and the primarily sources of it are located at Cuba and Canada [4].  There has been a 
considerable amount of interest in a search for stainless steels, which substitute manganese and 
aluminum for the critical and expensive alloying elements, nickel and chromium.  It  is well 
known that both Ni and Mn elements extend the γ-loop in iron-carbon equilibrium diagram.  When 
the sufficient alloying element is added, it is possible to preserve the fcc austenite at room 
temperature. On the other hand, Al plays the same role of Cr in steel. Al is an α-stabilizer element  
as Cr except that Cr is a carbide forming element, therefore, the level of carbon is very sensitive 
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due to the strong affinity of Cr to form carbide which impair the corrosion resistance.  On 
contrary, Al is a α-stabilizer element which forms a thin stable oxide improving the corrosion 
resistance of the steel and restricted the α− γ transformation.  Fe-Mn-Al alloys have shown 
promise as engineering alloys because of their high strength, lightweight [5,6] and they have also 
shown promise as high strength, high toughness steels at cryogenic temperatures [7-9].  Certain 
compositions of these alloys exhibit age hardening behavior[10,11].  Little information is available 
on the effect of cold working on the aging behavior and corrosion properties of the Fe-Mn-Al 
alloys and hence is the focus of this paper. 
 
2. EXPERIMENTAL  
 
2.1. Melting and Casting 
Four melting techniques were investigated: vacuum arc melting, vacuum induction melting, 
vacuum inductslag melting, and air induction melting [12].  Arc melting was virtually impossible 
because of the volatility of aluminum.  Induction melting in any type of vacuum chamber was 
difficult because the aluminum had to be added slowly and carefully to avoid freezeup and 
blowout.  Air induction melting had the same problems, but aluminum was much easier to add in 
this operation.  Therefore, air induction melting was used to obtain Fe-Mn-Al alloy for this 
research.  The melts were prepared using low-carbon steel (scrap metal), low-carbon 
ferromanganese as received from the Egyptian Steel & Iron Company, electrolytic manganese and 
industrial pure aluminum to obtain the desired chemical compositions.  The melts were cast into 
metallic mold of 1inch diameter.  Table I gives the alloy’s chemical compositions.   
 
2.2. Cold Working and Aging 
The tested specimens for this research were machined from the cast with the following 
dimensions: length=30mm; diameter=22mm.  The specimens were divided into three groups 
according to the sequence of cold working and aging process.  The first group were  cold worked  
with amount of deformation 12% then solution treated at 1100°C for 24hrs and subsequently aged 
at 550°C.  The second group were cold worked then solution treated at 1100°C for 24hrs then cold 
worked with total deformation amounting to 28% and subsequently aged at 550°C.  The third 
group was solution treated at 1100°C for 24hrs then cold worked with amount of deformation 12% 
and subsequently aged at 550°C.  In this research, the tested specimens were cold worked using 
computerized INSTRON machine type 4208.  The three groups were coded as CW+ST, 
CW+ST+CW, ST+CW, respectively. 
 
2.3. Microstructure Examination 
The samples for optical microscopic observations were mechanical ground and polished with the 
standard technique using fine alumina particles and then etched in 5% nital.   The light microscope 
of Model Nikon-Japan was used for microstructure examination. 
 
2.4. X-Ray Diffraction 
X-ray diffraction analysis of the investigated material with its different conditions were carried out 
using Siemens D500 diffractometer.  Cobalt target radiation was filtered through Ni-filter to obtain 
Kα with wavelength of 1.5406A°. The X-ray scan rate was 0.1°/min for 2θ ranging from 30° to 
100°. 
 
 



 
3

2.5. POTENTIODYNAMIC POLARIZATION TESTING  
A conventional three-electrode cell, a single compartment-cylindrical glass cell, of 250 ml 
capacity was used with a stainless steel as a counter electrode. The working electrode was either 
CW+ST steel, CW+ST+CW steel or ST+CW steel with an exposed area of 1cm2.  All potentials 
were measured with respect to silver/silver chloride reference electrode (Ag/AgCl). The electrolyte 
consisted of  3.5% NaCl solution made up from distilled water and reagent grade NaCl (Fisher 
scientific).  This solution had a measured pH of ~7.4. The specimens were mounted in epoxy resin.  
The exposed specimen surface was then ground with silicon carbide paper to a 1000 grit, washed 
in distilled water, and rinsed in acetone before using.  To avoid interference from crevice 
corrosion, the mounted electrode was painted at the resin/alloy interface with a lacquer. The cell 
temperature was not controlled, but the ambient room temperature was reasonably constant at 
25°C. All corrosion tests were conducted  using freshly prepared specimens and electrolyte.  At 
least two replicates were used for every corrosion rate measurement. 
Potentiodynamic polarization tests conducted using AUTOLAB PG STAT 30.  Tests were carried 
out by sweeping  the potential with a scan rate of 1m V/S from  -1000 to 400 mV (with respect to 
Ecorr). Electrochemical parameters, corrosion potential (Ecorr) and corrosion current (Icorr) were 
observed from the potentiodynamic curves.  During the polarization tests, the changes of the pH of 
the solution was followed. After polarization experiments, the testing solutions were filtered to 
collect the corrosion products.  The corrosion products were dried and wet analyzed to determine 
their chemical composition. 
 
3. RESULTS AND DISCCUSION 
 
3.1. Chemical composition  
Table I gives the alloy’s chemical composition.  A loss of approximately 1% Mn and 0.5%Al 
(total weight %) has been detected.  This loss has been attributed to the high vapor pressure of the 
manganese, and to the use of partially oxidized electrolytic manganese which is reduced by 
aluminum during melting. After solidification of the ingots, we have observed a thin layer of 
aluminum oxide adhering to the interior surface of the crucible.  The microstructures of the as-cast 
alloy exhibited a very high degree of dendritic segregation. 
 

Table I: Chemical analysis of the investigated Fe-Mn-Al stainless steel (wt%) 

Element C Mn Al Si Fe 

% 0.5 29.017 3.5 0.5 Bal. 
 
3.2. Aging  
Figure (1) shows hardness-time curves, aging response,  for the different conditions of the        Fe-
Mn-Al  steel at 550 °C.  The curves show the following results.  The hardness of ST+CW at aging 
time zero min. is higher than that of CW+ST+CW and CW+ST aged at zero min. This increase in 
hardness has been attributed to the strain hardening that produces large amount of deformation 
twins as shown in figure (2). With respect to the second and the third conditions, solution 
treatment process after cold working caused a decrease in hardness due to the annealing as shown 
in the first stage of the aging curves in figure (1).  The optical micrograph of the as-quenched 
specimen, CW+ST+CW,  is shown in figure (2).  It reveals austenitic matrix with the presence of 
fine precipitates within the austenite matrix. 
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Figure 1: Aging curves for the different conditions of the Fe-Mn-Al stainless steel 
 
Han and Choo [11] demonstrated that the fine precipitated are (Fe, Mn)3AlC carbides (designated 
as κ/ carbides) having an L/ I2-type structure with lattice parameter aκ =0.376nm.  The fine κ/ 
carbides may be produced during quenching by spinodal decomposition [16-18].  When the      as-
quenched specimen is aged at 550°C, the fine κ/ carbides grow and they are found to precipitate 
not only coherently within the austenite matrix but also heterogeneously on the γ/γ grain 
boundaries in the form of coarse particles.  A typical microstructure is shown in     figure2.  It  
seems to imply that the presence of silicon in the Fe-Mn-Al-C alloy may favor the formation of κ/ 
carbides within the austenite matrix during quenching.  However, the reason why the silicon 
addition could lead to this result is unclear.  The controlled deformation of the alloy before aging 
increases higher precipitate density, i.e. enhance the nucleation rate of the precipitates[19] 
Aging of the deformed specimen plus solution treated then cold worked, CW+ST+CW, at 550°C 
after prolong aging leads to the formation of ferrite within the austenite phase and around the 
carbides through a γ  = α + γ  reaction [20], or the coarse κ/ carbides grew into the adjacent 
austenite grains through a γ  = α + κ carbides.  The transformation of thermo-mechanically 
processed austenite to ferrite is very complex and is determined by the composition of the 
austenite and its stability to plastic deformation and temperature, which will control the ferrite 
nucleation rate through grain boundaries, deformation twins, and carbides.  X-ray diffraction 
analysis data of peak aged condition of CW+ST+CW is consistent with the existence of ferrite and 
precipitates κ/ carbides. 
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   (a)                     (b) 

                        
                                 (c)                  (d)               
Figure(2) Effect of cold working and aging process on the microstructure of Fe-Mn-Al  steel:   (a) 

and (b): Overaged conditions of CW+ST and ST+CW specimens respectively. 
(c) and (d): Solution treated and peak aged of CW+ST+CW specimens. 

 
3.3. X-ray diffraction Analysis 
Analysis of the X-ray diffraction pattern obtained from samples of CW+ST+CW confirms that the 
main constituent of the alloy is austenite fcc matrix with preferred orientation (220).  The    X-ray 
diffractogram of the quenched specimen, Fig.3-a, doesn’t display the  κ/-carbide because the 
volume fraction of the carbide is low to be detected by X-ray.  
The X-ray diffraction patterns of aged CW+ST+CW specimens accompanied sideband reflection 
peaks on both sides of the fcc 220 reflection as shown in Fig. 3-b. As-quenched specimens show 
only sharp fcc 111; 200; and 220 reflections but specimens aged at 550°C for 16 hrs show ferrite 
bcc 110 reflection peak and sideband fcc reflection peaks.  One of the peaks appearing at 
sidebands of the fcc 220 is κ/-carbide, (Fe, Mn)3AlC.   On longer aging, the sidebands disappeared  
and specimens aged longer than 24hrs at 550°C show only a broad fcc 220 peak. 
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Fig. 3:  X-ray diffraction of specimens of CW+ST+CW aged at 550°C,  
               a) solution treated; b) peak aged; and c) overaged condition 

 
3.4. Electrochemical Polarization Behavior 
During the past decade, there have been a number of reports on the corrosion properties of Fe-
However; Fe-Mn-Al alloys [5,12-14].  Except for the work of Wang and Beck [15], it has been 
demonstrated that austenitic Fe-Mn-Al steels are inferior to the conventional Fe-Ni-Cr SS in NaCl 
solution. 
No single reported work to date has comprehensively examined the effect of aging and cold 
working on corrosion mechanism of austenitic Fe-Mn-Al steel.   
Nine different Fe-29Mn-3.5Al-0.5C samples treated at different aging such as solution treated, 
peak aged and overaged were subjected to potentiodynamic polarization scans in aerated 3.5% 
NaCl solution.  The corrosion current density Icorr and corrosion potential Ecorr of the steel tested, 
which were determined (Table II) by potentiodynamic technique.  From these data, one may 
generally evaluate the corrosion properties of Fe-29Mn-3.5Al-0.5C steel at different conditions of 
aging and cold working. 
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Table II:  Corrosion potential Ecorr and corrosion current density Icorr of the tested steel   
                              determined by Tafel Plot technique. 

Condition of steel Aging condition Ecorr Icorr 

CW+ST ST (0 aging time) -673 2.63 

 Peak aged -684 6.74 

 Over aged -706 1.23 

CW+ST+CW 0 aging time -714 12.69 

 Peak aged -712 28.97 

 Over aged -718 9.98 

ST+CW 0 aging time -707 11.02 

 Peak aged -716 12.25 

 Over aged -712 3.52 
Typical polarization curves obtained for the steel samples in  aerated 3.5%NaCl solution are 
shown in Fig.(4).  These curves have qualitatively similar behavior but with different values of 
their electrochemical parameters.  
Anodic polarization curves shows that the current density increases with increasing the applied 
potential till reaches almost constant value.  This can interpreted on the premise that during the 
polarization tests a film of corrosion products is formed on the surface of the alloy.  This film is 
adherent to the surface and thus decreases the output current.  The major corrosion type that has 
been observed for all samples was general corrosion.  The corrosion potentials (Ecorr) of the 
different conditions of the steel varied in a very narrow range, from -673mVAg/Agcl to                    -
718mVAg/Agcl and the most noble potential was obtained for condition of solution treated specimen.   
The polarization curves of the steel with no aging (figure4a) in  3.5%NaCl solution show that 
CW+ST+CW and ST+CW samples gain no passivation, while CW+ST shows a tendency towards 
passivation.  There were only differences in the corrosion current (Icorr) values for the different 
samples of the steel with 0min. aging time.  They were in the range of 2.63µAcm-2  to 12.69µAcm-

2.  The effect of cold working on Icorr of the different conditions of steel is shown in Table II.  This 
reveals that cold working increases the corrosion rate where the deformation twins that created 
during cold working represent regions of different potential from the matrix and this led to the 
increase in Icorr.  The deformation of metal generally increases its attack by chloride ions.  This 
may be due to a number of reasons.  The disarray in the atomic structure is likely to facilitate the 
detachment of an atom from the metallic phase and its passage into the electrolyte.  The energy 
needed for detachment will surely be less than in the case of an atom occupying a stable position 
relative to its neighbours.  However, the deformation operation presented preferred orientation, 
therefore there is a chance that these will be liable to suffer rapid attack.  The orders of corrosion 
rate for the steel with no aging in 3.5%NaCl solution  are CW+ST+CW > ST+CW > CW+ST, 
respectively. 
Figure4-b shows the polarization curves of peak aged conditions of the steel.  They shows the 
effect of peak aging on the corrosion behavior of the steel as well as data presented in table II.  
The formation of ferrite within the austenite phase in peak aged of CW+ST+CW as previously 



 
8

BB  

mentioned increases corrosion current Icorr  where the austenite and ferrite form a galvanic 
couple, which accelerate corrosion of peak aged CW+ST+CW.  Figure (4-c) shows the 
polarization curves of over aged conditions of the steel.  The curves exhibited the same behavior 
of the peak aged conditions.  Over aged of CW+ST+CW exhibited higher corrosion rate than that 
of ST+CW and CW+ST as a result of the presence of ferrite phase that formed after aging of 
prestrain procedure. 
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Figure (4) Polarization curves in 3.5%NaCl solution of the different conditions of Fe-Mn-Al, (a) 

aging time 0min., (b) peak aged conditions, (c )over aged conditions.  
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Under the study conditions evaluated here, oxygen reduction is the prevailing cathodic reaction 
(Region AB), because all experiments were conducted under aeration conditions.  At pH ≈7.4 the 
oxygen reduction is expressed by the equilibrium:  

O2 + 2H2O +4e- =  4OH-      (1) 
This is demonstrated by the pH measurements during the cathodic polarization (Region AB). 
Because the formation of hydroxide ions (OH- ) in the solution causes an increase in the pH values 
in the region AB 
At point B, with increasing potential in the anodic direction, the dissolution of  the alloying 
element Mn, matrix element Fe would occur according to the following anodic reaction: 

M – ne-    Mn+       (2) 
Where M is Fe or Mn in the steel.  The metallic ions dissolve into the solution. 
As the iron(II) ions move away they react with hydroxide ions and produce iron(II) hydroxide: 
 Fe2+(aq) + 2OH-(aq)            Fe(OH)2 (s)    (3) 
The corresponding pH value decreased down to about ≈ 6 because of the consumption of the 
hydroxide ions in reaction (3). 
The visual notice of the testing solutions during the anodic polarizations shows a film of green rust 
(GR) suspension.  Green rust GR is an intermediate compound between Fe(II) hydroxide and 
Fe(III) oxyhydroxide and has often been formed by oxidation of Fe(OH)2 aqueous suspensions.  
The occurrence of GRs as intermediate compounds in the course of corrosion of iron and steel 
under aerobic and anaerobic conditions has often been reported[21]. 
GR(Cl-) is observed as the main product of the first stage of the corrosion process of the alloy in 
3.5%NaCl solution.  The chemical balance of the reaction leading to the formation of GR(Cl-), that 
is Fe3

IIFeIII(OH)8Cl.2H2O [21-22] as follows: 
                  7Fe(OH)2+4.2Fe2+ + 22.4Cl- +5H2O +1/2O2             

                                                        2[Fe3
IIFeIII(OH)8Cl.2H2O] + 3.2Fe2+ + 20.4Cl- (4) 

 
When the GR(Cl-) is subjected to the air, it will oxidized producing Fe(III) and converted to 
reddish brown. This could be visually verified since the solution stayed brownish after filtration of 
the precipitate.  This confirms the presence of suspended Fe(III) hydroxy polymers instead of the 
initial dissolved Fe(II) species.    This is demonstrated by the results of the wet analysis of the 
corrosion products as shown in table III.  
 
Table III: the wet analysis of the corrosion products of the alloy in 3.5%NaCl solution  

Compound Fe2O3 MnO GR(Cl-) 

% 18.7 6.84 Bal. 

 
 GR(Cl-) + dissolved oxygen in solution and/or in air                 Fe2O3   (5) 
 
The formation of MnO is similar to the formation of iron oxide except that Mn ions don’t form 
GR(Cl-). 
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4. CONCLUSIONS: 
Conventional aging is so far the most usual industrial procedure for optimizing the mechanical 
properties of Fe-Mn-Al  steels.  In this paper the effect of cold working on the aging response and 
electrochemical behavior have been discussed.  The main conclusions are: 
1.cold working applied to austenitic Fe-29Mn-3.4Al-0.5C steel is a valuable process to enhance 
the precipitation process, nucleation and growth, of  κ/-carbide. 
2. Aging of the deformed specimen plus solution treated then cold worked, CW+ST+CW, at 
550°C after prolong aging leads to the formation of ferrite within the austenite phase. 
3.cold working applied to austenitic Fe-29Mn-3.4Al-0.5C steel accelerates the steel dissolution 
(corrosion) through  formation of the deformation twins. 
4. The peak aging and over aging of the CW+ST+CW exhibits higher corrosion rates due to  the 
formation of ferrite phase that forms a galvanic couple with the austenitic matrix. 
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