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摘 要 

本實驗利用極化及浸泡測試來研究碳含量在 0.06 到 1.58 wt.%

的鐵-8.8鋁-30錳-4鉻-碳合金，於淬火狀態下對孔蝕行為的影響。經由 

TEM、SEM、EDS和AES的分析，可以將此不同碳含量的合金分為三

種，分別為麻田散鐵型、(α+γ) 雙相型和沃斯田鐵型(γ) 鐵鋁錳鉻碳

合金。 

在麻田散鐵型合金中，由於 18R 麻田散鐵的形成導致應力場產

生，因此孔蝕容易發生在麻田散鐵和肥粒鐵基材之間。隨著碳含量由 

0.06 增加到 0.61 wt.%，沃斯田鐵相逐漸增加，但是由於 18R 麻田

散鐵仍存在於肥粒鐵基地中，因此孔蝕電位無法大幅地提升。此外，

當 18R 麻田散鐵在肥粒鐵基地中消失時，很明顯地可以增加抗孔蝕

的能力，而且發生孔蝕的地方則由 α / γ 晶粒邊界取而代之。接著增

加碳含量會造成沃斯田鐵基地中有細微的 κ' 相產生，由於此 κ' 相

與基地間具有較低的介面能，所以對於孔蝕並沒有太大的影響。然而

殘留的硫化錳和氧化鋁的夾渣物，對於具抗孔蝕佳的沃斯田鐵相有較

大的傷害影響。 
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Abstract

The pitting corrosion behaviors of the as-quenched Fe-8.8Al-30Mn 

-4Cr-C alloys with various carbon contents in the range from 0.06 to 1.58 

wt.% were studied by potentiodynamic polarization and immersion tests. 

Through TEM, SEM, EDS and AES analyses, the alloys examined can be 

classified into three main groups, namely martensitic, (α+γ) duplex and 

austenitic(γ) alloys. 

In martensitic alloys, great strain-field accompanying by the 

formation of the 18R martensite results in favorable sites for the pitting 

nucleation between the martensite and the ferrite matrix. The volume 

fraction of the austenite phase was increased with increasing the carbon 

content ranging from 0.06 to 0.61 wt%. However, there was no obvious 

rise in the critical pitting potential while the 18R martensite was still 

present. Besides, the pitting resistance of the duplex alloy could be 

noticeably improved as a result of the absence of the 18R martensite. In 

the meanwhile, the α/γ grain boundaries substituted the initial pitting sites 

for the 18R martensite in the duplex alloys. When the carbon content was 

high enough to form the fine κ'-carbides within the austenite matrix, the 

lower coherent interfacial and strain energies would have no detrimental 
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effect on the pitting corrosion resistance. The retained inclusions of 

manganese sulfide and aluminum oxide, however, were responsible for 

the deterioration in the pitting resistance of the austenite phase. 
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Introduction 

The Fe-Al-Mn alloys, substituting manganese and aluminum for the 

strategic and expensive alloying elements of nickel and chromium 

contained in the conventional Fe-Ni-Cr-based stainless steels, have 

attracted much attention due to the relatively low cost of raw materials 

and the abundant reserves of both manganese and aluminum in the earth 

[1-4]. Unfortunately, although the Fe-Al-Mn alloys have a higher corrosion 

resistance than carbon steels, they are still far inferior to that of the 

conventional stainless steels [5-18]. Later, a considerable amount of interest 

has been focused on developing carbon-contained Fe-Al-Mn-C alloys as 

high strength and ductility alloy steels, which have a lower density than 

the carbon steels or the stainless steels by 15~20 percent because of the 

addition of 6~10 wt.% aluminum [19-33].  

Although the Fe-Al-Mn-C alloys possess the excellent mechanical 

and physical properties, the relatively lower corrosion resistance restricts 

their extensive applications in industry. Consequently, approaches were 

made to further improve the corrosion resistances of the Fe-Al-Mn-C 

alloys by either the surface treatments or the chemical compositional 
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modifications. Surface treatments such as electroplating, pack chromizing, 

aluminization, physical vapor deposition, etc., were reported to be 

capable of raising the corrosion resistances of the Fe-Al-Mn-C alloys 

[33-35].  

It is also confirmed that the addition of a small amount of chromium 

or the combination of silicon or molybdenum can effectively improve the 

corrosion resistances of the Fe-Al-Mn-C alloys [36-38]. After the 

modifications of the chemical compositions, it is available for the Fe 

Al-Mn-Cr-C alloys to be applied to mildly corrosive working 

environments. In recent years, some commercial products requiring the 

characteristics of light weight, high strength and excellent ductility, such 

as sporting goods of golf club heads, vehicle parts, etc., were made from 

Fe-Al-Mn-Cr-C alloys and have already been commercialized. 

For the Fe-Al-Mn-based alloys, the pitting attack is the primary 

corrosion behavior rather than the general corrosion [8-17]. It is known that 

the pitting corrosion is strongly related to the microstructural factor. The 

variation in carbon content has an important influence on the 

microstructural change in the Fe-Al-Mn-based alloys. So far, most 

investigations on the corrosion of the Fe-Al-Mn-based alloys were 
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focused on the electrochemical corrosion measurements [15-17,36-38]. 

However, the information concerning the effect of the microstructural 

change on the pitting corrosion behaviors is very deficient. Therefore, the 

aim of this study is to determine the relationship between the as-quenched 

microstructure and the susceptibility to the localized pitting corrosion in 

the Fe-8.8Al-30Mn-4Cr-C alloys with various carbon content by means 

of transmission and scanning electron microscopy. 
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Experimental procedure 

(A) Alloy preparation 

Seven Fe-8.8Al-30Mn-4Cr-(0.06~1.58)C alloys examined in the 

present study were prepared in an air induction furnace by using 99.9 pct 

iron, 99.7 pct aluminum, 99.9 pct electrolytic manganese, 99.6 pct 

chromium, 99.5 pct nickel and pure carbon powder. The melt was chill 

cast into 30×50×200 mm-iron mold. After being homogenized at 1150  ℃

for 72 hours, the igots were sectioned into 2-mm-thick silices. These 

silices were subsequently solution heat-treated at 1150  for 3 hours ℃

followed by a rapid quench into iced water. The chemical compositions of 

the present alloys were analyzed by inductively coupled plasma-mass 

spectrometer (ICP). The results are shown in Table І. 

(B) Electrochemical potentiodynamic polarization test 

Potentiodnamic polarization curves were measured in aerated 3.5 % 

Sodium Chloride (NaCl) solution at room temperature. Electrochemical 

polarization curves were obtained by using an EG&G Princeton Applied 

Research Model 273 galvanostat/potentiostat, a computer, amd recorder 

and were corrected for ohmic  effect. A conventional three-electrode cell 
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was used, and all potentials were reported with respected to a saturated 

calomel electrode (SCE). Electrochemical tests were carried out in a glass 

cell filled with ~ 300ml of test solution maintained at 25 ± 2 ℃. Samples 

with an exposed surface area of ~ 1 cm2 were wet polished using silicon 

carbide (SiC) paper to 1,500 grit,washed in distilled water, and rinsed in 

acetone prior to polarization. The specimens were immersed in the 

solutions for about 30 min until a stable corrosion potential (Ecorr) was 

obtained, and then the polization was initiated at 500 mV negative to, 

followed by scanning toward noble direction at a rate of 0.5 mV/s. 

(C) Microstructure observation and diffaction analysis 

(1) Transmission electron microscopy (TEM) 

The transmission electron microscopy specimens were prepared by 

means of a double jet electropolisher with an electrolyte of 15 % 

perchloric acid, 25 % acetic acid and 60 % ethanol. The polishing 

temperature was kept in the range from -30  to ℃ -20  and the current ℃

density was kept in the range from 3.5 to 4×104 A/m2. Electron 

microscopy was performed on a JEOL-2000FX scanning transmission 

electron microscope (STEM) operating at 200 kV. 

(2) Scanning electron microscopy (SEM) 
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The samples of scanning electron microscopy were obtained similar to 

STEM samples. Scanning electron microscopy was performed on a 

JEOL-6500FX Field-emission SEM operating at 15 kV. The SEM 

microscopy was equipped with an energy-dispersive X-ray spectrometer 

(EDS) for chemical analysis and distribution. Quatitative analysis of 

elemental concentrations for Fe, Al, Mn and Cr were with the aid of a 

Cliff-Lorimer ration Thin Section method. 

(D) Immersion test 

The immersion test was carried out in 6 wt% Ferric Chlorde (FeCl3) 

solution. Specimens, 9 mm × 9 mm × 1.3 mm, were tested. The surfaces 

of the samples were polished with SiC paper to 1,200 grit. The Specimen 

contained in the cradle was placed inside a 300ml beaker and completely 

immersed in the test solution. Once taken out of the solution, the 

specimens were not used for the next immersion. The surfaces of the 

speciments were examined systematically by scanning electron 

microscopy. 

(E) Auger electron spectroscopy (AES) examination 

Specimens for the Auger electron spectroscopy examination were 

held at a constant passive potential corresponding to the passive region of 
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the alloys for 20 min in the sodium chloride solution, and the 

compositions of the elements in the passive film were examined. The 

energy of the primary electron beam and the Ar+ sputtering beam is 3 and 

2.5 keV, respectively. The Auger peaks recorded were Fe (648 eV), Mn 

(587 eV), Al (1394 eV), O (506 eV), Cr (489 eV), Ni (846 eV) and C 

(266 eV). 
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Results and discussion

A. Effect of the carbon content on the potentiodynamic polarization curve 

In this study, the potentiodynamic polarization test was first 

employed to assess the pitting corrosion resistance of seven Fe-Al-Mn 

-Cr-C alloys containing carbon content in the range from 0.06 to 1.58 

wt.% in a 3.5 wt.% sodium chloride (NaCl) solution at room temperature. 

The critical pitting potentials (Epp) were measured as the potential at 

which there was a drastic rise in the current density with further scanning 

potential up. The sharp increase is due to the severe localized attack. Thus, 

the critical pitting potential is thought to be indicative of the susceptibility 

to the pitting corrosion, that is, a higher critical pitting potential implies a 

higher pitting corrosion resistance. Figure 1 shows the polarization curves 

of these seven alloys. The results of critical pitting potential and current 

density determined from each polarization curve are listed in TableⅡ for 

comparison. It is apparent that there is a general tendency to a higher 

critical pitting potential with a higher carbon content. From the 

experimental results, the variations in the critical pitting potentials of the 

alloys are worthy to note. For the alloys with carbon content in the range 
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from 0.06 to 0.61 wt.%, there is a slight increase in the critical pitting 

potential with increasing the carbon content. However, both the relatively 

obvious rises can be observed with increasing the carbon content from 

0.61 to 0.72 and 0.72 to 0.93 wt.%. Subsequently, when the alloys contain 

higher carbon content from 0.93 to 1.58 wt.%, the critical pitting 

potentials are still kept. Therefore, it can be concluded from the 

potentiodynamic polarization test that the pitting resistance of the 

Fe-Al-Mn -Cr-C alloy can be effectively improved until up to 0.93 wt.% 

carbon content, but it does not increase any more with further increasing 

from 0.93 to 1.58 wt.%. 
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B. TEM and SEM investigations on the as-quenched microstructures

It is well known that metallurgical character is one of the most 

important factors to affect the susceptibility to the pitting corrosion, so 

that it is essential to evaluate the as-quenched microstructures of the 

alloys with various carbon content. Figure 2(a) is a scanning electron 

micrograph of the as-quenched alloy A, exhibiting ferrite grains. Figure 

2(b), a higher magnification micrograph, clearly reveals the presence of 

needle-like phase with specific orientations within the ferrite matrix. In 

order to identify the needle-like phase, transmission electron microscopy 

examinations of thin foils were performed. Figures 2(c) through (e) are a 

bright-field electron micrograph and two selected-area patterns taken 

from a needle-like phase and its surrounding ferrite matrix. Compared to 

the previous studies [39-55], it is clear that the needle-like phase is 18R 

martensite. 

Figure 3(a) is a scanning electron micrograph of the as-quenched 

alloy B. Since carbon is a strong austenite-stabilizing element, the 

austenite(γ) grains with annealing twins started to appear. No precipitates 

could be detected within the austenite grains by either scanning or 

transmission electron microscopy, however, a high density of the 
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needle-like 18R martensite can still be found within the ferrite(α) grains, 

as shown in Figure 3(b). It is worthy to note in Figure 3(b) that wide and 

rather narrow martensite-free zones (MFZs) inside the ferrite grains can 

be seen along the α/γ and α/α grain boundaries, respectively. It was 

proposed that the MFZs were distributed to the lack of critical nucleation 

of vacancy [40-41]. But this can not explain the discrepancy in MFZs 

between along the α/γ and α/α grain boundaries. The fact that no 

needle-like 18R martensite was found in the carbon-free Fe-7.5Al -30Mn 

alloy [44], indicating that the carbon may play an important role in the 

formation of the 18R martensite. Thus, in addition to the effect of 

vacancy concentration, the MFZs are thought to be due to the depletion of 

the carbon atoms which diffused to the nearby austenite phases. Owing to 

a higher carbon solubility in comparison with the ferrite phase [43], 

therefore, the width along the α/γ grain boundary was large than that 

along α/α grain boundary. Otherwise, the width of the MFZs should be 

similar regardless of kinds of grain boundaries. 

Along with increasing the carbon content to 0.61 wt.%, in addition to 

the increase in the volume fraction of the austenite phase, there is no 

difference in the microstructural constitution between the alloy B and 
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alloy C, as shown in Figures 4 (a) and (b). The needle-like 18R martensite 

and the MFZs could still be found in the alloy C. Consequently, the 

microstructure of the alloy C in the as-quenched condition consists of a 

mixture of austenite, ferrite and 18R martensite. 

Similarly, the volume fraction of the austenite phase continued to 

increase with increasing the carbon content to 0.72 wt.%. In the alloy D, 

the austenite phase becomes predominant and some relatively small and 

discrete ferrite grains are present along the austenite grain boundaries, as 

shown in Figure 5. No precipitates could be detected within the austenite 

grains by means of the transmission electron microscopy. In contrast to 

the alloys with 0.06, 0.32 and 0.61 wt.% carbon, the formation of the 18R 

martensite within the discrete ferrite grains in the alloy D is absent. As a 

result, the microstructure of the as-quenched alloy D is composed of the 

duplex phases of austenite and ferrite. 

Figure 6 is a scanning electron micrograph of the alloy E in the 

as-quenched condition, exhibiting a single-phase austenite with annealing 

twins. This indicates that the addition of 0.93 wt.% carbon is high enough 

to stabilize the full austenite phase in the Fe-8.8Al-30Mn-4Cr alloy at the 

solution heat treating temperature. Also, no precipitates could be detected 
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within the austenite phase by either SEM or TEM.  

Figure 7(a) shows a scanning electron micrograph of the as-quenched 

alloy F. The morphology shown in Figure 7(a) may suggest that the 

microstructure is still a single-phase austenite. However, the bright-field 

electron micrograph reveals that a high density of fine precipitates with a 

modulation structure was formed within the austenite matrix, as shown in 

Figure 7(b). Figure 7(c), a selected-area diffraction pattern taken from a 

mixed region covering the austenite matrix and fine precipitates, indicates 

that the fine precipitates are (Fe,Mn)3AlCx cabides (designated as 

κ'-carbides) having an L'12-type structure [56-66]. In Figure 7(c), it is also 

seen that satellites lying along <001> reciprocal lattice directions about 

the (200) and (220) reflections can be observed. The existence of the 

satellites demonstrates that the fine κ'-carbides were formed during 

quenching by a spinodal decomposition. Figure 7(d) is a (010) κ'-carbides 

dark-field electron micrograph of the as-quenched alloy F, clearly 

showing the presence of the extremely fine κ'-carbides. Accordingly, the 

as-quenched microstructure of the alloy F is austenite phase containing 

extremely fine κ'-carbides. Transmission electron microscopy of thin foils 

indicated that the as-quenched microstructure of the alloy G with 1.58 
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carbon content is similar to that of the alloy F. 
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C. SEM observations on the pitting corrosion behaviors 

In order to investigate the susceptible areas and the modes of pitting 

attack, the present specimens after the immersion test in 6 wt.% ferric 

chloride solution were subjected to the scanning electron microscopy 

observation. Moreover, the fresh specimens were held at potentials just 

slightly above their critical pitting potentials in a 3.5 wt.% sodium 

chloride (NaCl) solution at room temperature to accelerate the pitting 

corrosion and then examined by the scanning electron microscopy to 

observe the behavior of the pit propagation. In Figure 8(a), it can be seen 

that the localized attacks are clearly found to be around the 18R 

martensite in the initial stage of the pitting corrosion after the alloy A was 

immersed in ferric chloride for a short time period. With raising 

immersing time, there are a large number of growing pits in the interiors 

of the ferrite grains but along the α/α grain boundaries, as shown in 

Figure 8(b). This indicates that the 18R martensite is much more 

susceptible to the pitting attack than the α/α grain boundary. Figure 8(c) 

exhibits a severely corroded surface after applying a pitting potential to 

the alloy A, revealing that the pitting attacked areas extended to the α/α 

grain boundaries and the whole ferrite grains. 
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For the alloy B, the 18R martensite interfaces also act as the 

nucleation sites for the pitting corrosion in the immersion test and the 

subsequent attack, which caused pits to coarsen and grow inside the 

ferrite grains. The examples are shown in Figures 9(a) and (b). It can be 

seen in the Figure 9(a) that the absence of the pits can be observed in the 

vicinity of the α/γ grain boundaries where MFZs are present. In addition, 

there are only a few pits inside the austenite grains in comparison with 

the ferrite grains. Based on the energy-dispersive spectrometer (EDS) 

analysis, it is verified that such pits occurred inside the austenite grains 

are attributed to two kinds of inclusions. One is the manganese sulfide 

and the other is the aluminum oxide, which were produced during the 

melting process and retained in the ingot as solidifying. Figure 9(c) shows 

that the whole ferrite grains were severely corroded after applying a 

pitting potential to the alloy B. From these observations through Figures 

9(a) to (c), it is suggested that the pits initiated at the 18R martensite 

interfaces in the interiors of the ferrite grains and then gradually grew 

towards the grain boundaries. Eventually, the pitting attack occupied the 

whole ferrite grains. However, on the other hand, in addition to a few pits 

due to the existence of the manganese sulfide and aluminum oxide 
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inclusions, no other pits related to the microstructural factors could be 

found inside the austenite grains.  

The similar mode of the pitting corrosion was also found to occur in 

the alloy C. Compared to the alloy B, the severely pitting attacked area is 

reduced with the increase in the volume fraction of the austenite phase in 

the alloy C, as shown in Figure 10. However, for the alloy D, there is a 

reverse sequence of the pitting attack in the ferrite grains in comparison 

with the Fe-8.8Al-30Mn-4Cr alloys containing 0.06, 0.32 and 0.61 wt.% 

carbon. As can be seen in Figures 11(a) and (b), the nucleation of the pits 

occurred first at the α/γ grain boundaries rather than inside the ferrite 

grains. Subsequently, the pitting attacks proceeded to the interior of the 

relatively small and discrete ferrite grains. Although the mode of the 

pitting attack inside the ferrite grains is quite different as increasing 

carbon content from 0.61 to 0.72 wt%, the existence of the inclusions is 

still the main reason to facilitate the pitting corrosion in the austenite 

grains.  

For the alloy E having an as-quenched microstructure of a 

single-phase austenite, neither grain nor twin boundaries are found to be 

the initiation sites of the pitting corrosion. As can be seen in Figure 12(a), 
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the pitting corrosion originating from the inclusions becomes 

predominant in the single-phase austenite, where the pits were dispersed 

at random within the austenite matrix. It is seen in Figure 12(b) that the 

larger and deeper pits followed the inclusion-induced pits after applying a 

pitting potential to the alloy E. 

From the microstructural observations mentioned above, as 

increasing the carbon content to 1.25 or 1.58 wt.%, the formation of the 

fine κ'-carbides within the austenite matrix is present. It is interesting to 

know whether the existence of the fine κ'-carbides will deteriorate the 

pitting resistance of the austenite phase or not. Figures 13(a) and (b) are 

two scanning electron micrographs after the immersion and accelerated 

pitting corrosion tests, respectively. Compared to the alloy E, there 

appears to be no difference in the behavior of the pitting attack between 

the austenite matrix with and without the precipitation of the fine 

κ'-carbides. The existence of the retained inclusions is believed to be the 

reason to cause the pitting corrosion in the austenite grains. There are no 

evidences that the pitting attack is related to the precipitation of the fine 

κ'-carbides. 
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D. Relationship between the pitting corrosion behaviors and the 

microstructures 

On the basis of the above observations, the pitting corrosion 

behaviors of the as-quenched alloys with various carbon contents are 

strongly related to their microstructures. Some discussion in detail will be 

given below. The present Fe-8.8Al-30Mn-4Cr alloys containing from 

0.06 to 1.58 wt.% carbon can be classified into the three main groups, 

namely the martensitic, (α+γ) duplex and austenitic alloys, depending on 

not only the as-quenched microstructural differences and the resistances 

of the pitting corrosion. The martensitic alloys contain carbon contents in 

the range of 0.06 to 0.61 wt.%. They are called martensitic alloys since 

the 18R martensite formed within the ferrite phase during quenching. In 

these martensitic alloys, great strain-field accompanying by the formation 

of the 18R martensite is developed around the martensite, so that the 

interfaces between the martensite and the ferrite matrix provide much 

favorable sites for the pitting nucleation. The 18R martensite interfaces 

were observed to be attacked by the pitting corrosion in preference to not 

only the α/α but also the α/γ grain boundaries. It is thus to suggest that the 

18R martensite is the most sensitive to the pitting corrosion due to the 
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great strain-field around them. The absence of the pits in the vicinity of 

the α/γ grain boundaries in the martensitic alloys can be formed as a 

result of the wide MFZs along the α/γ grain boundaries. This leads to the 

pitting attack from the interiors of the ferrite grains to their grain 

boundaries in sequence. The martensitic alloys can be further subdivided 

into both with and without austenite phase. The volume fraction of the 

austenite phase is increased with increasing the carbon content ranging 

from 0.06 to 0.61 wt.%. Since the ferrite grains contain a high density of 

the 18R martensite, the pitting corrosion resistance should be increased 

along with increasing the volume fraction of the austenite and vice versa. 

However, no obvious rise in the critical pitting potential is expected while 

the 18R martensite is still present. Therefore, it is appropriate to propose 

that the martensitic alloy A without the austenite phase has the worst 

resistance to the pitting corrosion. When the carbon content increased 

from 0.06 to 0.61 wt.%, the pitting corrosion resistance of the martensitic 

alloys can slightly be improved. This is in agreement with the results 

obtained from the potentiodynamic polarization test in Figure 1. 

The present alloy containing 0.72 wt.% carbon belongs to one of the 

duplex (α+γ) alloys. They are called duplex since their microstructures 
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essentially consist of duplex phase of austenite and ferrite in the 

as-quenched condition. The absence of the 18R martensite distinguishes 

the duplex from martensitic alloys. Because the volume fraction of the 

ferrite phase is further reduced with increasing the carbon content in the 

alloy, the ferrite grains gradually change to smaller and discrete ones. 

Based on the reason for the formation of the MFZs mentioned above, 

once the ferrite grains are small enough and/or the MFZs are wide enough 

to lead to a depletion of carbon in the interiors of the ferrite grains, the 

martensite-free ferrite grains will be resulted. It is reasonable to believe 

that the pitting resistance of the duplex alloys can be noticeably improved 

as a result of the absence of the 18R martensite, which is the most 

susceptible to the pitting attack. The obvious rise in the critical pitting 

potential of the duplex alloy D is reflective of such a change in the 

microstructure. Additionally, the α/γ grain boundaries as the substitutes 

for the 18R martensite to be the initiation sites for the pitting attack can 

be observed in the duplex alloys, since they are energetically favorable 

nucleation sites in comparison with the γ/γ grain boundaries or twin 

boundaries. From the experimental results, the pitting initiation at the α/γ 

grain boundaries was followed by a sequence of the pitting attack inside 
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the ferrite grains rather than the austenite grains. This implies that the 

ferrite phase is more susceptible to the pitting corrosion than the austenite 

phase in the Fe-8.8Al-30Mn-4Cr alloys. In order to obtain more 

information, concentration depth profiles for elements from the surface 

on the passivated duplex alloy D held at a constant passive potential for 

20 minutes were examined by using the auger electron spectroscopy 

(AES). The profiles of atomic concentrations against sputtering time 

taken from the austenite and ferrite phases were illustrated in Figures 14(a) 

and (b), respectively. The decrease in oxygen concentration indicates that 

the metallic elements were transferred from the oxidative to metallic state, 

and the region detected by AES was approached to alloy substrate while 

the passive film was successively removed with increasing sputtering 

time. The detection of high concentration of carbon was due to the 

existence of contamination on the surface. In Figures 14(a) and (b), the 

concentrations of the aluminum and chromium in the passive film are 

much greater than that in the alloy substrate, and the reverse result is 

obtained for the concentrations of the iron and manganese. The 

contributions of the aluminum and chromium in the passive film are 

referred to the presence of the protective aluminum and chromium oxide 
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scales. The thickness of the oxide layer was determined as the depth at 

which the oxygen concentration dropped to half of the highest value [15]. 

Comparing Figure 14(a) with (b), it is clearly seen that the passive film 

on the austenite phase is much thicker than that on the ferrite phase. This 

is the reason why the austenite phase possesses a superior pitting 

corrosion resistance to the ferrite phase. But further investigation is 

required to know why the austenite phase has a thicker passive film than 

the ferrite phase in the duplex alloys. 

The present alloys containing carbon contents ranging from 0.72 to 

1.58 wt.% belong to the group of the austenitic alloys. They are called 

austenitic since their microstructures essentially comprise a single-phase 

austenite. In consequence of the absence of the ferrite phase and the α/γ 

grain boundaries with a higher energy than the γ/γ grain boundaries, the 

pitting corrosion resistance or the critical pitting potential can be further 

significantly increased, corresponding to the results shown in Figure 1. 

The austenitic alloys can be further subdivided into both with and without 

the κ'-carbides. By the formation of the fine κ'-carbides, the strength of 

the austenitic alloy can be greatly increased without significant loss in 

ductility. The existence of the fine κ'-carbides is thought to be beneficial 
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to the mechanical properties of the austenitic alloys. On the other hand, 

the effect of the fine κ'-carbides on the pitting corrosion is evaluated in 

the present study. Based on the above experimental results for the alloy E 

and alloy F, similar behaviors of the pitting attack could be observed 

regardless of the existence of the fine κ'-carbides. From the transmission 

electron microscopy analysis, the fine κ'-carbides having an ordered FCC 

structure of L'12-type were formed within the austenite phase with a 

disordered FCC structure during quenching by spinodal decomposition, 

so that the rather low values of the coherent interfacial and strain energies 

between the fine κ'-carbide and the austenite matrix would be resulted. It 

is thus to suggest that there is no detrimental effect of the existence of the 

fine κ'-carbides on the pitting corrosion resistance. This is consistent with 

the results obtained from the potentiodynamic polarization test. 

Finally, the inclusions of manganese sulfide and aluminum oxide are 

frequently found in the alloys since the manganese has a strong affinity to 

sulfur and the aluminum can be oxidized with much ease at melting 

temperature about 1600℃. From the above examinations, the retained 

inclusions are responsible for the deterioration in the pitting resistance of 

the austenite phase. It is thus to believe that the pitting corrosion 
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resistance will be further improved if the inclusions can be avoided to 

retained in the Fe-Al-Mn-Cr-C alloys. 
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Conclusions

On the basis of the above observations, the pitting corrosion 

behaviors of the as-quenched Fe-8.8Al-30Mn-4Cr-C alloys with various 

carbon content are strongly related to their microstructures. Some 

conclusions will be given below. 

(1) In martensitic alloys, great strain-field accompanying by the 

formation of the 18R martensite is developed around the martensite, 

so that the interfaces between the martensite and the ferrite matrix 

provide favorable sites for the pitting nucleation. 

(2) The volume fraction of the austenite phase increased with increasing 

the carbon content ranging from 0.06 to 0.61 wt.%. There is no 

obvious rise in the critical pitting potential as the 18R martensite is 

still present. 

(3) The pitting resistance of the duplex alloys can be noticeably improved 

as a result of the absence of the 18R martensite which is the most 

susceptible to the pitting attack. 

(4) The α/γ grain boundaries as the substitutes for the 18R martensite to 

be the initiation sites for the pitting attack in the duplex alloys. 
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(5) Owing to the lower coherent interfacial and strain energies between 

the fine κ'-carbide and the austenite matrix, there is no detrimental 

effect of the existence of the fine κ'-carbides on the pitting corrosion 

resistance. 

(6) The retained inclusions of manganese sulfide and aluminum oxide are 

responsible for the deterioration in the pitting resistance of the 

austenite phase. 
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Figure 1. The potentiodynamic polarization curves for the present alloys 

with various carbon contents in 3.5% NaCl solution. 
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Figure 2(a) 

 
 
 
 

 
Figure 2(b) 
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Figure 2(c) 

 
 
 
 

 
Figure 2(d)
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Figure 2(e) 

 

Figure 2. Electron micrographs of the as-quenched alloy A. (a)-(b) low 

and high magnification SEM micrographs, respectively. (c) 

TEM bright-field micrograph, (d)-(e) two selected-area 

diffraction patterns taken from a mixed region covering the 

needle-like precipitate and the ferrite matrix. The zone axes of 

the 18R martensite are [010] and [110] , respectively. 

(m=18Rmartensite, b=ferrite phase) 
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Figure 3(a) 

 
 
 
 

 
Figure 3(b) 

 

Figure 3. Electron micrographs of the as-quenched alloy B. (a)-(b) low 

and high magnification SEM micrographs, respectively. 
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Figure 4(a) 

 
 
 
 

 
Figure 4(b) 

 

Figure 4. Electron micrographs of the as-quenched alloy C. (a)-(b) low 

and high magnification SEM micrographs, respectively. 
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Figure 5 

 
Figure 5. SEM micrograph of the as-quenched alloy D. 

 

 
Figure 6 

 
Figure 6. SEM micrograph of the as-quenched alloy E. 
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Figure 7(a) 

 
 
 
 

 
Figure 7(b)
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Fig. 7(c) 

 
 
 
 

 

Fig. 7(d) 
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Figure 7. Electron micrographs of the as-quenched alloy F. (a) SEM 

micrograph, (b) TEM bright-field micrograph, (c) a 

selected-area diffraction pattern taken from a mixed region 

covering the austenite matrix and fine precipitates. The foil 

normal is [001]  (hkl = austenite matrix; hkl = κ'-carbides). (d) 

010 κ'-carbide dark-field micrograph. 

44 



 

 

 
Figure 8(a) 

 
 
 
 

 
Figure 8(b)
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Figure 8(c) 

 

Figure 8. SEM micrograph of the as-quenched alloy A immersed in 6 

wt.% FeCl3 solution for (a) 5, (b) 20 minutes and (c) held at 

pitting potential in 3.5 wt.% NaCl solution for 10 minutes. 
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Figure 9(a) 
 
 
 
 

 
Figure 9(b) 
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Figure 9(c) 

 

Figure 9. SEM micrograph of the as-quenched alloy B immersed in 6 
wt.% FeCl3 solution for (a) 35, (b) 70 minutes and (c) held at 
pitting potential in 3.5 wt.% NaCl solution for 15 minutes. 
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Figure 10 

 

Figure 10. SEM micrograph of the as-quenched alloy C held at pitting 

potential in 3.5wt.% NaCl solution for 15 minutes.  
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Figure 11(a) 

 
 
 

 
Figure 11(b) 

 

Figure 11. SEM micrograph of the as-quenched alloy D (a) immersed in 6 

wt.% FeCl3 solution for 60 minutes, (b) held at pitting 

potential in 3.5 wt.% NaCl solution for 20 minutes. 
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Figure 12(a) 

 
 
 

 
Figure 12(b) 

 

Figure 12. SEM micrograph of the as-quenched alloy E (a) immersed in 6 

wt.% FeCl3 solution for 120 minutes, (b) held at pitting 

potential in 3.5 wt.% NaCl solution for 45 minutes. 
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Figure 13(a) 

 
 
 

 
Figure 13(b) 

 

Figure 13. SEM micrograph of the as-quenched alloy F (a) immersed in 6 

wt.% FeCl3 solution for 120 minutes, (b) held at pitting 

potential in 3.5 wt.% NaCl solution for 45 minutes.
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Figure 14(a) 
 

 
 

 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 14(b) 

Figure 14. AES concentration depth profiles taken from (a) the austenite 

phase and (b) the ferrite phase, in the as-quenched alloy D 

after held at a passive potential for 20 minutes in 3.5 wt.% 

NaCl solution. 
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