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Introduction

Recently, we have performed transmission electron microscopy examinations of the phase transforma
tions in an Fe-8AIl-5Ni-2C alloy, prepared by conventional casting process [1]. In the as-quenched
condition, the microstructure of the alloy was austenjdephase containing fine (Fe,NAIC carbides.

This is similar to that observed by Choo and Kim [2] in an as-solidified Fe-8Al-5Ni-2C alloy, prepared
by rapid solidification process. However, when the as-quenched alloy was aged at 550°C for moderate
times, the fine (Fe,NBAIC carbides grew within the austenite matrix and a> coarse (Fe,NAIC
carbide+ «(ferrite) reaction occurred on the austenite grain boundaries. For conveniencectirdide

and k-carbide were used to represent the (FeM carbide formed within the austenite matrix and

on the austenite grain boundaries, respectively [2]. With increasing aging time, B2 particles started to
precipitate within the ferrite phase. Consequently, the final microstructure of the Fe-8AI-5Ni-2C alloy
at 550°C was a mixture of-carbide,c and B2 phases. This result is quite different from the mixture

of k-carbide andx phases found by Choo and Kim in the rapidly solidified Fe-8Al-5Ni-2C alloy aged

at 550°C for a long time [2]. Extending this work, it is interesting to study successively the effects of
the higher nickel content on the phase transformations of the Fe-Al-Ni-C alloy. Therefore, the purpose
of this work is an attempt to examine the phase transformations in an Fe-8Al-10Ni-2C alloy. Based on
the present study, it was found that when the present alloy was aged at temperatures ranging from 550°
to 1100°C for a long time and then quenched, the phase transformation sequence, as the agin
temperature increased, wasarbide+ B2 — y + B2 — vy + a — v. This phase transformation has
never been observed in the Fe-Al-Ni-C alloys before.

Experimental Procedure

The alloy, Fe-8wt%Al-10wt%Ni-2wt%C, was prepared in a vacuum induction furnace by using 99.5%
iron, 99.7% aluminum, 99.9% nickel, 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 fina
thickness of 2.0 mm. The sheet was subsequently solution heat-treated at 1200°C for 2 hours an
quenched into room-temperature water. Aging processes were carefully performed at temperature
ranging from 550°C to 1100°C for various times in a muffle furnace under a protective argon
atmosphere and then quenched.

Electron microscopy specimens were prepared by means of a double-jet electropolisher with an
electrolyte of 30% acetic acid, 60% ethanol, and 10% perchloric acid. Electron microscopy was
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Figure 1. Electron micrographs of the alloy aged at 550°C for 10 min. (a) BF (kcarbide, B= B2), (b) and SADP taken
from an area covering two precipitates marked as K and B in (a). The foil normals efd¢hgbide and B2 phases are Q/and
[001], respectively. (hkk= k-carbide,hkl = B2 phase).

performed on a JEOL-2000FX scanning transmission electron microscope 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, Al, and Ni were made with
the aid of a Cliff-Lorimer Ratio Thin Section method.

Results and Discussion

Transmission electron microscopy examinations indicated that in the as-quenched condition, the
microstructure of the alloy was austenite containing firearbides. This is similar to that found in the
as-quenched Fe-8Al-5Ni-2C alloy [1], or in the as-solidified Fe-(7—8)Al-(5—-10)Ni-(1.6—-2.0)C alloys
[2]. When the as-quenched alloy was aged at 550°C for moderate times, thé-iaebides grew and

a precipitation started to occur on the austenite grain boundaries. A typical microstructure is shown in
Figure 1(a). Electron diffraction analyses indicated that the two kinds of grain boundary precipitates
were k-carbide and B2 phase, respectively. Figure 1(b), an SADP taken from an area covering two
precipitates marked as K and B in Figure 1(a), indicates that the orientation relationship between the
k-carbide and the B2 phase is [Q1/[001]z, and (111),//(110)g,. This result indicates that 4 —
k-carbide+ B2 reaction occurred on the austenite grain boundaries. With increasing aging time at the
same temperature, the— k-carbide+ B2 reaction proceeded toward the inside of austenite grains,
as shown in Figure 2. Figure 2(a) is a BF image of the alloy aged at 550°C for 1 hour, showing that
the precipitation was made up of alternatirgcarbide and B2 plates to form a lamellar structure.
Figures 2(b) and (c) are (100).piqe@nd (100}, DF images, exhibiting that the wholecarbide and

B2 plates are bright in contrast. Apparently, the microstructure of the alloy in the equilibrium stage at
550°C was a mixture ok-carbide and B2 phases.

Figure 3(a) shows a BF image of the alloy aged at 750°C for 1 hour and then quenched, revealing
the presence of the lamellar product. However, it is clearly seen in this figure that a mottled structure
could be observed within the-carbide plates. The (100)..biqe DF image showed that only fine
k'-carbides were present, as illustrated in Figure 3(b). Since the size of the'fosbides formed
within the austenite phase is comparable to that observed in the as-quenched alloy, it is suggested th:
these finex’-carbides were formed during quenching from the aging temperature. Shown in Figure 3(c)
is a (100}, DF image, indicating that the whole B2 plates are bright in contrast. Therefore, the final
microstructure of the alloy at 750°C was a mixture pfand B2 phases. Transmission electron
microscopy examinations of thin foils revealed that the mixture ahd B2 phases could be preserved
up to 800°C.
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Figure 2. Electron micrographs of the alloy aged at 550°C for 1 hour. (a) BF, (b),(109).DF, and (c) (100), DF.

When the alloy was aged at 850°C, the morphology of the precipitates changed from plate-like to
irregular shape as shown in Figure 4. Figures 4(a) and (b) are (19@).and (100}, DF images,
clearly showing that only fin&’-carbides and small B2 domains with @21) anti-phase boundaries
could be observed [3,4]. This indicates that the final microstructure of the alloy present at 850°C should
be a mixture ofy and o phases, and the small B2 domains were formed ly & B, continuous
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Figure 3. Electron micrographs of the alloy aged at 750°C for 1 hour. (a) BF, (b)(19@).DF, and (c) (10Q), DF.
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Figure 4. Electron micrographs of the alloy aged at 850°C for 1 hour. (a) (10Q)4.DF, and (b) (100}, DF.

ordering transition during quenching from the aging temperature [3,4]. Progressively higher tempera-
ture aging and quenching experiments indicated that the mixtuseamid o« phases could exist up to
1050°C. However, the amount of the ferrite phase decreased with increasing the aging temperature, &
shown in Figure 5. As the aging temperature was increased to 1100°C, only'fcezbides were
formed within the austenite matrix and no evidence of the ferrite phase could be detected. This feature
is similar to that observed in the as-quenched alloy. This indicates that the microstructure of the alloy
present at 1100°C or above should be an austenite phase.

On the basis of the above observations, some discussion is appropriate. When the present alloy we
aged at 550°C, the final microstructure was a mixtur&-cfirbide and B2 phases. This result is quite
different from the mixture ofk-carbide,« and B2 phases found by the present workers in the
Fe-8AI-5Ni-2C alloy [1]. In the previous study, we have shown that during the early stage of isothermal
aging at 550°C, ay — k-carbide + « reaction occurred on the austenite grain boundaries. With
increasing aging time at the same temperature, the B2 particles started to precipitate by nucleation an
growth mechanism within the ferrite phase. Whereas, on aging at 550°C for various times; a
k-carbide+ B2 reaction occurred on the austenite grain boundaries and no evidence of the ferrite phase
could be detected in the present alloy. In addition, when the present alloy was aged at a higher
temperature (i.e. 850°C) and then quenched,-2 B2 continuous ordering transition occurred within
the ferrite phase. This transformation has never been observed in the Fe-Al-Ni-C alloys before. In order
to clarify this feature, a STEM-EDS study was undertaken. The average concentrations of the
substitutional alloying elements were obtained from at least ten different EDS profiles. The results are
summarized in Table 1. Itis clearly seen in Table 1 that the nickel concentrationarcdudide is only
2.82 wt%, which is similar to that of the-carbide in the Fe-8AI-5Ni-2C alloy [1]; while the nickel
concentration in the or B2 phase is much greater than that in sher B2 phase of the previous alloy.

This result seems to imply that the higher nickel addition in the Fe-Al-Ni-C alloy may not increase the
nickel concentration of the-carbide, but the nickel concentration of theor B2 phase. Therefore, it
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Figure 5. Electron micrographs of the alloy aged at 1050°C for 1 hour. (a) (1QR).DF, and (b) (100), DF.
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TABLE 1
Chemical Compositions of the Phases Revealed by an Energy-
Dispersive Spectrometer (EDS)

Chemical Composition (wt.%)

Heat Treatment phase Fe Al Ni
As-quenched vy + «'-carbides 81.93 7.95 10.12
550°C aging k-carbode 89.91 7.27 2.82
B2 phase 76.84 8.40 14.76
750°C aging vy + «'-carbides 87.32 7.36 5.32
B2 phase 76.90 8.72 14.38
850°C aging vy + k'-carbides 85.20 7.48 7.32
B2 phase ¢ — B2) 77.33 9.02 13.65
1050°C aging vy + «'-carbides 83.40 7.65 8.95
B2 phase ¢ — B2) 78.22 9.26 12.52

is proposed that the higher nickel content not only pronouncedly expanded the B2 phase field, as
reported in the previous studies [1,5], but also changed the B2 formation mechanism from the
nucleation and growth mechanism to the continuous ordering transition.

A second important feature of the present study is that when the alloy was aged at 750°C or above
and then quenched, the firé-carbides were always formed within the austenite phase. This feature has
also never been observed in the Fe-Al-Ni-C alloys before. In the present study, although no direct
evidence shows the carbon concentration in the phases, it is well-known that the solubility of carbon
in the o or B2 phase is very low [6]. Furthermore, in the previous studies of the Fe-(8—11)Al-(28—
35)Mn-(0.8-2.0)C alloys [7-18], it was reported that the as-quenched microstructure of the alloy
containing C= 1.3 wt% was single-phase austenite; however, the fiRearbides could be formed
during quenching within the austenite phase in the alloy containirg €62 wt%. Therefore, it is
reasonable to believe that along with the precipitation ofdte B2 phase, the carbon concentration
in the austenite phase would be increased to more than 2.0 wt% of the as-quenched alloy, which resulte
in the formation of the fine<'-carbides within the austenite phase during quenching.

Finally, it is interesting to note that in order to enhance the phase stability of austenite and fcc-based
k-carbide, the austenite-stabilizing elements such as manganese and nickel have been added to
Fe-Al-C alloys so as to form Fe-Al-Mn-C or Fe-Al-Ni-C alloy system [1-2,7-18]. In our previous
studies [15-18], we have shown that when the Fe-Al-Mn-C alloys were aged at various temperatures
the manganese content in both the austeniteracdrbide was much greater than that in thehase.

In contrast, the present study provided an evidence that the nickel concentration in betarttieB2
phases is significantly higher than that in the austenite andrbide.

Conclusions

The as-quenched microstructure of the Fe-8AI-10Ni-2C alloy was austenite containimg-tiagbides.

During the early stage of isothermal aging at 550°C, the kikearbides grew and @ — k-carbide+

B2 reaction started to occur on the austenite grain boundaries. With increasing aging time at the sam
temperature, they — k-carbide + B2 reaction proceeded toward the inside of austenite grains.
Therefore, the final microstructure of the alloy at 550°C was a mixture-cérbide and B2 phases.

With increasing the aging temperature from 550°C to 1100°C, the final microstructure of the alloy was
found to be k-carbide+ B2) — (y+B2) — (y + «) — 7. In addition, during quenching from the aging
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temperature, the fing’-carbides were formed within the austenite phase aad-a B2 continuous
ordering transition occurred within the ferrite phase.

Acknowledgments

The author is pleased to acknowledge the financial support of this research by the National Science
Council, Republic of China under Grant NSC89-2216-E009-014. He is also grateful to M. H. Lin for

typing.

References

1. C.N. Hwang and T. F. Liu, Metall. Trans. A. 29A, 693 (1998).

2. W. K. Choo and D. G. Kim, Metall. Trans. A. 18A, 759 (1987).

3. S. M. Allen and J. W. Cahn, Acta Metall. 24, 425 (1976).

4. P.R. Swann, W. R. Duff, and R. M. Fisher, Metall. Trans. A. 3, 409 (1972).

5. C.C.Wu, S. C. Jeng, and T. F. Liu, Metall. Trans. A. 23A, 1395 (1992).

6. R. Oshima and C. M. Wayman, Metall. Trans. A. 3, 2163 (1972).

7. K. Sato, K. Tagawa, and Y. Inoue, Metall. Trans. A. 21A, 5 (1990).

8. K. H.Han, J. C. Yoon, and W. K. Choo, Scripta Metall. 20(1), 33 (1985).

9. K. H. Han, W. K. Choo, and D. E. Laughlin, Scripta Metall. 22(12), 1873 (1988).
10. J. E. Krzanowski, Metall. Trans. A. 19(A), 1873 (1988).

11. W. K. Choo and K. H. Han, Metall. Trans. A. 16A, 5 (1985).

12. G. S. Krivonogov, M. F. Alekseyenko, and G. G. Solov'yeva, Phys. Met. Metall. 39(4), 86 (1975).
13. C.Y. Chao, L. K. Hwang, and T. F. Liu, Scripta Metall. 29, 647 (1993).

14. N. A. Storchak and A. G. Drachinskaya, Phys. Met. Metall. 44(2), 123 (1977).
15. C. N. Hang and T. F. Liu, Scipta. Metall. 36(8), 853 (1997).

16. C.Y.Chao and T. F. Liu, Metall. Trans. A. 24A 1957 (1993).

17. C.Y.Chao and T. F. Liu, Scripta Metall. 25, 1623 (1991).

18. T. F. Liu, J. S. Chou, and C. C. Wu, Metall. Trans. A. 21A, 1891 (1990).



