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中文摘要 

 本論文利用掃描式電子顯微鏡，穿透式電子顯微鏡與 X 光能量散佈分

析儀等，觀察研究單一沃斯田鐵以及(肥粒鐵 + 沃斯田鐵)雙相 FeMnAlCrC 

合金之顯微結構及抗腐蝕性。依據實驗結果，本論文所得到的具體研究結

果如下： 

(一)、在淬火狀態下，Fe-30wt.%Mn-9wt.%Al-5wt.%Cr-0.7wt.%C 合金的顯

微結構為單一沃斯田鐵相。當此合金在 550 到 750℃ 時效處理後，

細微的 (Fe,Mn)3AlC 碳化物 (k′ 碳化物) 會在沃斯田鐵相基地內形

成。此外，隨著時效溫度的上昇，在晶界上的顯微結構變化依序為：

(M7C3 碳化物 ＋ D03) → (M7C3 碳化物 ＋ B2) → (M7C3 碳化物 

＋ α)。此現象至今從未被其他學者在 FeMnAlC 以及 FeMnAlCrC 

合金系統中發現過。 

(二)、在淬火狀態下，Fe-30wt.%Mn-7wt.%Al-xwt.%Cr-1wt.%C alloys (x=0, 3, 

6 和 9) 合金的顯微結構為單一沃斯田鐵相。經過電化學腐蝕測試的

研究發現，除了不含鉻的合金之外，其餘合金都能發現有明顯的鈍化
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區。在鉻的添加不超過 6 wt.% 時, 腐蝕電位及孔蝕電位皆會隨著鉻

含量的增加而明顯的上昇。但是當鉻含量增加到 9 wt.% 時，腐蝕電

位及孔蝕電位皆會下降。造成此抗腐蝕性質變差的原因是由於在沃斯

田鐵基地內和晶界上有 (Fe,Mn,Cr)7C3 碳化物析出。對於高鉻含量 

(Cr≥3wt.%) FeMnAlCrC 的抗腐蝕性質研究從未在以前的文獻中被發

表過。 

(三)、在淬火狀態下，Fe-30wt.%Mn-10wt.%Al-4st.%Cr-0.45wt.%C 合金的顯

微結構為(肥粒鐵 + 沃斯田鐵)之混合相。當此合金在 550℃ 做時效

處理後，Hägg 碳化物 (M5C2-type 碳化物) 會在 D03 區域的 a/2

〈100〉反向晶界上析出。此種 Hägg 碳化物至今從未被其他學者在

FeMnAlC 以及 FeMnAlCrC 合金系統中發現過。利用穿透式電子顯

微鏡以及擇區繞射技術，Hägg 碳化物與 D03 基地之間的方向關係

為： )105( M5C2 // )011( D03 以及 )413( M5C2 // )210( D03。Hägg 碳化物和

α-type (α, D03, B2) 相間的方向關係也從未被其他學者中發現過。 

(四)、Fe-30wt.%Mn-10wt.%Al-4st.%Cr-0.45wt.%C 合金在固溶處理並急速淬

火後，其顯微結構為(肥粒鐵 + 沃斯田鐵)之混合相。當此合金經過 

650℃ 時效處理後，細微的 (Fe,Mn)3AlC 碳化物 (k′ 碳化物) 會在沃

斯田鐵相基地內形成。此外，隨著時效時間的延長，在肥粒鐵基地內

的顯微結構之變化依序為：(B2 + Hägg 碳化物) → (B2 + Hägg 碳化物 

+ β-Mn) → (B2 + Hägg 碳化物 + β-Mn + M23C6 碳化物)。此種顯微結



 iii

構之變化至今從未被其他學者在 FeMnAlC 以及 FeMnAlCrC 合金系

統中發現過。 
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Abstract 

 Phase transformations and corrosion behaviors in the fully austenitic and (α 

+ γ) duplex FeMnAlCrC alloys have been investigated by means of scanning 

electron microscopy, transmission electron microscopy and energy-dispersive 

X-ray spectrometry. On the basis of the experimental examinations, the results 

can be summarized as follows: 

[1] The as-quenched microstructure of the Fe-30wt.%Mn-9wt.%Al-5wt.%Cr- 

0.7wt.%C alloy was single-phase austenite. When the as-quenched alloy 

was aged at 550℃-750℃, fine (Fe,Mn)3AlC carbides (k′ carbides) were 

formed within the austenite matrix. In addition, as the aging temperature 

increased, a M7C3 carbide＋D03 → M7C3 carbide＋B2 → M7C3 carbide＋α 

(ferrite) phase transition had occurred on the grain boundaries. This grain 

boundary precipitation behavior has never been observed in FeMnAlC and 
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FeMnAlCrC alloy systems before. 

[2] The as-quenched microstructure of the Fe-30wt.%Mn-7wt.%Al-xwt.%Cr- 

1wt.%C alloys (x=0, 3, 6 and 9) was single-phase austenite. The 

electrochemical corrosion properties of the present alloys in 3.5% NaCl 

solution have been investigated. An obvious passivation could be observed 

for all the alloys except for the alloy without Cr content. The corrosion 

potential (Ecorr) and pitting potential (Epp) increased pronouncedly with 

increasing Cr content up to 6wt.%, and decreased as Cr content up to 9wt.%. 

The decrease of Ecorr and Epp of the alloy containing 9wt% Cr was due to 

the formation of (Fe,Mn,Cr)7C3 carbides in the austenite matrix and on the 

grain boundaries. It is noted that the corrosion behaviors of the austenitic 

Fe-Mn-Al-Cr-C alloys with higher Cr (≥ 3wt.%) content have never been 

reported in previous literatures. 

[3] The as-quenched microstructure of the Fe-30wt.%Mn-10wt.%Al-4st.%Cr- 

0.45wt.%C alloy was (α + γ) dual phases. When the alloy was aged at 550℃, 

Hägg carbides (M5C2-type carbides) occurred at a/2〈100〉 anti-phase 

boundaries of the D03 domains. The Hägg carbide has never been observed 

by previous workers in FeMnAlC and FeMnAlCrC alloy systems. By means 

of transmission electron microscopy and diffraction technique, the 

orientation relationship between Hägg carbide and D03 matrix was 
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determined to be )105( M5C2 // )011( D03 and )413( M5C2 // )210( D03. The 

orientation relationship between Hägg carbide and bcc-type phase has also 

never been reported in previous literatures before. 

[4] The as-quenched microstructure of the Fe-30wt.%Mn-10wt.%Al-4wt.%Cr- 

0.45wt.%C alloy was (α＋γ) dual phases. When the as-quenched alloy was 

aged at 650℃, fine κ′ carbides were formed within the γ grains. Additionally, 

with increasing the aging time at 650℃, a (B2 + Hägg carbide) → (B2 + 

Hägg carbide + β-Mn) → (B2 + Hägg carbide + β-Mn + M23C6 carbide) 

phase transition had occurred within the α grain. This phase transition has 

never been observed by other workers in the FeMnAlC and FeMnAlCrC 

alloy systems before. 
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General Introduction 

Phase transformations, mechanical properties and corrosion resistance in 

fully austenitic FeMnAlC alloys have been extensively studied by many workers 

[1-34]. In these studies, it is seen that the as-quenched microstructure of the 

FeMnAlC alloys with a chemical composition in the range of 

Fe-(26-34)wt.%Mn-(6-11)wt.%Al-(0.54-1.3)wt.%C was single-phase austenite 

(γ). When the as-quenched alloys were aged at 500~750℃ for moderate times, 

fine and coarse (Fe,Mn)3AlC carbide having an L′12-type structure could be 

observed to precipitate coherently within the γ matrix and heterogeneously on 

the γ/γ grain boundaries, respectively. For convenience, the κ′ carbide and κ 

carbide were used to represent the (Fe,Mn)3AlC carbide formed coherently 

within the γ matrix and heterogeneously on the γ/γ grain boundaries [8]. After 

prolonged aging time within this temperature range, the coarse κ carbide would 

grow into adjacent γ grains through a γ → α (ferrite) + β-Mn reaction, a γ → γ0 

(carbon-deficient austenite) + κ reaction, a γ → β-Mn + κ reaction or a γ → α + 

β-Mn + κ reaction on the grain boundaries in the fully austenitic FeMnAlC 

alloys, depending on the chemical composition and aging temperature [5-10]. 

Additionally, in the previous studies [1-14], it was reported that the 

as-quenched microstructure of the Fe-(26-34)wt.%Mn-(7.8-10)wt.%Al-(0-1.75) 

wt.%M(M=Nb+V+Mo+W)-(0.85-1.3)wt.%C alloys was single γ phase or γ 
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phase with small amount of (Nb,V)C carbides [1-14]. In the as-quenched 

condition, the alloys show various ultimate tensile strength (UTS) ranging from 

840 to 950 MPa, yield strength (YS) ranging from 410 to 550 MPa and 

elongation from 70 to 57%, depending on the chemical composition [8, 11-25]. 

Based on these previous studies, it can be generally concluded that due to the 

formation of the fine k′ carbides within the γ matrix and no precipitates on the 

grain boundaries, the alloys could possess an optimal combination of strength 

and ductility when the as-quenched alloys were aged at 550℃ for about 16 h 

[8-10, 14]. With an elongation better than about 30%, the values of UTS and YS 

could be attained to be 953~1259 MPa and 665~1094 MPa, respectively [8-10, 

14-15]. 

In addition to extensive studies of FeMnAlC alloys with C≦1.3 wt.%, the 

phase transformations in the FeMnAlC alloys with higher carbon content have 

also examined by several workers [15, 35-38]. In their studies, it is obvious that 

the as-quenched microstructure of Fe-(26-30.7)wt.%Mn-(6-9)wt.%Al-(1.5-2.8) 

wt.%C alloys was γ phase containing fine κ′ carbides [15, 35-38]. The fine κ′ 

carbides were formed by spinodal decomposition during quenching [35-38]. 

This is quite different from that observed by other workers in the austenitic 

FeMnAlC alloys with C≦1.3 wt.%. After being aged at 550~1150℃, the fine κ′ 

carbides grew and a γ → γ0 + κ carbide reaction started to occur on the γ/γ grain 
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boundaries [15, 35-36]. The UTS, YS and elongation of the as-quenched 

FeMnAlC alloys with 1.8≦C≦2.0 wt.% were 1080~1105 MPa, 868~883 MPa 

and 55.5~54.5 %, respectively [37-38]. Obviously, with equivalent elongation, 

the mechanical strength was much higher than that examined in the as-quenched 

FeMnAlC alloys with C≦1.3 wt.%. Furthermore, after being aged 450~550℃ 

for moderate times, the alloys could possess high UTS ranging from 1395 to 

1552 MPa and YS ranging from 1262 to 1423 MPa with a good elongation 

ranging from 32.5 to 25.8 % [37-38]. 

The as-quenched microstructure of the FeMnAlC alloys with 0.4≦C≦0.51 

wt.% was (α＋γ) dual phases [11, 39-40]. When the alloys were aged at 

550~710℃ for moderate times, fine κ′ carbide were found to precipitate within 

the γ matrix, and coarse κ carbides as well as β-Mn precipitates could be 

observed within the α grains and on the α/α grain boundaries [39-40]. In 1991, 

the present workers examined the microstructural developments of an 

Fe-28.6wt.%Mn-10.1wt.%Al-0.46wt.%C alloy [41]. Consequently, it was found 

that in the as-quenched condition, extremely fine D03 domains could be 

observed within the α grains. The extremely fine D03 domains were formed by a 

continuous ordering transition during quenching. This is different from that 

reported by other workers in the (α＋γ) duplex FeMnAlC alloys. When the alloy 

was aged at temperatures ranging from 450℃ to 750℃, the phase 
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transformation sequence occurring within the α grain was found to be α + D03 

→ α + D03 + κ → α + B2 + κ → α [41]. The tensile properties of (α＋γ) duplex 

FeMnAlC alloys have also been investigated by many worker before [11, 42-43]. 

In their studies, the UTS, YS and elongation of the alloys in as-quenched 

condition were ranging between 570~786 MPa, 240~472 MPa and 70~35 %, 

respectively [11, 42-43]. 

Although the austenitic FeMnAl(M)C alloys could possess a remarkable 

combination of strength and ductility, the corrosion resistance of the alloys in 

aqueous environments was not adequate for applications in industry [44-48]. In 

order to improve the corrosion resistance, Cr has been added to the austenitic 

FeMnAlC alloys [47-50]. Consequently, it was found that the Ecorr and Epp of the 

as-quenched austenitic Fe-(29.2-31.3)wt.%Mn-(7.1-9.1)wt.%Al-(2.8-6)wt.%Cr- 

(0.88-1.07)wt.%C alloys in 3.5% NaCl solution were ranging from -820 to -556 

mV and from -240 to -27 mV, respectively [47-50]. The results were much better 

than the Ecorr (-920~-789 mV) and Epp (-500~-280 mV) of the austenitic 

as-quenched FeMnAlC alloys [44-48]. However, the improvement of corrosion 

resistance due to the addition of Cr was not obvious in the (α＋γ) duplex 

FeMnAlCrC alloys [44, 51-52]. 

 In contrast to the studies of the corrosion resistance, information concerning 

the microstructural developments of the austenitic and (α ＋ γ) duplex 
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FeMnAlCrC alloys is very deficient. Therefore, the purpose of the present study 

is an attempt to investigate the microstructural evolutions and corrosion 

behaviors of the austenitic and (α＋γ) duplex FeMnAlCrC alloys by using OM, 

SEM, TEM, Auger electron spectroscopy (AES) and X-ray photoelectron 

spectroscopy (XPS), Potentiostat/Galvanostat and energy dispersive X-ray 

spectrometer (EDS) analyses. The detailed experiment results are presented in 

Chapters 2 through 5. 
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Grain boundary precipitation in 

Fe-30Mn-9Al-5Cr-0.7C alloy 
 

Abstract 

 The as-quenched microstructure of the Fe-30wt.%Mn-9wt.%Al-5wt.%Cr- 

0.7wt.%C alloy was single-phase austenite. When the as-quenched alloy was 

aged at 550~750℃, fine (Fe,Mn)3AlC carbides were formed within the austenite 

matrix. In addition, as the aging temperature increased, a M7C3 carbide＋D03 → 

M7C3 carbide＋B2 → M7C3 carbide＋α (ferrite) phase transition had occurred 

on the grain boundaries. This grain boundary precipitation behavior has never 

before been observed in FeMnAlC and FeMnAlCrC alloy systems. 
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2-1 Introduction 

Phase transformations in austenitic FeMnAlC alloys have been extensively 

studied by many workers [1-8]. These studies have shown that in the 

as-quenched condition, the microstructure of the alloy with a chemical 

composition in the range of Fe-(26-34)wt.%Mn-(6-11)wt.%Al-(0.54-1.3)wt.%C 

was single-phase austenite (γ). After being aged at 500-750℃ for moderate 

times, fine and coarse (Fe,Mn)3AlC carbides (κ carbides) having an L'12-type 

structure were observed to precipitate coherently within the austenite matrix and 

also heterogeneously on the austenite grain boundaries, respectively. With 

increasing aging time within this temperature range, the coarse κ carbides grew 

into the adjacent austenite grains through a γ → γ0 (carbon-deficient austenite)＋

κ carbide reaction, a γ → α＋κ carbide reaction, a γ → κ carbide＋β-Mn 

reaction, or a γ → α＋κ carbide＋β-Mn reaction [5-8], depending on the 

chemical composition and aging temperature. In order to improve the corrosion 

resistance, chromium has been added to the austenitic FeMnAlC alloys [9-12]. 

In their studies, it was concluded that the chromium addition could effectively 

improve the corrosion resistance of the alloys. However, to date, information 

about the influence of Cr addition on the microstructural developments of the 

austenitic FeMnAlC alloys is very deficient. Therefore, the purpose of this work 

is an attempt to study the phase transformations in the Fe-30wt.%Mn-9wt.%Al- 
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5wt.%Cr-0.7wt.%C alloy. 
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2-2 Experimental procedure 

Fe-30wt.%Mn-9wt.%Al-5wt.%Cr-0.7wt.%C alloy, was prepared in an 

induction furnace by using commercial 99.9% Fe, Mn, Al, Cr and pure carbon 

powder under a controlled protective argon atmosphere. After being 

homogenized at 1250℃ for 12h, the ingot was hot-forged and then cold-rolled to 

a final thickness of 3.0 mm. The sheet was subsequently solution heat-treated 

(S.H.T.) at 1050℃ for 2h and then rapidly quenched into room temperature 

water. Isothermal aging was performed at 550-850℃ for various times in a 

vacuum furnace and then quenched. Specimens for electron microscopy were 

prepared by means of a double-jet electropolisher with an electrolyte of 65% 

ethanol, 20% acetic acid and 15% perchloric acid. Electron microscopy was 

performed with JEOL 2000FX scanning transmission electron microscope 

(STEM) operating at 200 kV. This microscope was equipped with a Link ISIS 

300 energy-dispersive X-ray spectrometer (EDS) for chemical analysis. 

Quantitative analyses of elemental concentrations for Fe, Mn, Al and Cr were 

made using the Cliff-Lorimer ratio thin section method. 
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2-3 Results and discussion 

 Transmission electron microscopy examinations indicated that in the 

as-quenched condition, the microstructure of the alloy was single-phase 

austenite. Figure 2.1(a) is a bright-field (BF) electron micrograph of the alloy 

aged at 550℃ for 6 h, revealing that fine precipitates with a modulated structure 

were formed along the <100> directions within the austenite matrix and no 

evidence of precipitates could be detected on the grain boundary. A selected-area 

diffraction pattern (SADP) taken from a mixed region covering the austenite 

matrix and fine precipitates (Fig. 2.1(b)), demonstrates that the fine precipitates 

are (Fe,Mn)3AlC carbides (κ carbides) having an L'12 structure [4-7]. After 

prolonged aging at 550℃, a heterogeneous reaction started to occur on the grain 

boundaries. A typical microstructure is illustrated in Fig. 2.2(a). Figures 2.2(b) 

and (c) are two SADPs taken from the precipitates marked as “D” and “M” in 

Fig. 2.2(a), indicating that the two kinds of coarse precipitates were of D03 

phase and (Fe,Mn,Cr)7C3 (designated as M7C3) carbide, respectively [3, 13]. 

This result indicates that the precipitation of (M7C3 carbide + D03 phase) had 

occurred on the grain boundaries. By increasing the aging time at the same 

temperature, the precipitation would proceed toward the inside of the austenite 

grains, as illustrated in Fig. 2.3. Figure 2.3(a) is a BF electron micrograph of the  
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Figure 2.1 (a) 

 

 

Figure 2.1 (b) 

Figure 2.1  Transmission electron micrographs of the alloy aged at 550℃ for 

6h. (a) BF, and (b) an SADP taken from a mixed region covering 

the austenite matrix and fine κ carbides. The zone axis is [001] (hkl: 

austenite matrix; hkl: κ carbide) 
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Figure 2.2 (a) 

 

 

 

Figure 2.2 (b) 
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Figure 2.2 (c) 

Figure 2.2  Transmission electron micrographs of the alloy aged at 550℃ for 

24h. (a) BF, (b) an SADP taken from the D03 phase marked “D” in 

Figure 2.2(a). The zone axis is ]1[01 , and (c) an SADP taken from 

the M7C3 carbide marked “M” in (a). The zone axis is 0]2[11 . 
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alloy aged at 550℃ for 48h, revealing that the precipitation of (M7C3 carbide + 

D03 phase) has a lamellar structure. Figure 2.3(b) is a (100)κ dark-field (DF) 

electron micrograph, revealing the presence of fine κ carbides within the 

austenite matrix. Figures 2.3(c) and (d) are (111) and (200) D03 enlarged DF 

electron micrographs, clearly revealing that the (111) D03 DF image and (200) 

D03 DF image are morphologically identical. Since the (200) reflection spot 

comes from both the B2 and D03 phases, while the (111) reflection spot comes 

only from the D03 phase [14], the bright precipitates presented in Figs. 2.3(c) 

and (d) are considered to be D03 phase.  

When the alloy was aged at 650℃, the morphology of the grain boundary 

M7C3 carbides changed from plate-like to granular shape, as shown in Fig. 2.4(a). 

Figure 2.4(b) is a BF electron micrograph taken from the austenite matrix, 

showing that the amount of the fine κ carbides within the austenite matrix was 

drastically decreased. Figures 2.4(c) and (d) are (111) and (200) D03 enlarged 

DF electron micrographs of the grain boundary, revealing the presence of the 

extremely fine D03 and large B2 domains, respectively. Since the size of the D03 

domains is extremely fine, it is plausible to suggest that the extremely fine D03 

domains were formed by a B2 → D03 ordering transition during quenching from 

the aging temperature [14]. It means that the grain boundary microstructure of 

the alloy present at 650℃ was a mixture of (M7C3 carbide + B2). Transmission 
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electron microscopy of thin foils indicated that the precipitation of (M7C3 

carbide + B2) was preserved up to 700℃. Figures 2.5(a) through (c) are BF, 

(111) and (200) D03 DF electron micrographs of the alloy aged at 750℃ for 6h 

and then quenched, revealing that besides the presence of the M7C3 carbide 

(marked as “M” in Fig. 2.5(a)), only extremely fine D03 domains and small B2 

domains could be observed on the grain boundaries. This indicates that the grain 

boundary microstructure of the alloy present at 750℃ should be a mixture of 

(M7C3 carbide + α), and the extremely fine D03 domains and small B2 domains 

were formed by a α→B2→D03 continuous ordering transition during quenching 

[14]. Progressively higher temperature aging and quenching experiments 

indicated that the grain boundary precipitation of (M7C3 carbide ＋ α) could be 

observed up to 800℃. However, when the aging temperature was increased to 

850℃, only single-phase austenite could be observed and no evidence of the 

grain boundary precipitation could be detected. 

The fact that the phase transition of M7C3 carbide＋D03 → M7C3 carbide＋

B2 → M7C3 carbide＋α had occurred on the grain boundaries in the alloy aged 

at 550~750℃ is a remarkable feature in the present study. This grain boundary 

precipitation behavior has never before been observed in FeMnAlC and 

FeMnAlCrC alloy systems. In order to clarify this feature, an STEM-EDS study  
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Figure 2.3 (a) 

 

 

 

Figure 2.3 (b) 
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Figure 2.3 (c) 

 

 

Figure 2.3 (d) 

Figure 2.3  Transmission electron micrographs of the alloy aged at 550℃ for 

48h. (a) BF, (b) (100)κ DF, (c) and (d) (111) and (200) D03 DF, 

respectively. 
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Figure 2.4 (a) 

 

 

 

Figure 2.4 (b) 
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Figure 2.4 (c) 

 

 

Figure 2.4 (d) 

Figure 2.4  Transmission electron micrographs of the alloy aged at 650℃ for 

12h. (a) and (b) BF taken from the grain boundary and austenite 

matrix, respectively, (c) and (d) (111) and (200) D03 DF, 

respectively. 
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Figure 2.5 (a) 

 

 

 

Figure 2.5 (b) 
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Figure 2.5 (c) 

Figure 2.5  Transmission electron micrographs of the alloy aged at 750℃ for 

6h. (a) BF, (b) and (c) (111) and (200) D03 DF, respectively. 
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was made. Figures 2.6(a) and (b) represent two typical EDS spectra taken from a 

M7C3 carbide and the D03 phase in the alloy aged at 550℃ for 48h, where the Fe, 

Mn, Al, and Cr peaks were examined (EDS with a thick-window detector is 

limited to detect the elements of atomic number of 11 or above; therefore, 

carbon cannot be examined by this method). The quantitative chemical 

compositions of M7C3 and D03 phases from Figs. 2.6(a) and (b) are listed in 

Table 2.1. For the comparison, the chemical compositions of the M7C3 carbide, 

B2 and α phases in the alloy aged at different temperatures are also listed in 

Table 2.1. In Fig. 2.6 and Table 2.1, it is clearly seen that when the alloy was 

aged at 550℃, the Mn and Cr contents in the M7C3 carbide are much higher than 

those of the as-quenched alloy, and the reverse result is obtained for the Al 

content. Since it is known that the Mn is an austenite former in the FeMnAlC 

alloy system, the precipitation of coarse Mn-rich M7C3 carbide on the grain 

boundary would cause the austenite phase in the vicinity of the coarse M7C3 

carbides to become unstable. Furthermore, it is seen in Table 2.1 that the Al 

content in the M7C3 carbide is only about 1.83 at.%, which is much less than that 

in the as-quenched alloy. It is thus anticipated that along with the precipitation of 

the M7C3 carbides, the surrounding regions would be enriched in Al. In Fe-Al 

phase diagram [14], it is seen that when an Fe-26.31at.%Al alloy is heated at 

550℃, the microstructure was a D03 phase. Therefore, it is reasonable to believe 
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that owing to the enrichment of Al, the unstable austenite phase would be 

transformed into the D03 instead of the α phase. Similarly, when the alloy was 

aged at 650℃ as well as 750℃ and then quenched, the Al-rich B2 and α phases 

could be formed at the regions contiguous to the M7C3 carbides, and B2 → D03 

as well as α → B2 → D03 ordering transitions would be expected to occur 

during quenching [14]. This is in agreement with the experimental observations 

in Figs. 2.4 and 2.5, respectively. Finally, it is worthwhile pointing out that the 

coarse Mn-rich κ carbides were always observed on the grain boundaries in the 

austenitic FeMnAlC alloys aged at 500~750℃ for longer times [5-8, 15]. 

However, only (Mn,Cr)-rich M7C3 carbides were formed, and no evidence of 

coarse κ carbides could be detected on the grain boundaries in the present alloy 

aged at 550~750℃. Obviously, the chromium addition in the austenitic 

FeMnAlC alloys would bring about for the formation of the (Mn,Cr)-rich M7C3 

carbides and suppress the precipitation of the coarse Mn-rich κ carbides on the 

grain boundaries. 
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Figure 2.6 (a) 

 

 

Figure 2.6 (b) 

Figure 2.6  EDS spectra taken from (a) M7C3 carbide, and (b) D03 phase in the 

alloy aged at 550℃ for 48h. 
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Table 2.1  Chemical compositions of the phases identified by energy-dispersive 

X-ray spectrometer (EDS). 

 Chemical composition (at.%) Heat 

treatment Phase Fe Mn Al Cr 

S.H.T. γ 50.68 27.60 16.86 4.86 

D03 56.78 15.84 26.31 1.07 
550℃, 48h 

M7C3 37.91 47.69 1.83 12.57 

B2 55.62 16.17 26.95 1.26 
650℃, 12h 

M7C3 37.87 46.76 1.75 13.62 

A2 53.57 17.12 27.13 2.18 
750℃, 6hr 

M7C3 37.09 46.15 1.63 15.13 
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2-4 Conclusions 

    As-quenched microstructure of the Fe-30wt.%Mn-9wt.%Al-5%wt.Cr- 

0.7wt.%C alloy was single-phase austenite. When the as-quenched alloy was 

aged at 550~750℃, fine κ carbides were formed within the austenite matrix, and 

a M7C3＋D03 → M7C3＋B2 → M7C3＋α phase transition had occurred on the 

grain boundaries. 
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Corrosion behaviors of austenitic 

Fe-30Mn-7Al-xCr-1C alloys  
in 3.5% NaCl solution 
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Corrosion behaviors of austenitic 

Fe-30Mn-7Al-xCr-1C alloys in 3.5% NaCl solution 

 

Abstract 

The corrosion behaviors of the as-quenched Fe-30wt.%Mn-7wt.%Al- 

xwt.%Cr-1wt.%C alloys (x=0, 3, 6 and 9) in 3.5% NaCl have been investigated. 

Passivation could be observed for all the alloys except for the alloy without Cr 

content. The corrosion potential (Ecorr) and pitting potential (Epp) increased 

pronouncedly with increasing Cr content up to 6wt.%, and decreased as Cr 

content up to 9wt.%. The decrease of Ecorr and Epp of the alloy containing 9wt% 

Cr was due to the formation of (Fe,Mn,Cr)7C3 carbides in the austenite matrix 

and on the grain boundaries. It is noted that the corrosion behaviors of the 

austenitic Fe-Mn-Al-Cr-C alloys with higher Cr (≥ 3wt.%) content have never 

been reported in previous literatures. 
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3-1 Introduction 

The austenitic Fe-Mn-Al-C quarternary alloys have many advantages, such 

as low cost, low density, high strength, high toughness, and good oxidation 

resistance [1-6]. However, the corrosion resistance of the austenitic Fe-Mn-Al-C 

alloys in aqueous environments was not adequate for applications in industry 

[5-13]. Therefore, many researchers tried to improve the corrosion resistance of 

the austenitic Fe-Mn-Al-C alloys by adding chromium and decreasing carbon 

content [6,9,14-17].  Since Cr and C are ferrite and austenite formers in ferrous 

alloys, respectively, the Fe-Mn-Al-Cr-C alloys with higher Cr and lower C 

contents consist of (austenite + ferrite) dual phases. Some literatures showed that 

Fe-(21.5-27.7)wt.%Mn-(8.9-9.9)wt.%Al-(3.1-6.2)wt.%Cr-(0.33-0.42)wt.%C 

alloys exhibited austenite and ferrite dual phases, and the mechanical properties 

of the dual-phase Fe-Mn-Al-Cr-C alloys were far inferior to those of austenitic 

ones. In order to obtain full austenitic structure, a proper combination of 

chromium and carbon contents was treated. In the previous studies [5,6], it was 

reported that the Fe-(29.5-31.3)wt.%Mn-(8.4-8.9)wt.%Al-(2.6-2.8)wt.%Cr- 

(0.98-1.06)wt.%C alloys had a single-phase austenite, and the corrosion 

resistance of the austenitic Fe-Mn-Al-Cr-C alloys was indeed superior to that of 

the austenitic Fe-Mn-Al-C or dual-phase Fe-Mn-Al-Cr-C alloys. However, to 

date, information concerning the corrosion behaviors of the austenitic 
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Fe-Mn-Al-Cr-C alloys with higher Cr (≥ 3wt.%)  content is very deficient. In 

this study, the electrochemical corrosion properties of four austenitic 

Fe-30wt.%Mn-7wt.%Al-1wt.%C alloys with 0, 3, 6 and 9 wt.% Cr contents in 

3.5% NaCl solution were investigated to evaluate the effects of Cr content on 

the corrosion resistance. 
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3-2 Experimental procedure 

The chemical compositions of the alloys are shown in Table 3.1. The alloys 

were prepared by melting commercial pure Fe, Mn, Al, Cr and carbon powder in 

an induction furnace under a controlled protective argon atmosphere. The melt 

was cast into 30mm × 50mm × 200mm ceramic shell mold. After being 

homogenized at 1473K for 24 h, the ingots were sectioned into 

12mm×12mm×5mm slices. These slices were subsequently solution heat-treated 

in vacuum furnace at 1373K for 2 h and then rapidly quenched into 

room-temperature water. Potentiodynamic polarization curves were measured in 

3.5% NaCl solution at 298K. Electrochemical polarization curves were obtained 

by using an EG&G Princeton Applied Research Model 273 

galvanostat/potentiostat. Specimens with an exposed surface area of ~1cm2 were 

ground with 2000-grit SiC paper and then with 1.5μm Al2O3 powder, washed in 

distilled water and rinsed in acetone prior to passivation. Potentiodynamic 

polarization curves were obtained at a potential scan rate of 5 mV/sec from -1 V 

to 0.5 V. The concentration of elements in the passive film was examined by 

Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy 

(XPS). As well known, the composition quantification of AES is very poor due 

to matrix effect, peaks overlapping and surface roughness, etc. However, the 

depth profiling is one of the most important and convenient application of AES 
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for analysing the composition of thin surface layer. Therefore, the depth 

profiling of AES is an appropriate and effective method for analysing the 

composition distributions of the passive film in this experiment [18,19]. 

Microstructures were examined by using optical microscopy and transmission 

electron microscopy (TEM). TEM specimens were prepared by means of a 

double-jet electropolisher with an electrolyte of 15% perchloric acid, 25% acetic 

acid and 60% ethanol. Electron microscopy was performed on JEOL-2000FX 

STEM operating at 200 kV. This microscope was equipped with a Link ISIS 300 

energy-dispersive X-ray spectrometer (EDS) for chemical analysis. Quantitative 

analyses of elemental concentrations for Fe, Mn, Al and Cr were made using the 

Cliff-Lorimer ratio thin section method.  
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Table 3.1  Chemical compositions of the present alloys (wt.%). 

Alloy Mn Al Cr C Fe 

A(0Cr) 29.18 7.05 0 0.96 Bal. 

B(3Cr) 29.92 7.12 3.01 1.04 Bal. 

C(6Cr) 30.12 7.06 5.96 1.01 Bal. 

D(9Cr) 30.02 7.08 9.05 0.98 Bal. 
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3-3 Results and discussion 

Optical microscopy examinations showed that the as-quenched 

microstructure of the alloys A(0Cr) through C(6Cr) was single-phase austenite. 

Figure 3.1(a) shows a typical optical micrograph of the alloy C(6Cr), indicating 

single-phase austenite with annealing twins. Transmission electron microscopy 

examinations indicated that besides the austenite phase, no evidence of carbides 

could be detected in the as-quenched alloys A(0Cr) through C(6Cr). Figure 3.1(b) 

is an optical micrograph of the alloy D(9Cr), revealing the presence of some 

carbides in the austenite matrix and on the grain boundaries. It seems to imply 

that Cr could be completely dissolved in the austenite matrix at 1373K as Cr ≤ 6 

wt.%, and carbides could be formed at this temperature as Cr up to 9 wt.%. 

Potentiodynamic polarization curves for the four Fe-Mn-Al-Cr-C alloys in 3.5% 

NaCl solution are shown in Figure 3.2. The electrochemical parameters are 

summarized in Table 3.2. Ecorr of the alloys with different Cr content was varied 

from -556 mV to -877 mV. Alloy C(6Cr) has the noblest Ecorr (-556mV). 

Similarly, with increasing Cr content from 3 to 6 wt%, the Epp was drastically 

increased from -224mV to -27mV. However, with further increasing the Cr 

content to 9 wt%, Epp became more negative (-472mV). The results indicate that 

the alloy C(6Cr) had the highest resistivity to pitting damage. Passivation could 

be observed for all the alloys except for the alloy without Cr content. In Figure 
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3.2, it is clearly seen that the passive region increased as Cr content increased 

from 0 to 6 wt.%, and decreased as Cr content up to 9 wt.%. In order to 

determine the chemical composition and the valence state of element in passive 

film formed on the alloys in 3.5% NaCl solution, the technique of AES/XPS was 

undertaken. Figure 3.3 indicates that the depth-concentration profiles for passive 

film formed on the alloys A(0Cr), C(6Cr) and D(9Cr). The detection of carbon 

concentration of outmost layer may be due to surface contamination. The O 

concentration of the alloy A(0Cr) was much smaller than that of the alloys 

C(6Cr) and D(9Cr) in depth profile. In Figure 3.3(a), it is clear that passive film 

was not obvious in the alloy without Cr content. However, in the alloys C(6Cr) 

and D(9Cr), the O concentration at the surface was much higher than that in the 

matrix, as illustrated in Figures 3.3(b) and (c). The Mn and Fe contents in the 

outmost surface were much lower than those in the matrix, but Cr and Al 

contents were reverse tendency. It means that the Cr and Al enrichment was 

attributed to the preferential dissolution of unstable oxides of Fe and Mn into 

electrolyte solution, and then replacement by Cr and Al within the oxide layer. 

There were broad peaks of Cr and Al at a depth of 0 to 2nm, which 

corresponded with the peak of O. This implies that the increase of Cr and Al in 

oxides is likely to be responsible for the improved stability of the passive film. 

However, the AES analysis for passive film can not explain the reason why the  
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Figure 3.1 (a) 

 

 

 

Figure 3.1 (b) 

Figure 3.1  Optical micrographs of the Fe-30wt.%Mn-7wt.%Al-(6, 9)wt.% 

Cr-1wt.%C alloys. (a) 6 wt.%Cr, and (b) 9 wt.%Cr. 
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Figure 3.2  Potentiodynamic polarization curves for the five Fe-30wt.%Mn- 

7wt.%Al-(0, 3, 6, and 9)wt.%Cr-1wt.%C alloys in 3.5% NaCl 

solution. 
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Figure 3.3 (a) 

 

 

 

Figure 3.3 (b) 
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Figure 3.3 (c) 

Figure 3.3  AES depth profiles for the passive film of the Fe-30wt.%Mn- 

7wt.%Al-(0, 6, and 9)wt.%Cr-1wt.%C alloys. (a) 0 wt.%Cr, (b) 6 

wt.%Cr, and (c) 9 wt.%Cr. 
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Table 3.2  The electrochemical parameters from potentiodynamic polarization 

curves for the Fe-30wt.%Mn-7wt.%Al-(0, 3, 6 and 9)wt.%Cr- 

1wt.%C alloys in 3.5% NaCl solution.(*) 

 Electrochemical Parameters from Polarization Curves 

Alloy Ecorr（mV） Ecr（mV） Epp（mV） Ip（A/cm2）

A(0Cr) -877 -- -- -- 

B(3Cr) -712 -588 -224 4.1E-05 

C(6Cr) -556 -518 -27 5.75E-06 

D(9Cr) -754 -599 -472 1.78E-05 

(*)Ecorr, corrosion potential; Ecr, critical potential for active-passive transition; 

Epp, pitting potential; Ip, passive current density, minimum value. 
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Ecorr of the alloy D(9Cr) decreased (more negative), as indicated in Table 3.2. In 

order to obtain more information, the alloy with 9 wt.% Cr content was 

examined by TEM. Figure 3.4(a), a bright-field electron micrograph, clearly 

reveals the presence of carbides in the austenite matrix. Figure 3.4(b) is a 

selected-area diffraction pattern taken from a carbide. Compared to the previous 

studies [20], it is clear that the carbide is (Fe,Mn,Cr)7C3 with lattice parameters a 

= 1.398nm and c = 0.452nm. Figures 3.4(c) and (d) are two EDS profiles taken 

from a (Fe,Mn,Cr)7C3 carbide and the austenite matrix nearby the (Fe,Mn,Cr)7C3 

carbide, respectively. The quantitative analyses of ten different EDS profiles 

showed that the chemical composition of the carbide was Fe-0.56wt.%Al- 

40.12wt.%Mn-34.39wt.%Cr (EDS with the thick-window detector can only 

detect the elements with atomic number 11 or above, hence carbon is unable to 

be examined by this method), and the chemical composition of the austenite 

matrix nearby the carbide was Fe-10.51wt.%Al-25.48wt.%Mn-2.73wt.%Cr. It is 

clearly seen that the Cr content in the (Fe,Mn,Cr)7C3 carbide is up to 34.39wt.%, 

which is much higher than that in the austenite matrix nearby the (Fe,Mn,Cr)7C3 

carbide. It is thus expected that the conspicuous decrease of the Cr content in the 

austenite matrix was ascribed to the formation of Cr-rich (Fe,Mn,Cr)7C3 carbides. 

Therefore, it is deduced that the formation of Cr-rich (Fe,Mn,Cr)7C3 carbides 

would lead to the decrease of Ecorr and Epp of the alloy D(9Cr). 
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Figure 3.4 (a) 

 

 

 

Figure 3.4 (b) 
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Figure 3.4 (c) 

 

 

Figure 3.4 (d) 

Figure 3.4  Transmission electron micrographs of the Fe-30wt.%Mn-7wt.%Al- 

9wt.%Cr-1wt.%C alloy. (a) BF, and (b) a selected-area diffraction 

pattern taken from a (Fe,Mn,Cr)7C3 carbide in (a). The zone axis of 

the (Fe,Mn,Cr)7C3 carbide is [ 1021 ]. (c) and (d) two typical EDS 

profiles obtained from the (Fe,Mn,Cr)7C3 carbide and the γ matrix 

nearby the (Fe,Mn,Cr)7C3 carbide, respectively. 
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Based on the preceding results, it is clear that no evidence of passivation 

could be found in the alloy A(0Cr) and the Ecorr of the alloy was -877mV. This 

result is similar to that examined by other workers in the as-quenched austenitic 

Fe-(26.0-32.2)wt.%Mn-(8.3-10.0)wt.%Al-(0.85-1.45)wt.%C alloys in 3.5% 

NaCl solution, in which they reported that only narrow passive region could be 

observed and the Ecorr of the alloys was in the range from -789 to -920 mV 

[5-9,14]. However, an obvious broad passive region could be detected in the 

present alloys containing Cr. This shows that the Cr addition is indeed beneficial 

for the corrosion resistance of the austenitic Fe-Mn-Al-C alloys in NaCl solution, 

which is in agreement with that examined by other workers in the austenitic 

Fe-(29.5-31.3)wt.%Mn-(8.4-8.9)wt.%Al-(2.6-2.8)wt.%Cr-(0.98-1.06)wt.%C 

alloys [5,6]. In addition, the Ecorr value for the alloy B(3Cr) was -712 mV, which 

is comparable to about -720 mV for the as-quenched Fe-29.5wt.%Mn- 

8.4wt.%Al-2.6wt.%Cr-1.06wt.%C alloy in 3.5% NaCl solution reported by other 

workers [6]. In the present study, we have further shown that the 6.0 wt.% Cr 

addition was completely dissolved in the Fe-30wt.%Mn-7wt.%Al-1.0wt.%C 

alloy at 1373K. Thus, the Ecorr and Epp values would be pronouncedly increased 

to -556 mV and -27mV, respectively, in the alloy C(6Cr). However, when the Cr 

addition was increased up to 9 wt%, the Cr-rich (Fe,Mn,Cr)7C3 carbides could 

be detected in the as-quenched alloy D(9Cr). The formation of Cr-rich 
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(Fe,Mn,Cr)7C3 carbides resulted in the drastic decrease of the Ecorr and Epp 

values. 
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3-4 Conclusions 

The corrosion potential (Ecorr) of the as-quenched Fe-30wt.%Mn-7wt.%Al- (0, 

3, 6 and 9)wt.%Cr-1wt.%C alloys increased from -877 mV to -556 mV as Cr 

content increased from 0 to 6 wt.%. However, the Ecorr of the alloy with 9 wt.% 

Cr dropped to -754 mV due to the formation of (Fe,Mn,Cr)7C3 carbides in the 

austenitic matrix and on the grain boundaries. The result indicates that the alloy 

C (6Cr) exhibited the highest corrosion resistance in 3.5% NaCl solution. 

Passivation could be observed for all of the present alloys except for the alloy 

without Cr content.  
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Formation of Hägg carbide in an 

Fe-30Mn-10Al-4Cr-0.45C alloy 

 

Abstract 

When the present alloy was aged at 550 , Hägg carbides (M℃ 5C2-type 

carbides) occurred at a/2〈100〉 anti-phase boundaries of the D03 domains. The 

Hägg carbide has never been observed by previous workers in FeMnAlC and 

FeMnAlCrC alloy systems. The orientation relationship between Hägg carbide 

and D03 matrix was determined to be )105(
_

M5C2 // )011(
_

D03 and )413(
_

M5C2 

// )210(
_

D03. The orientation relationship between Hägg carbide and bcc-type 

phase has also never been reported before.
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4-1 Introduction 

In previous studies [1-6], it is seen that the as-quenched microstructure of 

the Fe-(28-34)wt.%Mn-(7.8-11)wt.%Al-(0.54-1.3)wt.%C alloys was 

single-phase austenite (γ). After being aged at 500~750  for moderate times, ℃

fine and coarse (Fe,Mn)3AlC carbides were found to precipitate coherently 

within the γ matrix and heterogeneously on the γ/γ grain boundaries, 

respectively. For convenience, the κ′ carbide and κ carbide were used to 

represent the (Fe,Mn)3AlC carbide formed coherently within the γ matrix and 

heterogeneously on the γ/γ grain boundaries [2]. After prolonged aging time 

within this temperature range, the coarse κ carbides grew into adjacent γ grains 

through a γ → α (ferrite) + β-Mn reaction, a γ → γ0 (carbon-deficient austenite) 

+ κ reaction, a γ → β-Mn + κ reaction or a γ → α + β-Mn + κ reaction [1-5], 

depending on the chemical composition and aging temperature. In the FeMnAlC 

alloys with lower carbon content (i.e. 0.4~0.51wt.%C), the as-quenched 

microstructure was found to be (γ+α) dual phases [7-9]. After being aged at 

550~710 , fine κ′ carbides were found to appear within the γ grai℃ ns, and coarse 

κ carbides as well as β-Mn precipitates could be observed in the α grains and on 

the α/α grain boundaries [8, 9]. In 1991, the present workers examined the 

microstructural developments of an Fe-28.6wt.%Mn-10.1wt.%Al-0.46wt.%C 

alloy [10]. Consequently, it was found that in the as-quenched condition, 
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extremely fine D03 domains could be observed within the α grains. This is 

different from that reported by other workers in the duplex FeMnAlC alloys. 

When the alloy was aged at temperatures ranging from 450  to 750 , the ℃ ℃

phase transformation sequence occurring within the α grain was found to be α + 

D03 → α + D03 + κ → α + B2 + κ → α [10]. 

In order to improve the corrosion resistance and high-temperature oxidation 

resistance, the Cr has been added to the austenitic or duplex FeMnAlC alloys 

[11-15]. Based on these results, it can be generally concluded that the addition of 

Cr does achieve these results. Additionally, the effects of Cr addition on the 

microstructures of the austenitic FeMnAlC alloys have also been examined by 

several researchers [16-17]. In the previous study [16], it is seen that when the 

Fe-30wt.%Mn-9wt.%Al-5wt.%Cr-0.7wt.%C alloy was aged at 550~750 , the ℃

fine κ′ carbides were formed within the γ grain, and a (M7C3 + D03) → (M7C3 + 

B2) → (M7C3 + α) reaction occurred on the γ/γ grain boundaries. Besides, when 

the Fe-28.3wt.%Mn-8.7wt.%Al-5.5wt.%Cr-1wt.%C alloy was aged at 

800-1250 , a (γ + Cr℃ 7C3) → γ → (γ + (α + B2 + D03)) reaction occurred within 

the γ grain and on the γ/γ grain boundaries [17]. In contrast to the studies of the 

austenitic FeMnAlCrC alloys, information concerning the microstructures of the 

(γ+α) duplex FeMnAlCrC alloys is very deficient. Therefore, the purpose of this 

work is an attempt to study the microstructural developments in the 
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Fe-30wt.%Mn-10wt.%Al-4wt.%Cr-0.45 wt.%C alloy aged at 550 .℃  
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4-2 Experimental procedure 

The Fe-30wt.%Mn-10wt.%Al-4wt.%Cr-0.45wt.%C alloy was prepared in a 

vacuum induction furnace using pure Fe, Mn, Al, Cr and carbon powder. After 

being homogenized at 1250  for 12 h, the ingot was hot℃ -rolled to a final 

thickness of 2.0 mm. The sheet was subsequently solution heat-treated (SHT) at 

1050  for℃  1 h and then rapidly quenched into room-temperature water. Aging 

process was performed at 550  for 12 h in a vacuum furnace followed by rapid ℃

quenching. Electron microscopy specimens were prepared by means of a 

double-jet electropolisher with an electrolyte of 65% ethanol, 20% acetic acid 

and 15% perchloric acid. Electron microscopy was performed on a JEOL 2100 

transmission electron microscope (TEM) operating at 200kV. This microscope 

was equipped with a Link ISIS 300 energy-dispersive X-ray spectrometer (EDS) 

for chemical analysis. Quantitative analyses of elemental concentrations for Fe, 

Mn, Al and Cr were made using the Cliff-Lorimer ratio thin section method. The 

EDS with a thick-window detector is limited to detect the elements of atomic 

number of 11 or above. Therefore, carbon cannot be examined by this method.  
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4-3 Results and discussion 

In the as-quenched condition, the microstructure of the alloy was (γ+α) 

dual phases. No precipitates could be detected within the γ grains; however, 

extremely fine D03 domains could be observed within the α grains. The 

extremely fine D03 domains were formed within the α grains by a continuous 

ordering transition during quenching. This is similar to that observed by the 

present workers in the Fe-28.6wt.%Mn-10.1 wt.%Al-0.46 wt.%C alloy [10]. 

When the as-quenched alloy was aged at 550  for 12 h, fine k′ carbides were ℃

formed within the γ grain, as shown in Figure 4.1(a). Figure 4.2(a) is a 

bright-field (BF) electron micrograph taken from the α grain, indicating that a 

lot of small precipitates occurred within the α matrix. Figure 4.2(b) is a 

selected-area diffraction pattern (SADP) taken from the α matrix, exhibiting the 

presence of the superlattice reflection spots of the ordered D03 phase [10]. 

Figures 4.2(c) and (d) are the (111) and (200) D03 dark-field (DF) electron 

micrographs taken from the same area as Figure 4.2(a), clearly revealing that the 

(111) DF image and the (200) DF image are morphologically identical. 

Therefore, the bright domains presented in Figures 4.2(c) and (d) are of the D03 

phase with a/2＜100＞ anti-phase boundaries (APBs) [10]. Figure 4.2(e) is the 

DF image of the small precipitates, indicating that these precipitates have 

occurred preferentially at a/2＜100＞ APBs of the D03 domains. A preliminary  
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Figure 4.1  BF transmission electron micrograph taken from the γ matrix of the 

alloy aged at 550  for 12 h.℃  
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Figure 4.2 (a) 

 

 

 

Figure 4.2 (b) 
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Figure 4.2 (c) 

 

 

 

Figure 4.2 (d) 
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Figure 4.2 (e) 

 

Figure 4.2  Transmission electron micrographs taken from the D03 matrix of 

the alloy aged at 550  for 12 h. (a) BF, (b) an SADP, the zone axis ℃

is ]101[ , (c) and (d) (111) and (200) D03 DF image, respectively, 

(e) (001)M5C2 DF image. 
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study of electron diffraction indicated that the precipitate was not of any known 

phases reported in FeMnAl, FeMnAlC and FeMnAlCrC alloy systems [1-17]. In 

order to clarify the crystal structure of the precipitate, eight SADPs taken from 

the precipitate marked as C in Figure 4.2(a) were obtained by tilting the 

specimen about some specific reflections. The results are shown in Figures 

4.3(a)~(h). Table 4.1 shows the interplanar spacings of the precipitate phase, 

which were measured directly from the SADPs in Figures 4.3(a)~(h). The 

measured angles among the reciprocal lattice vectors are listed in Table 4.2. 

Using these measured values of the interplanar spacings and angles, the crystal 

structure of the precipitate was determined to be monoclinic with lattice 

parameters a=1.158nm, b=0.452nm, c=0.509nm, and β=98.3°. Based on these 

lattice parameters, the interplanar spacings and the angles between the chosen 

reciprocal reflections were calculated by using the following equations [18]: 

 

β
β

ββ 22

2

2
2

22

2

22 sin
cos2

sin
11

sin
11

ac
hll

c
k

b
h

ad
−++=  

( )
2/1

222
22

22
22

2
22

112
12

22
12

2
12

1221212
2

212212

cos21sin11cos21sin11

cos11sin11

cos

⎭
⎬
⎫

⎩
⎨
⎧

⎟
⎠
⎞

⎜
⎝
⎛ −++×⎟

⎠
⎞

⎜
⎝
⎛ −++

+−++
=

ββββ

ββ
φ

ac
lhl

c
k

b
h

aac
lhl

c
k

b
h

a

hlhl
ac

ll
c

kk
b

hh
a

  

The calculated interplanar spacings and angles are also listed in Table 4.1 

and Table 4.2 for comparison. It is seen in Table 4.1 and Table 4.2 that the 
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measured values are quite consistent with those obtained by calculation. 

Therefore, the SADPs of the precipitate phase in Figures 4.3(a)~(h) could all be 

indexed. The zone axes of Figures 4.3(a)~(h) are [110], [210], 0]1[1 , ]21[3 , 

]1[10 , ]4[31 , ]2[11  and ]3[22 , respectively. Compared with previous studies 

[19-23], it is clear that the crystal structure of the precipitate corresponds to that 

of the Hägg carbide (M5C2-type carbide).  

Based on the preceding observations, two important experimental results 

are discussed below. ( ) The coarse MnⅠ -rich κ carbides or Mn-rich β-Mn 

precipitates were always observed within the α or D03 matrix in the duplex 

FeMnAlC alloys aged at 450~750  [8℃ -10]. However, only M5C2 carbides were 

formed at a/2＜100＞ APBs of the well-grown D03 domains, and no evidence 

of κ carbide or β-Mn precipitate could be detected within the α grain in the 

present alloy aged at 550 . In order to clarify the apparent difference, ℃ an 

TEM-EDS study was made. The average concentrations of the alloying elements 

were obtained from at least ten different EDS profiles of each phase. The results 

are summarized in Table 4.3. It is seen in Table 4.3 that the Cr and Mn 

concentrations in the well-grown D03 domains were much lower than those in 

the as-quenched alloy, and the reverse result was obtained in the M5C2 carbide. 

Therefore, it is believed that during the growth of the D03 domains, partial Cr 

and Mn atoms would proceed to diffuse toward the a/2＜100＞ APBs. The  
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Figure 4.3  Eight SA
D

Ps taken from
 the precipitate m

arked “C
” in Figure 4.2(a). The zone 

axes are (a) [110], (b) [210], (c) [110], (d) [312], (e) [101], (f) [314], (g) [112] and 

(h) [223], respectively. 
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Table 4.1  The d-spacings of the Hägg carbide. 

 Observed d-spacing＊ Calculated d-spacing＊＊ Indexed Plane 

1 0.504 0.504 001 
2 0.452 0.452 010 
3 0.437 0.438 101 
4 0.418 0.420 101  
5 0.419 0.420 110 
6 0.315 0.315 111 
7 0.331 0.332 111  
8 0.330 0.332 111  
9 0.316 0.315 111  
10 0.208 0.206 102  
11 0.220 0.222 201  
12 0.352 0.354 201 
13 0.411 0.409 120  
14 0.213 0.211 211  
15 0.206 0.205 211  
16 0.203 0.201 121  
17 0.367 0.364 122 
18 0.195 0.197 212 
19 0.193 0.190 122  
20 0.145 0.149 031  
21 0.238 0.241 113  
22 0.159 0.155 302  
23 0.197 0.198 302 
24 0.180 0.181 213  
25 0.268 0.266 140  
26 0.099 0.097 413  
27 2.048 2.044 105  
＊The observed d-spacings were measured from SADPs, 
＊＊The calculated d-spacings were obtained on the basis of the monoclinic 

structure with lattice parameters a=1.158nm, b=0.452nm, c=0.509nm and 
β=98.3 deg. 
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Table 4.2  Angles among some reciprocal vectors of the Hägg carbide. 

 Two Desired 
Reciprocal Vectors Observed Angle＊ Calculated Angle＊＊ 

Fig. 3(a) (001) and ( 111 ) 51.8 51.9 
 (001) and ( 101 ) 93.1 93.0 
 (001) and ( 111 ) 131.5 131.6 

Fig. 3(b) (001) and ( 211 ) 67.5 67.6 
 (001) and ( 201 ) 91.4 91.6 
 (001) and ( 121 ) 115.0 115.1 

Fig. 3(c) (001) and (111) 48.5 48.4 
 (001) and (110) 87.0 87.0 
 (001) and ( 111 ) 128.3 128.1 

Fig. 3(d) (111) and ( 102 ) 68.5 68.7 
 (111) and ( 211 ) 107.5 107.4 
 (111) and ( 302 ) 135.7 135.5 

Fig. 3(e) (111) and (101) 44.3 44.1 
 (111) and (010) 45.8 45.9 
 (111) and ( 111 ) 91.6 91.8 

Fig. 3(f) (111) and ( 213 ) 68.3 68.2 
 (111) and ( 122 ) 102.5 102.4 
 (111) and ( 031 ) 130.2 130.0 

Fig. 3(g) (111) and ( 101 ) 59.0 59.1 
 (111) and (204) 45.3 45.1 
 (111) and ( 113 ) 79.6 79.8 

Fig. 3(h) ( 101 ) and (122) 53.8 53.9 
 ( 101 ) and (212) 76.4 76.2 
 ( 101 ) and (302) 103.5 103.4 

Fig. 4(a) ( 120 ) and ( 113 ) 92.1 92.1 
 ( 120 ) and ( 105 ) 122.0 122.1 

Fig. 4(b) ( 120 ) and ( 140 ) 89.5 89.3 
 ( 111 ) and ( 413 ) 21.5 21.4 
 ( 111 ) and ( 105 ) 50.3 50.2 

＊The observed angles were measured from SADPs 

＊＊The calculated angles were obtained on the basis of the monoclinic structure 
with lattice parameters a=1.158nm, b=0.452nm, c=0.509nm and β=98.3 deg. 
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Table 4.3  Chemical compositions of the phases revealed by EDS. 

Chemical Composition (at.%) Heat 

Treatment 
Phase 

Fe Mn Al Cr 

γ 49.07 30.20 17.05 3.68 
SHT 

α + D03 52.07 21.80 21.55 4.58 

D03 57.56 16.32 25.18 0.94 
550 , 12h℃  

M5C2 30.56 43.20 1.02 25.22 
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higher concentrations of both Cr and Mn would cause the (Cr,Mn)-rich M5C2 

carbides to precipitate at a/2 ＜ 100 ＞  APBs. The precipitation of the 

(Cr,Mn)-rich M5C2 carbides would decrease the Mn concentration drastically, 

thus inhibiting the precipitation of both Mn-rich κ carbides and Mn-rich β-Mn 

precipitates within the α grain. ( II ) The Hägg carbide was extensively observed 

by many workers in the bcc-type alloys [20-24]. Depending on the chemical 

compositions, the lattice parameters of the Hägg carbide varied in the range of 

a=1.150-1.158nm, b=0.452-0.457nm, c=0.501-0.509nm and β=97.6-98.3° 

[19-22]. However, to date, the orientation relationship between the Hägg carbide 

and the bcc-type (i.e. α, D03, B2) structure is very deficient. We are aware of 

two articles [22, 23], in which they reported that both Fe5C2 carbide and Fe3C 

carbide were formed intimately in α-iron after being heat-treated at 500-800  ℃

under a CO or/and H2 atmosphere. By using electron diffraction, the orientation 

relationship between the Fe5C2 and Fe3C was determined to be (100)Fe5C2 // 

(001)Fe3C [22, 23]. In addition, they correlated the obtained result with the 

orientation relationship between Fe3C and α phase, (001)Fe3C // (211)α, which was 

reported by other workers in ferritic stainless steel [24]. Therefore, they deduced 

that the orientation relationship among Fe5C2, Fe3C and α phase was (100)Fe5C2 // 

(001)Fe3C // (211)α [23]. It is well-known that the orientation relationship between 

two phases should be described by a pair of parallel directions in a pair of 
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parallel planes or two pairs of parallel planes. However, in the previous studies 

[22 ,23], only a pair of parallel planes was determined and no direct experiment 

evidence confirmed the orientation relationship between Fe5C2 and α phase. 

Therefore, the electron diffraction technique was used to clarify the orientation 

relationship between the M5C2 carbide and the D03 matrix in the present study. 

The results are presented in Figures 4.4(a) and (b). In these two SADPs, it is 

clear that the )105(  and )413(  reflection spots of the M5C2 carbide are 

parallel to the )011(  and )021(  reflection spots of the D03 matrix, 

respectively. Accordingly, the orientation relationship between the M5C2 carbide 

and D03 matrix can be stated as follows: )105( M5C2 // )011( D03 and )413( M5C2 

// )210( D03. In order to further certify the determined orientation relationship, the 

angle between the )105( M5C2 and )413( M5C2 was calculated by using the 

equation mentioned above. The calculated angle was 71.61°, which is quite 

consistent with the angle of 71.57° between the )011( D03 and )210( D03. Finally, 

it is worth mentioning that in the present study, a lot of effort was made to 

determine the parallel relationship of lower index planes between the M5C2 

carbide and D03 matrix. Unfortunately, the attempt was not successful. 
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Figure 4.4 (a) 

 

 

 

Figure 4.4 (b) 

Figure 4.4  Two SADPs taken from an area including the precipitate marked 

“C” in Figure 4.2(a) and its surrounding matrix. The zone axes are 

(a) [152]M5C2, [110]D03 and (b) [154]M5C2, [221] D03, respectively. 

(hkl=M5C2 carbide; hkl=D03 phase) 
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4-4 Conclusions 

In Summary, the as-quenched microstructure of the Fe-30wt.%Mn- 

10wt.%Al-4wt.%Cr-0.45wt.%C alloy was (γ+α) dual phases, and extremely fine 

D03 domains could be observed within the α grains. After being aged at 550  ℃

for 12 h, fine κ′ carbides were formed within the γ grains and the (Cr,Mn)-rich 

Hägg carbides occurred at a/2＜100＞ APBs of the well-grown D03 domains. 

The Hägg carbide has never been observed by previous workers in FeMnAlC 

and FeMnAlCrC alloy systems. The orientation relationship between the Hägg 

carbide and D03 matrix was determined to be )105( M5C2 // )011( D03 and 

)413( M5C2 // )210( D03. The orientation relationship between Hägg carbide and 

bcc-type phase has also never been reported by other workers before. 
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Chapter 5. 
Phase transformations in an 

Fe-30Mn-10Al-4Cr-0.45C alloy 
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Phase transformations in an 

Fe-30Mn-10Al-4Cr-0.45C alloy 

 

Abstract 

 The as-quenched microstructure of the Fe-30wt.%Mn-10wt.%Al-4wt.%Cr- 

0.45wt.%C alloy was (α＋γ) dual phases. When the as-quenched alloy was aged 

at 650 , fin℃ e κ′ carbides were formed within the γ grains. Additionally, a (B2 + 

Hägg carbide) → (B2 + Hägg carbide + β-Mn) → (B2 + Hägg carbide + β-Mn + 

M23C6 carbide) phase transition had occurred within the α grain. This phase 

transition has never been observed by other workers in the FeMnAlC and 

FeMnAlCrC alloy systems before. 
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5-1 Introduction 

The microstructural developments of the Fe-(23-34)wt.%Mn-(5.3-11) 

wt.%Al-(0.4-1.3)wt.%C alloys have been extensively studied by many workers 

[1-9]. In these studies, it is seen that the as-quenched microstructure of the 

FeMnAlC alloys with 0.54≦C≦1.3 wt.% was single-phase austenite (γ) [1-6]. 

When the alloys were aged at 500-750℃ for moderate times, fine and coarse 

(Fe,Mn)3AlC carbide having an L′12-type structure could be observed to 

precipitate coherently within the γ matrix and heterogeneously on the γ/γ grain 

boundaries, respectively [1-6]. For convenience, the κ′ carbide and κ carbide 

were used to represent the (Fe,Mn)3AlC carbide formed coherently within the γ 

matrix and heterogeneously on the γ/γ grain boundaries [2]. After prolonged 

aging time within this temperature range, the coarse κ carbide would grow into 

adjacent γ grains through a γ → α (ferrite) + β-Mn reaction, a γ → γ0 

(carbon-deficient austenite) + κ reaction, a γ → β-Mn + κ reaction or a γ → α + 

β-Mn + κ reaction on the grain boundaries in the fully austenitic FeMnAlC 

alloys, depending on the chemical composition and aging temperature [1-5]. In 

contrast to the alloys with 0.54≦C≦1.3 wt.%, the as-quenched microstructure 

of the FeMnAlC alloys with 0.4≦C≦0.51 wt.% was (α＋γ) dual phases [7-9]. 

When the alloys were aged at 550-710℃ for moderate times, fine κ′ carbides 

were found to precipitate within the γ matrix, and coarse κ carbides as well as 
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β-Mn precipitates could be observed within the α grains and on the α/α grain 

boundaries [8, 9]. In 1991, the present workers examined the microstructural 

developments of an Fe-28.6wt.%Mn-10.1wt.%Al-0.46wt.%C alloy [10]. 

Consequently, it was found that in the as-quenched condition, extremely fine 

D03 domains could be observed within the α grains. This is different from that 

reported by other workers in the (α＋γ) duplex FeMnAlC alloys [7-9]. When the 

alloy was aged at temperatures ranging from 450℃ to 750℃, the phase 

transformation sequence occurring within the α grain was found to be α + D03 

→ α + D03 + κ → α + B2 + κ → α [10]. 

In order to improve the corrosion resistance, the Cr has been added to the 

fully austenitic FeMnAlC alloys [11-15]. Based on these studies, it can be 

generally concluded that the addition of Cr does achieve the result. Additionally, 

the effects of Cr addition on the microstructures of the FeMnAlC alloys have 

also been examined by several researchers [16-17]. In the previous study [16], it 

is seen that when the austenitic Fe-30wt.%Mn-9wt.%Al-5wt.%Cr-0.7wt.%C 

alloy was aged at 550-750℃, the fine κ′ carbides were formed within the γ grain, 

and a (M7C3 + D03) → (M7C3 + B2) → (M7C3 + α) reaction occurred on the γ/γ 

grain boundaries. Besides, when the austenitic Fe-28.3wt.%Mn-8.7wt.%Al- 

5.5wt.%Cr-1wt.%C alloy was aged at 800-1250℃, a (γ + Cr7C3) → γ → (γ + (α 

+ B2 + D03)) reaction occurred within the γ grain and on the γ/γ grain 
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boundaries [17]. However, little information concerning the microstructural 

developments of the (α＋γ) duplex FeMnAlCrC alloys has been provided in the 

literatures. Recently, the present workers have examined the microstructural 

developments of a (α＋γ) duplex Fe-30wt.%Mn-10wt.%Al-4wt.%Cr-0.45wt.%C 

alloy [18]. Consequently, it was found that when the alloy was aged at 550℃, 

the fine κ′ carbides were formed within the γ grain and Hägg carbides 

(M5C2-type carbides) occurred at the a/2<100> anti-phase boundaries of the 

well-grown D03 domains. The Hägg carbide has a monoclinic structure with 

lattice parameters a=1.158nm, b=0.452nm, c=0.509nm, and β=98.3°. The 

orientation relationship between the Hägg carbide and D03 matrix was 

determined to be )105( M5C2 // )011( D03 and )413( M5C2 // )210( D03. It is noted that 

the Hägg carbide has never been observed by other workers in the FeMnAlC 

and FeMnAlCrC alloy systems before. Additionally, the orientation relationship 

between Hägg carbide and bcc-type phase has also never been reported by other 

workers. Extending the previous work, the purpose of this study is an attempt to 

examine the microstructural evolution of the Fe-30wt.%Mn-10wt.%Al- 

4wt.%Cr-0.45wt.%C alloy aged at 650℃. 
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5-2 Experimental procedure 

The Fe-30wt.%Mn-10wt.%Al-4wt.%Cr-0.45wt.%C alloy was prepared in a 

vacuum induction furnace by using pure Fe, Mn, Al, Cr and carbon powder 

under a protective argon atmosphere. After being homogenized at 1250℃ for 12 

h, the ingot was hot-rolled and then cold-rolled to a final thickness of 2.0 mm. 

The sheets were subsequently solution heat-treated (SHT) at 1050℃ for 1 h and 

then quenched into room-temperature water rapidly. Aging processes were 

performed at 650℃ for various times in a vacuum heat-treated furnace followed 

by rapid quenching. Electron microscopy specimens were prepared by means of 

a double-jet electropolisher with an electrolyte of 65% ethanol, 20% acetic acid 

and 15% perchloric acid. Electron microscopy was performed on JEOL-2100 

transmission electron microscope (TEM) operating at 200kV. This microscope 

was equipped with a Link ISIS 300 energy-dispersive X-ray spectrometer (EDS) 

for chemical analysis. Quantitative analyses of elemental concentrations for Fe, 

Mn, Al and Cr were made using the Cliff-Lorimer ratio thin section method. The 

EDS with a thick-window detector is limited to detect the elements of atomic 

number of 11 or above. Therefore, carbon cannot be examined by this method.  
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5-3 Results and discussion 

 In the as-quenched condition, the microstructure of the alloy was (α＋γ) 

dual phases and no precipitates could be detected within the γ grains. Figure 

5.1(a) is a selected-area diffraction pattern (SADP) taken from the α grain, 

exhibiting the presence of the superlattice reflection spots of the ordered D03 

phase [19]. Figures 5.1(b) and (c) are (111) and (200) D03 dark-field (DF) 

electron micrographs, clearly showing the presence of extremely fine D03 

domains and small B2 domains, respectively. The extremely fine D03 domains 

were formed within the α grain by a α → B2 → D03 continuous ordering 

transition during quenching [19]. This is similar to that observed by the present 

workers in the Fe-28.6wt.%Mn-10.1wt.%Al-0.46wt.%C alloy [10]. When the 

as-quenched alloy was aged at 650  for 6 h, fine k℃ ′ carbides were formed 

within the γ grains, as shown in Figure 5.2(a). Figure 5.2(b) is a bright-field (BF) 

electron micrograph taken from the α grain, indicating that some precipitates 

started to appear within the α grain. Figures 5.2 (c) and (d) are (111) and (200) 

D03 DF electron micrographs, indicating that the B2 domains grew significantly 

and the D03 domains remained to be extremely fine. Apparently, the B2 phase 

existed at the aging temperature and the extremely fine D03 domains were 

formed by a B2 → D03 ordering transition during quenching [19]. Figures 5.3(a) 

through (c) are three SADPs taken from the precipitate marked as “C” in Figure 
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5.2(b). According to the camera length and the measurement of angles as well as 

d-spacings of the diffraction spots, the crystal structure of the precipitate phase 

was determined to be monoclinic with lattice parameters a=1.158 nm, b=0.452 

nm, c=0.509 nm, and β=98.3°, which corresponds to that of the Hägg carbide 

[18, 20-24]. It is clear that when the alloy was aged at 650  for 6 h,℃  the 

microstructure within the α grain was a mixture of (B2 + Hägg carbide). When 

the aging time was increased to 12 h, a new phase was found to occur on the α/α 

grain boundaries, as shown in Figure 5.4(a). Figure 5.4(b) is a SADP taken from 

the phase marked as “B” in Figure 5.4(a), indicating that the new phase on the 

α/α grain boundaries is β-Mn having a simple cubic structure with lattice 

parameter a=0.632 nm [25]. Figures 5.4(c) through (e) are three SADPs taken 

from the β-Mn marked as “B” and its surrounding B2 matrix, indicating that the 

orientation relationship between β-Mn and B2 phase was (100)B2 // (100)β-Mn, 

(010)B2 // )1(02 β-Mn, )1(01 B2 // )3(01 β-Mn, which is similar to that observed by the 

present workers in the Fe-29.9wt.%Mn-9.1wt.%Al-2.9wt.%Cr alloy [25]. When 

the aging time was increased to 18 h, the β-Mn would grow into adjacent B2 

matrix, as illustrated in Figure 5.5(a). In Figure 5.5(a), it is also seen that another 

precipitate started to appear within the β-Mn region. Figure 5.5(b) is a BF 

electron micrograph taken from an area containing the precipitate and its 

surrounding β-Mn. Figures 5.5(c) through (e) are three SADPs taken from the  
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Figure 5.1 (a) 

 

 

 

Figure 5.1 (b) 
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Figure 5.1 (c) 

Figure 5.1  Transmission electron micrographs of the as-quenched alloy. (a) an 

SADP taken from the α grain. The zone axis is ]101[  (hkl: α 

phase, hkl: D03 phase). (b) and (c) (111) and (200) D03 DF images, 

respectively. 
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Figure 5.2 (a) 

 

 

 

Figure 5.2 (b) 
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Figure 5.2 (c) 

 

 

 

Figure 5.2 (d) 

Figure 5.2  Transmission electron micrographs of the alloy aged at 650℃ for 6 

h. (a) BF taken from the γ grain. (b) BF taken from the α grain. (c) 

and (d) (111) and (200) D03 DF images, respectively. 
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Figure 5.3 (a) 

 

 

 

Figure 5.3 (b) 
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Figure 5.3 (c) 

Figure 5.3  (a) through (c) Three SAPDs taken from the precipitate marked “C” 

in Figure 5.2(b). The zone axes are (a) ]011[ , (b) ]110[  and (c) 

]211[ , respectively. 
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Figure 5.4 (a) 

 

 

 

Figure 5.4 (b) 
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Figure 5.4 (c) 

 

 

 

Figure 5.4 (d) 
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Figure 5.4 (e) 

Figure 5.4  (a) SEM image of the alloy aged at 650℃ for 12 h. (b) an SADP 

taken from the precipitate marked “B” in Figure 5.4(a). The zone 

axis is [001]. (c) through (d) Three SADPs taken from an area 

including the precipitate marked “B” in Figure 5.4(a) and its 

surrounding matrix. The zone axes are (c) [001]β-Mn, ]210[ B2, (d) 

[012]β-Mn, [001]B2 and (e) [031]β-Mn, [011]B2, respectively. 
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Figure 5.5 (a) 

 

 

 

Figure 5.5 (b) 

 

 

 



 97

 

 

 

 

 

Figure 5.5 (c) 

 

 

 

Figure 5.5 (d) 
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Figure 5.5 (e) 

Figure 5.5  (a) SEM image of the alloy aged at 650℃ for 18 h. (b) through (e) 

Transmission electron micrographs of the alloy aged at 650℃ for 

18 h. (b) BF. (c) through (e) Three SADPs taken from the 

precipitate marked “P” in Figure 5.5(b). The zone axes are (c) [010], 

(d) [011] and (e) [111], respectively. 
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precipitate marked as “P” in Figure 5.5(b), indicating that the precipitate was 

M23C6-type carbide having a face-centered cubic (f.c.c) structure with lattice 

parameter a=1.079 nm [26]. After further prolonged aging, the β-Mn occurred to 

form inside the B2 matrix with different variants, as shown in Figure 5.6. 

 Based on the preceding results, some discussion is appropriate. That the 

phase transition (B2 + Hägg carbide) → (B2 + Hägg carbide + β-Mn) → (B2 + 

Hägg carbide + β-Mn + M23C6 carbide) occurred in the alloy aged at 650  is a ℃

remarkable feature in the present study. In order to clarify this feature, an 

TEM-EDS study was made. The chemical compositions of the Hägg carbide, 

M23C6 carbide, β-Mn and B2 phase in the alloy aged at 650  for differ℃ ent times 

are listed in Table 5.1. In the Fe-Al phase diagram [19], it is seen that when the 

Fe-Al alloy with Al 25.1 at.% is heat≧ -treated at 650  and then quenched to ℃

room-temperature, the microstructure present at 650  was B2 phase and a B2 ℃

→ D03 ordering transition would occur during quenching. The Al content of the 

B2 domain after being aged at 650  for 6 h is 25.28 at.%, as seen in Table ℃ 5.1. 

Therefore, it is reasonable to suggest that the microstructure of the matrix at 

650  would be the B2 phase and ℃ extremely fine D03 domains were formed by a 

B2 → D03 ordering transition during quenching, which is similar to that seen in 

the Fe-Al binary alloys. It is also seen in Table 5.1 that the Mn and Cr contents 
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of the B2 domain in the alloy aged at 650  for 6 h℃  are much lower than those of 

the α phase in the as-quenched alloy, suggesting that the surrounding region 

would be enriched in Mn and Cr due to the growth of the B2 domains. It is 

reasonable to believe that the enrichment of Mn and Cr contents would enhance 

the formation of the (Mn,Cr)-rich Hägg carbide at the region contiguous to the 

B2 domains. Consequently, when the as-quenched alloy was aged at 650  for 6 ℃

h, the microstructure was a mixture of (B2 + Hägg carbide). After prolonged the 

aging time to 12 h, the β-Mn preferred to form heterogeneously on the α/α grain 

boundaries, which is similar to that observed in the FeMnAlCr alloys in the 

previous study [25]. In the Fe-Mn binary alloy, the β-Mn could only be found at 

temperature above 707  with Mn 70 at.%℃ ≧  [27]. However, the addition of Al 

would cause the β-Mn region to extend considerably [25]. Additionally, due to 

the formation of Mn-rich β-Mn, the (Mn,Cr)-rich Hägg carbide was observed to 

be disappeared within the β-Mn phase. Therefore, the microstructure of the aged 

at 650  for 12 h was a mixture of (B2 + ℃ Hägg carbide + β-Mn). Furthermore, 

when the aging time was increased to 18 h, the M23C6 carbides started to form 

within the β-Mn phase. Since the β-Mn has a simple cubic structure, the 

solubility of C could be expected to be low. Besides, it is well known that the Cr 

atom is a strong carbide former. In Table 5.1, it is clearly seen that the Cr 

content in the B2 phase in the alloy aged for 18 h were slightly less than that in  
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Figure 5.6 

Figure 5.6  SEM image of the alloy aged at 650℃ for 36 h. 
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Table 5.1  Chemical compositions of the phases revealed by energy-dispersive 

X-ray spectrometer (EDS). 

 

Chemical Compositions (at.%) 
Heat Treatment Phase 

Fe Mn Al Cr 

γ 48.90 30.26 17.13 3.71 
SHT 

α 52.24 21.67 21.52 4.57 

B2 57.26 16.49 25.28 0.97 
650℃, 6 h 

M5C2 29.60 44.39 1.12 24.89 

B2 59.88 13.93 25.32 0.87 

M5C2 30.69 43.21 1.08 25.02 650℃, 12 h 

β-Mn 41.29 36.64 16.58 5.49 

B2 59.67 14.22 25.26 0.85 

M5C2 31.63 42.36 1.05 24.96 

β-Mn 41.42 37.54 17.41 3.63 
650℃, 18 h 

M23C6 53.67 21.62 0.87 23.84 
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the alloy aged for 12 h. Therefore, the reason why M23C6 carbide occurred to 

form within the β-Mn phase is plausible that the C content was expected to be 

supersaturated and the Cr atom preferred to form a carbide phase as M23C6 

rather than fully dissolve in the β-Mn phase. Consequently, the microstructure of 

the alloy aged at 650  for longer than 18 h was a mixture of (B2 + ℃ Hägg 

carbide + β-Mn + M23C6 carbide). 

Finally, it is worthwhile pointing out that the presence of the M23C6 carbides 

within the β-Mn phase has never been observed by other workers before. The 

orientation relationship between the M23C6 carbide and the β-Mn phase has also 

not been reported in the FeMnAlC or FeMnAlCrC alloy systems in the previous 

literatures. Obviously, in order to clarify the orientation relationship between the 

M23C6 carbide and β-Mn phase, a further work is needed. 
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5-4 Conclusions 

 The as-quenched microstructure of the Fe-30wt.%Mn-10wt.%Al-4wt.%Cr- 

0.45wt.%C alloy was (α＋γ) dual phases. No precipitates could be detected 

within the γ grains, whereas extremely fine D03 domains could be observed 

within the α grains. The extremely fine D03 domains were formed by a α → B2 

→ D03 continuous ordering transition during quenching. When the as-quenched 

alloy was aged at 650 , fine ℃ κ′ carbides were precipitated within the γ grains. 

Additionally, with increasing the aging time at 650 , a (B2 + ℃ Hägg 

carbide)→(B2 + Hägg carbide + β-Mn) → (B2 + Hägg carbide + β-Mn + M23C6 

carbide) phase transition had occurred within the α grains. This phase transition 

has never been observed by other workers in the FeMnAlC and FeMnAlCrC 

alloy systems before. 
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