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Formation of Hagg Carbide in an Fe-30Mn-10A1-4Cr-0.45C Alloy
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When the present alloy was aged at 550°C, Hégg carbides (MsC,-type carbides) formed at a/2(100) anti-phase boundaries of the D03
domains. The Higg carbide has never been observed by previous workers in FeMnAIC and FeMnAICrC alloy systems. The orientation
relationship between Hégg carbide and D0O; matrix was determined to be (510)y,c, // (110)pg, and (134)yc, // (102)pg,. The orientation

relationship between Higg carbide and bee-type phase has also never been reported before.
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1. Introduction
In previous studies,'"® it is seen that the as-quenched mi-
crostructure of the Fe-(28-34)mass%Mn-(7.8—11)mass%Al-
(0.54-1.3)mass%C alloys was single-phase austenite (y).
After being aged at 500-750°C for moderate times, fine and
coarse (Fe,Mn);AlIC carbides were found to precipitate
coherently within the y matrix and heterogeneously on the
y/y grain boundaries, respectively. For convenience, the
k' carbide and « carbide were used to represent the
(Fe,Mn);AlIC carbide formed coherently within the y matrix
and heterogeneously on the y/y grain boundaries.” After
prolonged aging time within this temperature range, the
coarse k carbides grew into adjacent y grains through a
y — «a(ferrite) + B-Mn reaction, a ¥ — yp(carbon-deficient
austenite) + « reaction, a y — -Mn + k reaction or a y —
o + B-Mn + k reaction,”™ depending on the chemical
composition and aging temperature. In the FeMnAIC alloys
with lower carbon content (i.e. 0.4-0.51 mass%C), the as-
quenched microstructure was found to be (y + «) dual
phases.” After being aged at 550-710°C, fine «’ carbides
were found to appear within the y grains, and coarse «
carbides as well as -Mn precipitates could be observed in
the o grains and on the o/« grain boundaries.®® In 1991, the
present workers examined the microstructural developments
of an Fe-28.6 mass%Mn-10.1 mass%Al-0.46 mass%C al-
loy.!? Consequently, it was found that in the as-quenched
condition, extremely fine D03 domains could be observed
within the o grains. This is different from that reported by
other workers in the duplex FeMnAIC alloys. When the alloy
was aged at temperatures ranging from 450 to 750°C, the
phase transformation sequence occurring within the « grain
was found to be o+ D03 > o+ D03+ x —> o+ B2+
Kk — a9

In order to improve the corrosion resistance and high-
temperature oxidation resistance, the Cr has been added to
the austenitic or duplex FeMnAIC alloys.!!~!> Based on these
results, it can be generally concluded that the addition of Cr

*IGraduate Student, National Chiao Tung University
*2Corresponding author, E-mail: tfliu@cc.nctu.edu.tw; yixduan.mse89g @
nctu.edu.tw

does achieve these results. Additionally, the effects of Cr
addition on the microstructures of the austenitic FeMnAIC
alloys have also been examined by several researchers.!%!7
In the previous study,'® it is seen that when the Fe-
30 mass%Mn-9 mass% Al-5 mass%Cr-0.7 mass%C alloy was
aged at 550-750°C, the fine «’ carbides were formed within
the y grain, and a (M;C;+ D03) - (M;Cs + B2) —
(M7C3 + «) reaction occurred on the y/y grain boundaries.
Besides, when the Fe-28.3 mass%Mn-8.7 mass%Al-5.5
mass%Cr-1 mass%C alloy was aged at 800-1250°C, a (y +
Cr;C3) > y - (y+ (¢ + B2 4 D03)) reaction occurred
within the y grain and on the y/y grain boundaries.!'” In
contrast to the studies of the austenitic FeMnAICrC alloys,
information concerning the microstructures of the (y + «)
duplex FeMnAICrC alloys is very deficient. Therefore,
the purpose of this work is an attempt to study the
microstructural developments in the Fe-30mass%Mn-10
mass%Al-4 mass%Cr-0.45 mass%C alloy aged at 550°C.

2. Experimental Procedure

The Fe-30 mass%Mn-10 mass%Al-4 mass%Cr-0.45 mass%C
alloy was prepared in a vacuum induction furnace using pure
Fe, Mn, Al, Cr and carbon powder. After being homogenized
at 1250°C for 12h, the ingot was hot-rolled to a final
thickness of 2.0 mm. The sheet was subsequently solution
heat-treated (SHT) at 1050°C for 1h and then rapidly
quenched into room-temperature water. Aging process was
performed at 550°C for 12h 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) operat-
ing 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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Transmission electron micrographs of the alloy aged at 550°C for 12 h. (a) BF taken from the y matrix; (b)—(f) taken from the D03

matrix. (b) BF, (c) an SADP, the zone axis is [011], (d) and (e) (111) and (200) DO; DF image, respectively, (f) (001)y,c, DF image.

3. Results and Discussion

In the as-quenched condition, the microstructure of the
alloy was (y + «) dual phases. No precipitates could be
detected within the y grains; however, extremely fine D03
domains could be observed within the o grains. The
extremely fine DO; domains were formed within the « grains
by a continuous ordering transition during quenching. This is
similar to that observed by the present workers in the Fe-
28.6 mass%Mn-10.1 mass%Al-0.46 mass%C alloy.'” When
the as-quenched alloy was aged at 550°C for 12h, fine k’
carbides were formed within the y grain, as shown in
Fig. 1(a). Figure 1(b) is a bright-field (BF) electron micro-
graph taken from the « grain, indicating that a lot of small
precipitates occurred within the o matrix. Figure 1(c) is a
selected-area diffraction pattern (SADP) taken from the o
matrix, exhibiting the presence of the superlattice reflection
spots of the ordered D03 phase.lo) Figures 1(d) and (e) are the
(111) and (200) D05 dark-field (DF) electron micrographs
taken from the same area as Fig. 1(b), clearly revealing that
the (111) DF image and the (200) DF image are morpholog-
ically identical. Therefore, the bright domains presented in
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Figs. 1(d) and (e) are of the DO; phase with a/2(100) anti-
phase boundaries (APBs).'? Figure 1(f) is the DF image of
the small precipitates, indicating that these precipitates have
occurred preferentially at a/2(100) APBs of the DO;
domains. A preliminary study of electron diffraction indi-
cated that the precipitate was not of any known phases
reported in FeMnAl, FeMnAIC and FeMnAICrC alloy
systems.'”!? In order to clarify the crystal structure of the
precipitate, eight SADPs taken from the precipitate marked
as C in Fig. 1(b) were obtained by tilting the specimen
about some specific reflections. The results are shown in
Figs. 2(a)—(h). Table 1(a) shows the interplanar spacings of
the precipitate phase, which were measured directly from
the SADPs in Figs. 2(a)—-(h). The measured angles among
the reciprocal lattice vectors are listed in Table 1(b). 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 = 1.158 nm,
b =0.452nm, ¢ = 0.509 nm, and 8 = 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:'®

1 1 1 1
—hyhy + —kiky sin® B+ —1yl, — —(I1hy + L) cos B
a? b? c? ac

cos ¢ =
¢ 2h1,

1 1 . 1
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1 1. 1 2hsls 12
. cos /3) X (azh% + ﬁk% sin® B+ ?21% - cos /3) }
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Fig. 2 (_afh) Eigh_t SADPs t_aken from the_precipitate marked “C” in Fig. 1(b). The zone axes are (a) [110], (b) [210], (¢) [1 10], (d) [312],
(e) [101], () [314], (g) [112] and (h) [223], respectively. (i) and (j) Two SADPs taken from an area including the precipitate marked “C”
and its surrounding matrix in Fig. 1(b). The zone axes are (i) [152]y,c,» [110]po, and (j) [154]wic,» [221]po,, respectively. (hkl = M5C,

carbide; hkl = D03 phase)

The calculated interplanar spacings and angles are also
listed in Table 1 for comparison. It is seen in Table 1 that the
measured values are quite consistent with those obtained by
calculation. Therefore, the SADPs of the precipitate phase
in Figs. 2(a)—-(h) could all be indexed. The zone axes of
Figs. 2(a)—(h) are [110], [210], [110], [312], [101], [314],
[112] and [223], respectively. Compared with previous
studies,'®2¥ it is clear that the crystal structure of the
precipitate corresponds to that of the Higg carbide (MsC,-
type carbide).

Based on the preceding observations, two important
experimental results are discussed below. (I) The coarse
Mn-rich « carbides or Mn-rich B-Mn precipitates were
always observed within the o or DO; matrix in the duplex
FeMnAIC alloys aged at 450-750°C.%'9 However, only
M;sC, carbides were formed at a/2(100) APBs of the well-
grown D03 domains, and no evidence of « carbide or f-Mn
precipitate could be detected within the « grain in the present
alloy aged at 550°C. 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 2. It is seen in Table 2 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 M5C, 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 higher concentrations of both Cr and Mn

would cause the (Cr,Mn)-rich M5C; carbides to precipitate at
a/2(100) APBs. The precipitation of the (Cr,Mn)-rich MsC,
carbides would decrease the Mn concentration drastically,
thus inhibiting the precipitation of both Mn-rich « carbides
and Mn-rich B-Mn precipitates within the « grain. (II) The
Higg carbide was extensively observed by many workers in
the bee-type alloys.??» Depending on the chemical compo-
sitions, the lattice parameters of the Higg carbide varied
in the range of a = 1.150-1.158 nm, b = 0.452-0.457 nm,
¢ = 0.501-0.509 nm and B = 97.6-98.3°.1-22 However, to
date, the orientation relationship between the Héigg carbide
and the bce-type (i.e. o, D03, B2) structure is very deficient.
We are aware of two articles,?>?® in which they reported that
both FesC, carbide and Fe;C carbide were formed intimately
in a-iron after being heat-treated at 500-800°C under a CO
or/and H, atmosphere. By using electron diffraction, the
orientation relationship between the FesC, and Fe;C was
determined to be (100)ge,c, // (001)ge,c.**** In addition, they
correlated the obtained result with the orientation relation-
ship between Fe;C and o phase, (001)g,,c // (211),, which
was reported by other workers in ferritic stainless steel.??
Therefore, they deduced that the orientation relationship
among FesC,, Fe3C and o phase was (100)g..c, // (001)ge,c //
(211),.2 1t is well-known that the orientation relationship
between two phases should be described by a pair of parallel
directions in a pair of parallel planes or two pairs of parallel
planes. However, in the previous studies,?>?® only a pair of
parallel planes was determined and no direct experiment
evidence confirmed the orientation relationship between
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Table 1 (a) The d spacings of the Hdgg carbide. (b) Angles among some reciprocal vectors of the Higg carbide.
(a) The d Spacings of the Higg Carbide (nm) (b) Angles among Some Reciprocal Vectors of the Higg Carbide (Deg)
Observed d Calculated d Indexed Tg;:;:;r:ld Observed Calculated
Spacing*! Spacing*? Plane Vectors Angle*! Angle*?

1 0.504 0.504 001 Fig. 2(a) (001) and (111) 51.8 51.9
2 0.452 0.452 010 (001) and (110) 93.1 93.0
3 0.437 0.438 101 (001) and (111) 131.5 131.6
4 0.418 0.420 110 Fig. 2(b) (001) and (121) 67.5 67.6
5 0.419 0.420 110 (001) and (120) 91.4 91.6
6 0315 0315 111 (001) and (121) 115.0 115.1
7 0.331 0.332 111 Fig. 2(c) (001) and (111) 48.5 48.4
8 0.330 0.332 111 (001) and (110) 87.0 87.0
9 0.316 0.315 111 (001) and (111) 128.3 128.1
10 0.208 0.206 021 Fig. 2(d) (111) and (021) 68.5 68.7
11 0.220 0.222 120 (111) and (112) 107.5 107.4
12 0.352 0.354 201 (111) and (203) 135.7 135.5
13 0.411 0.409 201 Fig. 2(e) (111) and (101) 443 44.1
14 0.213 0.211 112 (111) and (010) 458 459
15 0.206 0.205 121 (111) and (111) 91.6 91.8
16 0.203 0.201 121 Fig. 2(f) (111) and (312) 68.3 68.2
17 0.367 0.364 122 (111) and (221) 1025 102.4
18 0.195 0.197 212 (111) and (130) 130.2 130.0
19 0.193 0.190 221 Fig. 2(g) (111) and (110) 59.0 59.1
20 0.145 0.149 130 (111) and (204) 453 45.1
21 0.238 0.241 311 (111) and (311) 79.6 79.8
22 0.159 0.155 203 Fig. 2(h) (110) and (122) 53.8 53.9
23 0.197 0.198 302 (110) and (212) 76.4 76.2
24 0.180 0.181 312 (110) and (302) 103.5 103.4
25 0.268 0.266 401 Fig. (201) and (311) 92.1 92.1
26 0.099 0.097 134 (201) and (510) 122.0 122.1
27 2.048 2.044 510 Fig. (111) and (401) 89.5 89.3
(111) and (134) 21.5 21.4

(111) and (510) 50.3 50.2

*IThe observed d spacings and angles were measured from SADPs.

*2The calculated d spacings and angles were obtained on the basis of the monoclinic structure with lattice parameters @ = 1.158 nm, » = 0.452 nm,

¢ =10.509nm and B = 98.3 deg.

Table 2 Chemical compositions of the phases revealed by EDS.

Chemical Composition (at%)

Heat Treatment Phase
Fe Mn Al Cr
y 49.07 30.20 17.05 3.68
SHT
o + D03 52.07 21.80 21.55 4.58
DO0; 57.56 16.32 25.18 0.94
550°C, 12h
M;C, 30.56 43.20 1.02 25.22

FesC, and « phase. Therefore, the electron diffraction
technique was used to clarify the orientation relationship
between the M5C, carbide and the D03 matrix in the present
study. The results are presented in Figs. 2(i) and (j). In these
two SADPs, it is clear that the (510) and (134) reflection
spots of the MsC, carbide are parallel to the (110) and (102)
reflection spots of the D03 matrix, respectively. Accordingly,
the orientation relationship between the MsC, carbide and
DO0; matrix can be stated as follows: (510)MSC2 // (liO)DO3
and (134)y,c, // (102)pg,. In order to further certify the
determined orientation relationship, the angle between the

(310)MSC2 and (13‘_")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 (1 iO)DO3
and (102)po,. 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 M5C,
carbide and D03 matrix. Unfortunately, the attempt was not
successful.

4. Conclusions

In summary, the as-quenched microstructure of the Fe-
30 mass%Mn-10 mass%Al-4 mass%Cr-0.45 mass%C alloy
was (y + «) dual phases, and extremely fine D03 domains
could be observed within the o grains. After being aged at
550°C for 12h, fine &’ carbides were formed within the y
grains and the (Cr,Mn)-rich Héigg carbides occurred at
a/2(100) APBs of the well-grown D03 domains. The Hagg
carbide has never been observed by previous workers in
FeMnAIC and FeMnAICrC alloy systems. The orientation
relationship between the Hégg carbide and D03 matrix was
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determined to be (510)yc, // (110)pg, and (134)yc, //
(102)pyp,. The orientation relationship between Higg carbide

and

bce-type phase has also never been reported by other

workers before.
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