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Introduction

The austenitic Fe-Mn-AI-C alloys (1,2) which do not contain strategic elements have received increasing interest recently. This is
due to their potential importance based on attractive propemes such as good oxidation resistance at elevated temperatures (2,3},
exceltent age ing (4-7) and iour (8). In spite of many recent Investigations on these alloys
(9), the phase constitution in the Fe-| Mn«Al C guaternary -system has not been well explored. This lack of information on phase
stability’ of the alloys ai elevated temperatures prompted Choo and Han to perform a phase diagram study {10) of
(Fep 5sMng 3530 53Ry 17-XC pseudo-binary alloys {x = 0 to 16 at.%) prepared by the melt spinning technique.

Fig. 1 reproduceés the quasi-equilibrium phase diagram of the {Feg gsMng a5} gaflo.17XC pseudo-binary afloys determined by Choo
and Han (10). This work was the first to show how the solubiiity of the « carbide, (Fe,Mn),AIC, (L1, structure) in the austenite (y)
varies with temperature and carbon content. It is seen that the sotubility decreases Trapidly with decreasing temperature.: The
technological importance of this result arises from the fact that the age hardénirig in Fe-Mn-Al-C afloys-is known (4-7) to occur
during the position of the 7 phase which forms the k carbide. More specifically, it was shown previously
(6,7,11) that the best hardening Is atta!ned for lhese alloys when the aging is performed al fower temperatures to induce the
formation of {100} modulated structures during the initia) i The initial ing under these
("pre-precipitation”} is believed (11) to.proceed via the spinodal process (12). It becomes apparent from tne above mentionéd facts
that information about (he ragion. of the phase diagram where the modutated structures occur is important. This.information would
give a better L of phase itution and also would help in the designing of age-hardenable alloys based
on the Fe-Mn-Al-C system. Unfortunately, no systematic work has been devoted to this subject. For this reason, we have
performed this study extending previous work (10) to-i igate the li for the ion of

as a function of the carbon content using the (Feg gsMng a5)g a3hly 17-XC pseudo blnary afloys.

Experimental

We utilized the melt-spun pseudo-binary afloys (Table 1) which consisted of a single austenitic phase as ‘determined by X-ray
diffraction patterns’ (10). The aging treatnénts were petformed between 823 and 1113 K for varidus times up 10.1.6x10% s to
determine the region of the phase diagram where the modulated structure is obtained. Two kinds of sait baths were used for heat
treating; 50%NaNO,-50%KNO, (for aging below 923 K) and 20%NaCl-25%KCIH55%BaCl, (for aging above 983 K). In particular,
in the case of aging at higher temperatures where the aging time was less than or equal to 120 s, the meit-spun alloys: were directly
dipped into-the salt baths after wrapping them in copper foils. Otherwise, the melt-spun alloys were sealed in evacuated pyrex
tubes prior to their aging treatments. Structural examination was carried out by X-ray diffraction, 'scanning electron microscopy
(SEM) and transmission electron -microscopy (TEM). The details of the experimental procedures were described elsewhere
10,11,13).
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TABLE 1. Composition of (Feg gsMng ssle gafle.17XC Pseudo-Binary Alloys” Used in This Study

Composition (wt.%)

Alloy No. c
Te Mn Al At %(=x} {Wt.%)

1 Bal. 31.7 89 3.0 0.74

2 Bal. 31.6 8.9 4.0 0.98

3 Bal 3t5 8.9 5.0 1.23(1.234)"

4 Bal. 315 8.8 55 1.36

5 Bal. 31.4 8.8 6.5 1.62(1.651)"
* Melt-spun ribbons of 25 to 33 um in thickness.
** Values in p: are analyzed positions for the melt-spun ribbons.

Results and Discussion
Al the melt-spun alloys revealed an apparently homogeneous austenitic grain structure with the grain size ranging from 1 to 10 um
{Fig. 2) except for alloy no.1 (3 at.%C). The latter revealed a fine-scale cellular solidification structure with a cell spacing of about
0.210 1 pm. After the aging experiments, however, similar cellular lion was obser inside the ite grains of each of
the alloys, as described below.

Two types of diffuse intensity were observed in the X-ray dil ion patterns depending on the aging. P Fig. 3 shows the
{200} reflection and accompanying diffuse intensity taken from altoy no. 4 (5.5 at.%C) aged at 993 and 1071 K. Sidebands are seen
to flank the main Bragg reflection of the parent y phase for the sample aged at 993 K. This type of diffuse intensity was observed for
all aging temperatures lower than this one. On agmg at higher distinct si no longer app Instead,
another type of diffuse intensity app by an asy ic broadening of the main Bragg peak (see Fig. 3-b)..In
the case of alloy no. 1, however, only the line broadening type of diffuse intensity could be observed at aging temperatures as low.
as 773K,

To i 0 the mi features ol for the two types of diffuse intensity observed at different aging
TEM was p Figs. 4a and 4b show the bright field TEM images, of the same specimens of
a||oy no. 4 that had been studied by )( ray diffraction (Figs. 3a and 3b, respectively). Comparing Figs. 4-a and 3-a it Is seen that,
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Figure 2

Scanning electron micrograph of melt-spun
alloy no. 5, 6.5 at% C.

ALLOY NO.4
(5.5 ataC) a8 Figure 3
o
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120s AGING X-ray diffraction profiles around the (200)7
Bragg reflections showing the change in the type of
071K diffuse intensity with the aging temperature.
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as exg from the ological di ion theories {15,18), the sidebands arose from a modutated (periodic) structure that

formed uniformly throughout the grains. Calculation of the modulation wavelength using the Daniel-Lipson (15) formula and the
average angular separation between the sideband intensity maxima and main Bragg peak yielded a value of 24 nm. The observed
modulation wavelength (= 23 nm} in Fig. 4-a was in good ag: it with this value from the x-ray pattern. This is
consistent with the previous concomitant observation of the sidebands (satellites) and modulated structure for conventionally
prepared Fe-Mn-Al-C alloys (11). In that work (11), it was judged, from the observed extinction of the satellite pairs appearing
around different fundamental reflections in the selected area electron diffraction patterns, that the formation of the satellites was
mainly caused by lattice parameter modulations.

On the other hand, at hlghsr aglng temperatures where the diffuse intensity appeared only as asymmetric line broadening (see Fig.
3-b) a peculiar tructure was observed as can be seen from Fig. 4-b. It is noted from this micrograph that the
aged sp still i a structure but some regions of the matrix were not transformed. Also, the modulation
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Figure 4

Bright field transmission efectron micrographs of alloy no. 4 showing the change of the aged
microstructure with the temperature: (a) 993 K, 120 s, (b} 1071 K, 120 s. Taken from the
same specimens that had been used for X-ray ditfraction (Fig. 3). Feil normals near [002].

Figure 5

Bright fleld TEM of alloy no. 1 (3 at. %C) showmg the preferentiat formation of the modulated structure along
the i regions of . (a) low magnification; {b) and {c) two beam conditions
with Ggoo and Ty, respectively. Foil normals of (b) and (¢) near f002].

was not as regular as that shown in Figure 4-a. A similar microstructure was also observed for alioy no. 1 (Fig. 5) which revealed a
fine cellular solidification structure and only line broadening in the x-ray pattern on aging. Fig. 5 clearly shows that the formation of
such a non-uniform microstructure is related to the cellular segregation during solidification, giving fise to a non-uniformity in local
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solute composition inside the austenite grains. This in turn implies that the melt-spun alloys, having appeared to be apparently
homogeneous austenitic structure (Fig. 2}, also contained some solute segregation.

From Figs. 4-b and § it can be deduced that the cell boundary regions were richer in soiute (e.g. C) than the innercell regions since
decompaosition occurred only in the former regions. Thus the limiting temperature for the formation of the modulated structure was
higher in the cell boundary regions than in the inner cell regions. in addition, as noted above, the madulated structure formed
under these aging conditions was far less periodic (especially in those regions near the untransformed matrix) than the structure
formed at lower temperatures.

Figure 6 summarizes the X-ray and TEM results, for decomposition of melt spun alloys. Below the solid line, the afloys decompose
uniformly into solute enriched and solute depleted regions.: This is the modulated structure exemplified in Fig. 4-a. Just above the
solid line, alloys are not sufficiently supersaturated to uniformly decompose. Regions depleted in solute (inner cefiular regions) do
not decompose, because their supersaturation-is insufficient. These results were plotted in the quast-equilibrium diagram of Fig. 1
to compare with the solvus of the k-carbide in the y phase. This is shown in Fig, 7. i can be noted from the figure that the region
of completely modulated structure Jies far befow the solvus of the x carbide. Also, it is interesting to note that the two curves show
a similar temperature dependence on carben composition, implying that the phase involved in the modulated structure is related to
the k phase.
In summary, we have determined approximately the limit of the modulated structure in the (Feq ¢gMny aglg gaAly 17-XC pseudo-
binary system and showed that the formiation of the modulated structure depends on the degree of carbon supersaturation in the ¥
phase. We believe that this limit'of modulated structuré determined can be a useful guide to design high strength age-hardenable
alloys based on the Fe-Mn-Al-C quaternary system, The observed change in the type of diffuse reflections from the sidebands to
ic line ing can be i in terms of the ion of the between the zone complexes of carbon-
nch and carbon-peor zones due to their lessened periodicity. More detailed results on this subject and the sideband observations
will be pubiished elsewhere.
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Figure 6
Diagram showing the region of

modulated structure, based on
X-ray diffraction and TEM.
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Comparison of the solvus of the « carbide
iny and the limit of modulated structure
determined in this study.



