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Introduction

The phase transformations in Fe-Al-Mn-C alloys have been extensively studied by many workers(1-15). Based
on their studies, it is seen that when an alloy with a chemical composition in the range of Fe-(8-11) wt pct Al-
(28-35) wt pct Mn-(0.8-1.3) wt pct C was solution heat-treated and then quenched, the microstructure was
single austenite (y) phase. When the as-quenched alloy was aged at temperatures ranging from 550°C to
750°C for short times, fine (Fe,Mn),AlC carbides (x'-phase) having an L'1,-type structure were observed to
appear within the austenite matrix, but not on the austenite grain boundaries. However, when the aging time
was increased within this temperature range, a y ~ a (ferrite) + x transition (12), or a y - o + -Mn transition
(11-13),0oray ~ « +x+ B-Mn transition (14) occurred on the austenite grain boundaries. The « phase is also
an (Fe,Mn),AlC carbide, which was formed on the grain boundary as a coarse particle(12-14).

Recently, the present workers performed transmission electron microscopy observations on the micro-
structures of the Fe-9.8A1-28.6Mn-0.85i-1.0C alloy after being solution heat-treated, quenched and then aged
at 600°C(16). In the as-quenched condition, the microstructure of the alloy was single austenite phase. After
being aged at 600°C for short times, fine (Fe,Mn),AlC carbides were observed within the austenite matrix and
no grain boundary precipitates could be detected. This is similar to that found by other workers in the Fe-Al-
Mn-C alloys(6-12). However, after prolonged aging at 600°C, a y - DO, + x transition occurred on the grain
boundaries. This transition has never before been observed by other workers in the Fe-Al-Mn-C and Fe-Al-
Mn-8i-C alloys(1-15,17-22). Extending the previous study, it is interesting to study successively the micro-
structures of this alloy after being aged at above 600°C.

Experimental Procedure

The alloy, Fe-9.8wt.% Al-28.6 wt.% Mn-0.8 wt.% Si-1.0 wt.% C, was prepared in an air induction furnace
by using iron (99.5%), electrolytic aluminum (99.7%), electrolytic manganese (99.9%), electrolytic silicon
(99.9%), and pure carbon powder. After being homogenized at 1250°C for 12 hours under a protective argon
atmosphere, the ingot was hot forged and then cold rolled to a final thickness of 1.0 mm. The sheet was
subsequently solution heat-treated at 1050°C for 2 hours and rapidly quenched into room-temperature water.
The aging processes were performed at temperatures ranging from 620°C to 900°C for various times in a salt
bath and then quenched into water.
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Specimens for electron microscopy were prepared by means of a double jet electropolisher with an
electrolyte of 60 percent ethanol, 30 percent acetic acid, and 10 percent perchloric acid. The polishing tem-
perature was kept in the range from -10 to 10°C, and the current density was kept in the range from 1.5x10*
to 2.0x10* A/m? Electron microscopy was performed on a JEOL 2000FX scanning transmission electron
microscope (STEM) operating at 200k V. This microscope was equipped with an energy-dispersive X-ray
spectrometer (EDS) for chemical microanalysis.

Results and Discussion

In the as-quenched condition, the microstructure of the alloy was single austenite phase (16). Transmission
electron microscopy examinations indicated that when the alloy was aged at 725°C or below, fine (Fe,Mn),
AIC carbides were formed within the austenite matrix and the y ~ DO, + « transition occurred on the austenite
grain boundaries. This feature is similar to that found in the alloy aged at 600°C(16). However, when the aging
temperature was increased to 750°C, only grain boundary precipitates could be observed and no evidence of
precipitates could be detected within the austenite matrix. An example is shown in Figure 1. Figure 1(a) is a
bright-field (BF) electron micrograph of the alloy aged at 750°C for 2 hours and then quenched. Electron
diffraction showed that the grain boundary precipitates were also a mixture of (D0,+x) phases. Figure 1(b),
a 111 DO, dark-field (DF) electron micrograph of the same area as Figure 1(a), clearly exhibits the presence
of the DO, particles. It is noted here that in the present alloy the grain boundary x carbide was preserved to
higher temperature than «' carbide inside the grain. This result is consistent with that observed by other
workers in the Fe-Al-Mn-C alloys(12-14).

Figure 2(a) shows a BF electron micrograph of the alloy aged at 800°C for 1 hour and then quenched,
revealing the presence of the grain boundary precipitates. Figure 2(b) is a selected-area diffraction pattern
(SADP) taken from an area covering two precipitates marked as K, and D, in Figure 2(a). Analyses by the
SADP indicated that these two precipitates were of the k carbide and DO, phase, respectively, and the orien-
tation relationship between the k carbide and DO, phase was [001}, // [011]y,, and (210)//(1T1)p,,. This is
similar to that found in the alloy aged at 750°C or below(16). Therefore, it is likely to conclude that the y -
x + DO, transition had also occurred on the austenite grain boundary when the alloy was aged 800°C. How-
ever, the 200 DO; (or, equivalently 100 B2(23-24)) DF electron micrograph of the D, precipitate revealed that
the whole particle was bright in contrast, as shown in Figure 2(c); whereas the 111 DO, DF electron micro-
graph of the same particle showed that only small D0, domains were present within this particle (see Figure

(@ (b)
Figure 1. Electron micrographs of the alloy aged 750°C for 2 hours. (a) BF and (b) 111 D0, DF.
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Figure 2. Electron micrographs of the alloy aged 800°C for 1 hour. (a) BF, (b) a SADP taken from an area covering a coarse x carbide
and a DO, phase. The zone axes of k carbide and DO, are [001] and [011], respectively (hkl=x carbide; hkl=D0, phase). (c) and (d) DF
electron micrographs obtained by use of the 200 and 111 DO, reflection, respectively, (¢) 200 and (f) 111 DO, DF.
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Figure 3. Electron micrographs of the alloy aged at 825°C for 1 hour. (a) BF, (b) 200 and (c) 111 DO, DF.

Figure 4. A BF electron micrograph of the alloy aged at 850°C for 2 hours.
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Figure 5. Three typical chemical composition profiles taken from (a) an as-quenched alloy, (b) a coarse k carbide and (c) a DO, particle,
respectively.

2(d)). This indicates that the microstructure of the particle present at 800°C is B2 phase and the small DO,
domains were forred by a B2 - DO, continuous ordering transition during quenching from the quenching tem-
perature (23-24). Figures 2(e) and (f), the 200 and 111 DO, DF electron micrographs of the precipitate marked
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TABLE 1
Chemical Compositions of the Phases Revealed by
Energy-Dispersive X-ray Spectrometer (EDS)

Chemical Compostion (Wt pct)
Heat Treatment Phase Fe Al Mn Si
1. As-quenched Y bal. 9.81 28.60 0.80
2. 800°C aging K bal. 9.46 44.52 0.19
B2 bal. 10.52 20.03 1.37

as D, in Figure 2(a), represent another example of the B2 - DO, ordering transition. Obviously, ay ~ B2 +
k transition had occurred on the austenite grain boundaries in the alloy aged at 800°C.

Shown in Figures 3(a) through (c) are the BF, 200 and 111 DO, DF electron micrographs of the alloy aged
at 825°C for 1 hour. In these figures, it is clear that only the B2 precipitates were formed on the austenite grain
boundaries. Progressively higher temperature aging and quenching experiments indicated that the grain boun-
dary precipitation of B2 phase was preserved up to 840°C. However, in the alloy aged at 850°C for 2 hours
and then quenched, no evidence of precipitates could be detected, as shown in Figure 4. This indicates that
the microstructure of the present alloy at 850° or above is single austenite phase.

Based on the above observations, an important experimental result is worthy to discuss. The DO, phase
had also been observed in the Fe-Al, Fe-Al-Ti, Fe-Al-Mn and Fe-Al-Mn-C alloys(23-27). In these alloys, it
is seen that if the DO, phase was formed by continuous ordering transition during quenching, it was always
occurred through a & ~ B2 - DO, transition. The & ~ B2 transition produced a/4<111> APBs and the B2-D0,
transition produced a/2<100> APBs(23-24). However, in the present study, although the DO, phase was also
formed during quenching from the aging temperature ranging from 800 to 840°C, no evidence of the ferrite
phase could be detected. The reasons may be due to (1) the ferrite phase does not actually exist in the present
alloy. (ii) owing to rapid growth of the B2 domains. Figures 5(a) through (c) show three typical chemical com-
position profiles taken from the as-quenched alloy and a x carbide as well as a B2 phase in the alloy aged at
800°C for 1 hour, respectively, where only iron, aluminum, manganese and silicon peaks were examined
(carbon cannot be examined by the conventional EDS analysis). The quantitative chemical compositions
obtained by analyzing ten different EDS profiles of each phase are listed in Table 1. It is clearly seen in Table
1 and Figure 5 that the concentration of silicon in the B2 phase is much greater than that in the k carbide and
austenite matrix. It is well-known that a small amount of silicon addition in binary Fe-Al alloys pronouncedly
increased the energy of the a/4<111> APB(28-29). This may cause the B2 domains to grow up to the whole
particle during quenching; therefore, no a/4<111> APBs could be detected. It means that based on the ob-
servations of the quenched-specimens, it is difficult to determine the phase present at temperatures ranging
from 800 to 840°C to be B2 or a phase.

In summary, a ¥ ~ DO, + x transition occurred on the austenite grain boundary in the Fe-9.8A1-28.6Mn-
0.85i-1.0C alloy aged at 750°C. When the aging temperature was increased to 800°C, the grain boundary
precipitates were a mixture of (B2 + ) or (& + x) phases. With increasing the aging temperature to 825°C,
only B2 (or ) precipitates could be observed on the austenite grain boundary.
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