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The microstructural characteristics of the Fe-9A1-30Mn-1C-5Ti (wt.%) alloy were determined by
scanning electron microscopy, transmission electron microscopy, and energy-dispersive X-ray spec-
trometry. The microstructure of the alloy was essentially a mixture of (y+TiCx +(a+ B2 +D0O3)) phases
during solution treatment between 950°C and 1150°C. The TiC, carbide had a face-center-cubic
structure with a lattice parameter a of 0.432 nm. When the as-quenched alloy was subjected to aging
treatment at temperatures of 450-850°C, the following microstructural transformation occurred:
(y+TiCy+k +(a+D03)) — (y+TiCx + kK + (ot + B2+ D03 + TiCy)) — (y +TiCy + kK + K’ + (. + B2+ DO03)) — (y +
TiCy + (e + B2 +DO03)). Addition of Ti promotes the formation of the « phase at high temperatures.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Austenitic stainless steels have been developed as potential
materials for biomedical applications such as dental implants, bone
plates, crowns, artificial vascular stents, and screws for fracture
fixation owing to their excellent combination of nonmagnetic prop-
erties, strength, ductility, workability, corrosion resistance, and
excellent biocompatibility [ 1-3]. However, conventional Fe-Cr-Ni-
based stainless steels contain expensive alloying elements (Ni
and Cr). Thus, from an economic point of view, it is desirable
to substitute Ni and Cr with cheaper elements while maintain-
ing the desirable mechanical and biological properties outlined
above.

Fe-Al-Mn ternary alloy system is a promising alternative to
some conventional Fe-Cr-Ni-based stainless steels, because it sub-
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stitutes Cr and Ni with the lighter and cheaper elements Al and
Mn [4,5]. In Fe-Al-Mn alloy, Al stabilizes the ferritic phase and
improves anti-corrosion behavior by forming a continuous protec-
tive Al,O3 layer on the surface [4-6]. The addition of Mn serves
to stabilize the austenitic structure and also enhances mechanical
properties at high temperatures [5,7,8]. Carbon plays an impor-
tant role in promoting the precipitation strength of Fe—Al-Mn alloy,
which is necessary for high strength [8,9]. Chang et al.[10] reported
that the optimal aging temperature was 450 °C, which resulted in
the Fe-Al-Mn-C alloy possessing high yield strength of 1383 MPa
with 32.5% elongation.

Moreover, other metallic elements such as Si, Cu, Ti, V, Co, and
Cr may be added in order to increase the corrosion and oxida-
tion resistance as well as improve strength [5,11-16]. Our previous
studies showed that some carbides were formed on Fe-Al-Mn
and Fe-Al-Mn-C-based alloys following phase transformation by
heat-treatment and surface functionalization [16,17]. These car-
bides play an important role in the formation of nanostructures
and oxidation layers, and they also help increase biocompatibility.
Therefore, the Fe-Al-Mn-C-base alloys not only possess excel-
lent mechanical properties but also exhibit good biocompatibility,
which make them potential candidates for biomedical applica-
tions. As stated above, the purpose of the present study is to
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Fig. 1. SEM image of the present alloy underwent solution treatment at 950 °C for
1h.

investigate the effect of adding 5wt.% Ti on the microstructure of
Fe-9Al-30Mn-1C alloy and thus to provide information relevant
for biomedical applications.

2. Experimental procedures

Fe-9AI-30Mn-1C alloy containing 5.0wt.% Ti was prepared in an air induc-
tion furnace under a protective N, atmosphere using AISI 1008 low carbon steel,
99.7% pure electrolytic Al, 99.9% pure electrolytic Mn, pure C powder, and pure Ti.
The alloy was poured into an investment casting steel mould (¢ 40 mm x 100 mm)

Fig. 2. Azone axis [01 1] BF image taken from the matrix, which is marked as white
circle in Fig. 1.

that had been preheated to 1100°C. The chemical composition of the investigated
alloy, as determined by inductively coupled plasma atomic emission spectrome-
try, was Fe-8.82A1-30.15Mn-0.94C-4.93Ti (wt.%). The ingots were hot-forged to
a final thickness of 3.0 mm following homogenization at 1200°C for 4h under a
protective argon atmosphere. The as-forged specimens were subsequently heat-
treated at temperatures ranging from 450°C to 1150°C for various periods in a
vacuum furnace and then rapidly water quenched. Specimens for scanning elec-
tron microscopy (SEM; JEOL JSM-6500F) were abraded with SiC paper, polished
with 0.3 wm Al, 03 powder, washed in distilled water, ultrasonically degreased in
acetone, and etched with 5-10% nital solution. Transmission electron microscopy

200 nm

Fig.3. (a)azone axis [110] BF image taken from the island-like phase, which is marked as black circle in Fig. 1 (h k= phase, h kI=D0s phase), (b)and (c)aretwog =1 1 1

andg =2 0 O DFimages, respectively.
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Fig. 4. (a) a BF image taken from the square-like phase, which is marked as black dashed line circle in Fig. 1, (b) and (c) are two SAEDPs taken along [001] and [111] from

the P1 phase, respectively, (d) chemical compositions of the P1 phase.

(TEM) was conducted using a JEOL-2100 operated at 200kV. Elemental distribu-
tions were examined using an INCA energy-dispersive X-ray spectrometer (EDS).
The average atomic percentages of alloying elements were determined by ana-
lyzing at least ten different EDS spectra for each phase. Thin foils for TEM were
prepared by mechanical grinding down to 30 wm thickness and subsequent elec-
tropolishing using an electrolyte containing 60% ethanol, 30% acetic acid, and 10%
perchloric acid at a current density of 1.5-2.5 x 10 A/m? at temperatures less than
-10°C.

3. Results and discussion

Fig. 1 shows an SEM image of the alloy after solution treat-
ment at 950°C for 1h; the presence of precipitates in the matrix
and at grain boundaries is clearly evident. It was found that the
microstructure of the alloy could be divided into an island-like
phase, a square-like phase, and the matrix regions (denoted by
black circle, black dashed line circle, and white circle, respectively).
These microstructural characteristics are similar to that of the
as-quenched Fe-Al-Mn-C-Cr alloy [14]. The alloy was further ana-
lyzed by TEM. Fig. 2 shows a zone axis [0 1 1] bright-field (BF) image
taken from the matrix [white circle in Fig. 1], revealing the matrix
is the austenite phase (y) with a face-center-cubic (FCC) structure
and a lattice parameter a of 0.380 nm. Furthermore, some disloca-
tions and annealing twins (as indicated by the arrow) witha(111)
habit plane can be observed within the vy matrix [14,18]. No other
precipitates could be detected within the y matrix.

Fig. 3(a) displays a zone axis [110] BF image taken from the
island-like phase [black circle in Fig. 1]. Obviously, a high density
of dislocations exists within the island-like phase. The selected
area electron diffraction pattern (SAEDP) contained not just the

reflection spots of the ferrite (o) phase [hkl] with body-center-
cubic (BCC) structure but also other superlattice spots [hkl]. It
has been suggested that these superlattice spots are the DO3
((Fe,Mn)3Al) phase with a Fy,3, structure [19] and lattice parameter
a of 0.565 nm. Nevertheless, it was also found that theg=2 0 0
reflection intensity is much stronger thantheg =1 1 1 reflection
intensity in the DO3 phase. This demonstrates that the DO3 phase
and the B2 ((Fe,Mn)AI) phase with CsCl structure [19] and lattice
parameter a of 0.282 nm may coexistinthesameg =2 0 Oreflec-
tion spot. If such a situation has occurred, the B2 phase shown in the
dark-field (DF) image of 2 0 0 DO5 reflections would be expected to
be larger than the DO3 phase as shown in the 111 DO5 reflections
for the continuous ordering transition [4,14,20]. Fig. 3(b) and (c) are
twog=1 1 landg =2 0 0DO; phase DFimages, respectively.
It is clear that the 200 DOs (Fig. 3(c)) is larger than the 111 DOs,
as shown in Fig. 3(b). Thus, we have conclusively demonstrated
that the B2 phase is also formed within the o phase in this study.
This result is in agreement with observations reported by other
researchers for Fe-Al-Mn-C [4] and Fe-Al-Mn-C-Cr alloys [14].
As a result, the microstructure of the island-like phase is a mixture
of (e +B2 +DO03) phases.

Fig. 4(a) shows a BF image taken from a square-like phase [black
dashed line circle, Fig. 1]. A square-like phase (denoted as P1) is
formed in the matrix. Figs. 4(b) and (c) are two SAEDPs taken along
[001] and [111] from the P1 phase, respectively. On the basis of
the camera length and d-spacings of the spots, it can be concluded
that the P1 phase possesses a FCC structure with a lattice parameter
a of 0.432 nm. Fig. 4(d) presents the chemical compositions of the
P1 phase, revealing that the phase is TiCx carbide [21]. Hence, the



C.-C. Lin et al. / Journal of Alloys and Compounds 509 (2011) 9038-9044 9041

®

000 —

W

100 nm

Fig. 5. (a) a zone axis [011] BF image taken from the -y/y boundary of the as-quenched alloy aged at 450°C for 24 h, (b) a SAEDP taken along [0 1 1] from the triangle-like
phasein (a),(c)ag =2 0 0DO; DF image, (d) a zone axis [0 1 1] BF image taken from the y/a boundary of the alloy (hkl=-y phase, hkl=k-phase)and (e)ag=1 0 0

k-phase DF image.

microstructure of the alloy after solution treatment at 950°C for
1 h suggests that it comprises the (y+TiCx + (o +B2 +D03)) phase.
As the temperature increases to between 1050°C and 1150°C, no
significant differences in the microstructure were observed when
compared with Fig. 1.

After quenching at 1150°C for 1h, the specimens were subse-
quently aged at temperatures ranging from 450°C to 850°C for
moderate times. The microstructural properties of the as-quenched
alloy aged at 450°C for 8 h was essentially the same as that seen
in Fig. 1. However, after aging for 24 h, a microstructural tran-
sition could be seen in the matrix and at the grain boundaries
of the alloy. Fig. 5(a) displays a zone axis [011] BF image taken

from the /vy boundary of the as-quenched alloy aged at 450 °C for
24 h, which clearly shows the presence of a triangle-like phase at
the /vy boundary. Fig. 5(b) is an SAEDP taken along [01 1] from
the triangle-like phase in Fig. 5(a), indicating that the triangle-like
phase is also an a phase belonging to a BCC structure. Moreover,
it is noteworthy to mention that only the DO3 (Fy,3m) phase con-
sists of an « phase because the g =2 0 O reflection intensity is
similartotheg =1 1 1 reflection intensity [14,20]. Fig. 5(c) illus-
trates a DF image taken from g =2 0 0 DOs phase. Thus, the
microstructure of triangle-like phase comprises a and DO3 phases.
Furthermore, particulate precipitate was also found at the grain
boundary. Fig. 5(d) is a zone axis [0 1 1] BF image taken from the
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Fig. 6. (a) a zone axis [00 1] BF image taken from the a domain of the as-quenched alloy aged at 550°C for 24 h, (b) a zone axis [110] SAEDP taken from the o domain in
(a),(c)and(d)aretwog=1 1 landg=2 0 0DO; phase DF images, respectively, (e) a BF image taken along [00 1] from the v/ boundary of the alloy (hkl="y phase,

hkl=«k-phase).

v/aboundary of as-quenched alloy aged at 450 °C for 24 h, revealing
that in addition to the reflection spots of the a phase (indicated by
the arrows) and vy phase, the SAEDP also comprises small superlat-
tice spots. From the camera length and d-spacings of the spots, the
particle is identified as k-phase carbide ((Fe,Mn)3AlCx) having an
order L'1; structure [9,15] with a lattice parameter a of 0.385 nm.
Fig. 5(e) presents ag=1 0 0 k-phase DF image, clearly show-
ing the presence of the k-phase at the y/a boundary. Furthermore,
the TiCy carbide can also be observed in the matrix and at grain
boundaries. Thus, we can state that the microstructure of the as-
quenched alloy aged at450 °Cfor 24 his the (y + TiCx + k + (ot + DO3))
phase.

After the aging temperature was increased to 550 °C for a period
less than 16h, it was found that the phase relationships and
microstructure features of the alloy were identical to the alloy aged
at 450°C for 24 h (i.e. Fig. 5). When the soaking time was increased
to 24 h, TiCy carbide formed in the a (BCC) domain, as shown in
Fig. 6(a). Fig. 6(b) displays a zone axis [011] SAEDP taken from
the o domain in Fig. 6(a). From the g=1 1 1and g=2 0 0
reflection intensity, it can be proven that the B2 (CsCl) and DO3
(Fm3m) phases coexist within the o domain [20]. Fig. 6(c) and 6(d)
aretwog=1 1 1landg=2 0 0DOs phase DF images, respec-
tively. Fine DO3 domains with 1/4 a(11 1) anti-phase boundaries
and coarse B2 domains with 1/4 a(200) anti-phase boundaries
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Fig.7. (a) SEM image of the as-quenched alloy aged at 750 °C for 16 h, (b) a BF image taken along [0 0 1] from the y/y boundary of the alloy in (a) (h kI ="y phase, h k= k-phase),

and (c)ag=1 0 0 «’-phase DF image.

(indicated by the white arrows) can be observed in the a domain
[4,14]. Moreover, the k-phase carbides can also be detected in the
matrix and at grain boundaries, as shown in Fig. 6(e). Hence, the
microstructure of the as-quenched alloy aged at 550°C for 24h
is the (y+TiCx + k + (o + B2 + DO3 + TiCx)) phase. The TiCyx phase not
only formed in the matrix but also precipitated within the o phase.

When the aging temperature was increased to 650°C for
various soaking times, the microstructure characteristics of the
alloy was same as Fig. 6. As the alloy underwent aging treatment
at 750°C for a periods longer than 16 h, the TiCy phase could not
be detected within the o phase and the amounts of TiCy phase
(as indicated by the arrows) significantly decreased as depicted
in Fig. 7(a). Nevertheless, it was found that some particles start
to appear at the grain boundaries. A BF image taken along [001]
from the y/vy boundary of the alloy (Fig. 7(b)) clearly shows the
formation of particles at the grain boundary. Moreover, in addition
to the reflection spots of the vy phase, the SAEDP also comprises
small superlattice spots. From the camera length and d-spacings of
the spots, the particle also belongs to k-phase carbide. However,
Chao et al. [9] demonstrated that the intensity of the (100) spot
for the L'1, structure is much stronger than that of the (11 0) spot.
Furthermore, the intensities of the (100)and (11 0) spots of the L1,
structure are similar. Therefore, it was concluded that the particles
correspond to k’-phase carbide ((Fe,Mn)3AlC) having an ordered
L1, [22] structure with a lattice constant a of 0.387 nm. Fig. 7(c)
whichshowsag =1 0 0«’-phase DFimage, reveals the presence
of the k’-phase at the y/y boundary. Therefore, the microstructure
of the as-quenched alloy aged at 750°C for 16 h changes to the
(y+TiCx+k+K'+(ae+B2+DO03)) phase. After a prolonged aging at

850°C, no k-phase and k’-phase could be observed in the matrix
and at the grain boundaries, but it was found that the amounts
of TiCy phase greatly increased with soaking time. Hence, its
macrostructure changed to a mixture of (y+TiCx +(a+B2+DO03))
phases. In summary, when the as-quenched alloy was aged
at temperatures ranging from 450°C to 850°C, the fol-
lowing microstructural transformation sequence occurred:
(y+TiCk+k+(a+D03)) - (y+TiCk +k +(a+B2+D0O3 + TiCx)) —
(y+TiCx+k+K +(oe+B2+D03)) — (y+TiCx + (o + B2+ D0O3)).
According to the Fe—-Al-Mn-C quaternary phase diagram [23],
the microstructures of Fe-(6.0-11.0)Al-(20.0-35.0)Mn-(0.5-1.5)C
(wt.%) alloys heat treated between 950°C and 1150°C are full y
phase. Moreover, as the metallic elements Co and Cr were added
into the Fe-Al-Mn-C alloy, and following solution treatment at
high temperatures, the microstructure is an essential single y phase
with annealing twins [12,13,15]. However, it was found that when
the investigated alloy undergoes a solution treatment at temper-
atures ranging from 950 to 1150°C, the microstructure is (o +1y)
containing TiCyx carbide. These observations clearly highlight the
influence of Ti addition; such an addition promotes the formation
of a phase in the Fe-Al-Mn-C alloy at high temperatures. It make be
proposed that Ti that has a stronger bonding energy with C[20] than
either Co or Cr. Hence, when the alloy undergoes solution treat-
ment at high temperatures, a large number of TiC, carbide may be
formed in the matrix and at the grain boundaries as seen in Fig. 1.
Carbon not only strengthens but it also increases the stability of
the vy phase [8,9]. Table 1 presents quantitative chemical compo-
sitions of the v phase and TiCx carbide of the alloy after solution
treatment at 1150°C for 1 h. It is clear that the concentration of C
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Table 1
The chemical compositions of the «y phase and TiC, carbide of the alloy underwent
solution treatment at 1150°C for 1h.

Solution Phase Chemical composition (wt.%)
treatment
Fe Al Mn C Ti
1150°C-1h Y Bal. 8.42 32.14 0.85 2.74
B TiCx Bal. 3.52 5.24 15.42 70.23

in the y phase is lower than that of the TiCy carbide. Thus, forma-
tion of the TiCy carbide leads to a marked decrease in carbon in the
vy matrix thus causing a y — (o +1) transition in the matrix of the
alloy. It has been reported that the formation of carbide plays a vital
role in forming surface micro-porosity structure and in increasing
the thickness of the oxide layer, thus improving the alloy biocom-
patibility [16]. Therefore, it may be supposed that the presence of
TiCy carbide in the present alloy may also increase the alloy bio-
compatibility. Finally, it is worthwhile to note that further tests are
required to evaluate the biocompatibility, corrosion and mechani-
cal properties of the Fe—Al-Mn-C-Ti alloy prior to use in biomedical
applications.

4. Conclusions

The microstructure of the as-quenched alloy is a mixture of the
v, a, and TiCx phases. Moreover, an a — B2 — DO3 phase transi-
tion sequence could be observed within the o region. At different
aging temperatures ranging from 450°C to 650°C, k-phase car-
bide ((Fe,Mn)3;AlCx) with an ordered L'1,-type structure formed
at the oy grain boundaries, and the (oc+DOs3) phase could be
observed at the y/y grain boundaries. In addition, the TiCx car-
bide precipitated within the o region of the as-quenched alloy
aged at 500°C for 24h. When the as-quenched alloy was aged
at 750°C, k’-phase carbides possessing L1, structure formed at
the grain boundaries. Above 850°C, only the TiCy carbide could
be detected in the matrix. These microstructure features can be
useful in further understanding the relationship between the cor-
rosion, mechanical behavior and biocompatibility of the present

of alloy, and also in assessing its potential for use as a biomedical
material.
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