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Abstract

Phase transformations in an Fe-20at.%Al-8at.%Ti alloy have been
examined by means of optical microscopy (OM), transmission electron
microscopy (TEM) and energy-dispersive X-ray spectrometer (EDS).

In the as-quenched condition, the microstructure of the Fe - 18at.%Al -
10at.%Ti alloy was a mixture of (A2+DO0;) phases and the DO; phase was
formed by an A2 — B2 — (A2+D0s;) continuous ordering transition during
quenching. When the as-quenched alloy wasraged at temperatures ranging from
700°C to 1100°C, the phase: transition ‘Sequence as the aging temperature
increased was found to be A2+D0;—->A2+D0s+C14—B2+C14—A2+C14—A2.
It is noted here that this phase transition has never been observed by other
workers in the Fe-Al-Ti alloys before. In addition, when the present alloy was
aged at 850°C, the orientation relationship between the C14 precipitate and
(A2+D0;) matrix was determined to be ( 0001 )eo//( 112 )y
(1100)c1a//(110)y, (1120)c14//(111), analysed by the above diffraction
patterns. This orientation relationship between the C14 precipitate and A2, DO;
or B2 matrix has never been reported by other workers in the Fe-Al-Ti alloy

systems before.
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Introduction

The microstructures of the Fe-Al binary alloys have been studied by many
workers [1-3]. In their studies, it is seen that only three phase, namely
disordered A2 (ferrite), ordered B2 (FeAl) and DO, could be found in the
Fe-rich portion of Fe-Al binary alloys as shown in Figure 1. Fe-Al alloys based
on Fe;Al exhibit an irregular peak in yield stress at an intermediate temperature,
which is attractive for high-temperature application. The reason is well-known
relation with the D0; — B2 ordering transition temperature. Efforts to improve
the strength of Fe-Al alloy systems at elevated temperatures have been looked
for by many workers from the point of the eritical temperature T, for the DO0;
— B2 transition [4,5]. It is found that addition of a third element to Fe-Al
binary alloys would increase the point of the critical temperature T.. The
addition of ternary alloying elements with the intention of increasing the D0; —
B2 transition temperature T.”" ~ "* has been studied in detail. In 1995,
Anthony and Fultz found that the transition temperature increased
approximately linear with increasing solute concentration for a number of
different transition metals (Ti, V, Cr, Zr, Mo, Hf, Ta and W). Based on their

studies, the addition of Ti results in a significantly amount increasing T,>" ~ "



about 60°C /at.%. Furthermore, effects of Ti addition on the microstructures of
the Fe-rich Fe-Al binary alloys have been extensively studied by many workers
[6-8]. According to these studies, it can be generally concluded that the
addition of Ti in the Fe-Al binary alloys would not only pronouncedly raise the
A2+D0; (or D0O3;)—>B2— A2 transition temperatures but also significantly
expand the (A2+D0s) phase field. The limited stability of the D05 structure can
be increased from about 550°C for binary Fe-Al alloys with 25 at.% Al to
approximate 825°C for adding 5 at.% Ti on the Fe;Al alloy. As a result, a
significant increase in the strength and hardness of Fe-Al-Ti alloys at elevated
temperatures was eventually achieved by raising the critical temperature To"
~ B2 transition.

Previous studies have found that if Ti content was increased higher than 7
at.% or above, the C14 precipitates could be detected at grain boundaries and
within matrix in the aged Fe-Al-Ti alloys [9,10]. The C14 precipitate has a
hexagonal structure with lattice parameters a=0.5038 nm and ¢=0.8193 nm.
Some workers pointed out that the strengthening mechanism apart from the
solid solution strengthening is to increase the stability of the Fe,(Fe, Ti)Al (DO0;

or L2;) phase to higher temperatures. There is another possibility proposed by

the precipitation of the C14 precipitate.



Based on the previous studies, it is clearly seen that although the phase
transformations in the Fe-Al-Ti alloys have been widely studied, most of the
observations were only focused on the Fe-Al-Ti alloys with lower Ti content.
Information about the microstructural development of the Fe-Al-Ti alloys with
Ti > 5 at.% is very deficient. Therefore, the purpose of the present study is to

investigate the phase transformations of the Fe-18 at.%Al- 10 at.%Ti alloy.



Experimental procedure

(A) Alloy Preparation

The alloy, Fe-18 at.% Al-10 at.% Ti, was prepared in a vacuum induction
furnace by using 99.9% iron, 99.9% aluminum and 99.9% titanium. The melt
was chill cast into a 30 x 50 x 200-mm-copper mold. After being homogenized
at 1250°C for 48 hours, the ingot was sectioned into 2-mm-thick slices. These
slices were subsequently solution heat-treated at 1150°C for 1 hour and then
rapidly quenched into room-temperature water. The aging processes were
performed at temperatures ranging from 700-C to 1100°C in a vacuum
heat-treated furnace for various'times and then quenched into room-temperature

water rapidly.

(B)Optical Microscopy (OM)
The optical microscopy specimens were prepared as the following steps:
sections, mounting, rough polishing, fine polishing and finally etching with 60%

CH;COOH, 30% HNO; and 10% HCI.



(C) Transmission Electron Microscopy (TEM)

The electron microscopy specimens were prepared by a double-jet
electropolisher with an electrolyte of 67% methanol and 33% nitric acid. The
polishing temperature was kept in the range from -30°C to -20°C, and the current
density was kept in the range from 4.0 x 10* to 6.0 x 10* A/m’. Electron
microscopy was performed on a JEOL JEM-2000FX scanning transmission
electron microscope operating 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, Al and Ti

were made with the aid of a Cliff=Lorimer Ratio Thin Section method.



Results

Figure 1 is an optical micrograph of the alloy after being solution heated
at 1150°C for 1 hour and then quenched into water. Figure 2(a) is a
bright-field(BF) electron micrograph of the as-quenched alloy. Figures 2(b) and
2(c) are two selected-area diffraction pattern(SADP) taken from the matrix in
Figure 2(a), exhibiting the superlattice reflection spots of the ordered D05 phase
[11]. The zone axe are [100] and [110], respectively. Figure 2(d) is a (111) DO;
dark-field (DF) electron micrograph of the as-quenched alloy, revealing the
presence of extremely fine D0; demains. Figure 2(e), a (002) D0; DF electron
micrograph, shows the presence of small- B2 domains with a/4<111> APBs.
Since the sizes of both D0O; and B2 domains are-very small, it is deduced that the
B2 and DO0; domains were formed during quenching by an ordering transition
[12]. In Figure 2(e), it is also seen that a high density of disordered A2 phase
(dark contrast) is present within the B2 domains. It can be concluded from the
above observations that in the as-quenched condition, the microstructure of the
alloy was a mixture of (A2+D0;) phases, which were formed by an A2 — B2 —
(A2+D03) ordering transition during quenching. This result is similar to that
observed by other workers in the Fe-(18~22.5) at.% Al-5 at.% Ti alloys [5].

Figures 3(a) and 3(b) are (111) and (002) DF electron micrographs of the



alloy aged at 700°C for 6 hours and then quenched. It is seen that the DO;
domains grew rapidly. Figure 3(b) is a DF electron micrograph obtained by use
of the (002) superlattice reflection in [001] zone, revealing that the D0O; domains
were aligned along <100> directions. This feature is also similar to that
observed by Mendiratta et al. in the aged Fe-Al-Ti alloy [5]. When the aging
time was increased to 12 hours, the DO; domains continued to grow and the
morphology changed from cubic to granular shape, as shown in Figures 4(a) and
(b). Figures 4(a) and (b) are (111) and (002) DO; DF electron micrographs,
clearly showing that these two.sfigures ate. morphologically identical. It is
well-known that the (002) reflection spet comes from both the B2 and DO;
phases, while the (111) reflection spot comes only from D05 phase. Therefore,
the bright particles presented in Figures 4(a) and (b) are considered to be DO;
phase. Accordingly, the microstructure of the alloy was a mixture of (A2+D05)
phases.

Figure 5(a) is a bright-field (BF) electron micrograph of the alloy aged at
800°C for 0.5 hour. It is clear that there are some rod-like precipitates within the
matrix. Figures 5(b) through (d) are three different SADPs taken from an area
including the precipitate marked as “C” in Figure 5(a). By analyzing these

values of interplanar spacings and angles between reciprocal vectors of the



diffraction spots in these SADPs, the crystal structure of the rod-like precipitate
was determined to be have a hexagonal cubic primitive structure with lattice
parameters a=0.499 nm and ¢=0.793 nm. The crystallographic normals shown in
Figures 5(b) through (d) are [0001], [0110] and [2ﬁO ], respectively. It is clear
that the rod-like precipitate is surrounded by free-zone. Fig 5(e) is the rod-like
precipitate DF. Figures 5(f) and (g) are (111) and (002) DO; DF electron
micrographs, revealing that extremely fine DO; precipitates were formed within
the matrix. The extremely fine DO; precipitates which were formed by an A2 —
B2 — (A2+D0;) ordering transition during quenching. When the aging time was
increased, cuboidal DO0; particles started to occur contiguous to the Cl4
precipitate. Figure 6(a) is a bright-field (BF) electron micrograph of the alloy
aged at 800°C for 1 h. Figures 6(b) through (d) demonstrate three different
SADPs taken from an area including the rod-like precipitate in Figure 6(a) and
its surrounding matrix. The crystallographic normals of the (A2+D0;) matrix are
[111]m [110], and [ 112 ], respectively. In addition to the spots
corresponding to the (A2+D0s) phase, the diffraction patterns also consist of
small spots caused by the presence of precipitate. Analyses by the above
diffraction patterns, the orientation relationship between the C14 precipitate and

(A2+D0;) matrix was (0001 )c// (112 )n , (1100 )cia//( 110 )y ,



(112 0)c14//(111)y,. It is worthy to note that the orientation relationship between
the C14 precipitate and A2, D0; or B2 matrix has never been reported by other
workers in the Fe-Al-Ti alloy systems before. Figures 6(e) is (111) DO; DF
electron micrographs, clearly revealing that three types of DO; particles could be
detected: one is the granular-like D05 particles within the matrix; another is the
cuboidal DO; particles contiguous to the C14 precipitate. Because the size of
these two types of DOj particles is larger than that observed in the as-quenched
alloy. It is therefore reasonable to believe that these two types of the DO;
particles were existent at the aging temperature. The other is the extremely fine
DO; particles, which was forined within the' A2 matrix by an A2 — B2 —
(A2+D03) ordering transition during quenching. It is concluded from the above
observations that the microstructure of the alloy present at 800°C was a mixture
of (A2+D05;+C14) phases.

Figure 7(a) and (b) are bright-field and C14 DF electron micrographs of the
alloy aged at 900°C for 6 hours, revealing the presence of the rod-like C14
precipitate. Transmission electron microscopy examinations indicated that
extremely fine D0; domains observed within the matrix, as shown in Figure 7(c).
This indicates that the extremely fine DO; domains were formed through an

ordering transition during quenching from the aging temperature; otherwise, the



DO0; domains should grow at the aging temperature. Figure 7(d), (002) D03 DF
electron micrograph of the same area as Figure 7(c), shows that along with the
growth of the B2 domains, the a/4<111> APBs have gradually disappeared.
Furthermore, it could be also seen that the dark contrast within the B2 domains
was observed because of the presence of disordered A2 phase; if not so, there
would be not any dark contrast in a (002) DF electron micrograph. It indicates
that the microstructure of the alloy present at 900°C should be B2 phase and the
extremely fine DO; domains were formed by a B2 — (A2+D0;) ordering
transition during quenching. From:the above observations, the microstructure of
the present alloy at 900°C was a mixture of (B2+C14) phases.

Figure 8(a) is a bright-field electron micrograph of the alloy aged at 1000°C
for 1 hour. Transmission electron microscopy examinations indicated that
besides the C14 precipitates, only quenched-in extremely fine D0O; domains and
small B2 domains were present within the matrix. An example is shown in
Figure 8(c) and (d). It means that the stable microstructure of the present alloy at
1000°C was a mixture of (A2+C14) phases.

Progressively higher temperature aging and quenching experiments
indicated the mixture of (A2+C14) phases could be maintained up to 1050°C.

However, when the alloy was aged at 1100°C and then quenched, the C14

10



precipitates disappeared and only quenched-in extremely fine DO; domains and
small B2 domains (the sizes being comparable to those observed in the
as-quenched alloy) could be detected, as illustrated in Figure 9(a) through 9(c).
This indicates that the microstructure of the present alloy existing at 1100°C or
above should be the single disordered A2 phase.

Based on the above experimental results, it is concluded that with
increasing the aging temperature from 700°C to 1100°C, the phase transition
sequence in the present alloy i1s A2+D0; — A2+D0;+Cl14 — B2+Cl14 —

A2+C14 — A2.
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Discussion

According to the above observations, some important features of the present
study are worthy of note as follows:

( I ) When the present alloy was aged at 800°C for 1 hour, the cuboidal D0
particles were observed to appear contiguous to the C14 precipitate. It is a
noticeable feature in the present study, which has never been observed by other
workers in the Fe-Al-Ti alloy systems. In order to clarify this feature, an
STEM-EDS analyses were undertaken. Figures 10(a) through (d) are four
typical EDS spectra taken from a granular-like DO; particle within the matrix, a
cuboidal DO0; particle contiguous to the C14 precipitate, C14 precipitate and the
(A2+D03) matrix in the alloy aged at 800°C for 1 hour, respectively. The average
concentrations of alloying elements obtained by analyzing several EDS spectra
of each phase are listed in Table 1. For comparasion, the chemical compositions
of the as-quenched alloy are also listed in Table 1. It is seen in Figure 10(c) and
Table 1 that the concentration of Ti in the C14 precipitate can be increased up to
25.65 at.%, which is obviously higher than that in the as-quenched alloy. On the
contrary, the Al concentration is much lower than that in the as-quenched alloy.

It implies that when the C14 precipitates grew in the matrix, the concentration of

12



Al of the matrix in the vicinity of the C14 precipitates would be increased. This
result corresponds to the concentration of Al in Figure 10(b) and Table 1.
According to the phase diagram of Fe-Al binary alloys, it is seen that the
microstructure of an Fe-25.96 at.% Al alloy should be a single D05 phase below
550°C. Furthermore, it is believed from the STEM-EDS analysis that 6.54 at.%
Ti 1s enough to permit the cuboidal DO; to form contiguous to the Cl14
precipitate at 800°C, as observed in Figure 6(e).

In the Fe-Al binary alloy, it is well-known that the DO; phase was formed by
an ordering transition during quenching at Al > 22.1 at.%. Moreover, it was
reported that the effect of Ti addition en the Fe-Al alloy systems not only
increased the D0O;—B2 transition temperature but also expanded the (A2+D0s)
phase regions of the Fe-Al alloy systems in the previous studies of the Fe-Al-Ti
alloys. However, the A2—A2+D0; ordering transition could be detected and the
Al concentration in the  (A2+D0s) phases was examined to be 16.99 at.% only,
as shown in Figure 10(d). Therefore, it is believed that the solubility of 4.76
at.% Ti within the A2 phase should be favorable to occur B2—D0; ordering
transition during quenching from 800°C.

(II) Although the C14 precipitate has been extensively reported to exist by

many works in the aged Fe-Al-X (X=Nb, Zr or Ta) alloys system [13], there is
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only one article concerning the orientation relationship between the C14
precipitate and matrix. In 2005, D.G. Morris et al. reported that there were
several approximate orientation relationships between the C14 precipitate and
the D05 matrix in the aged Fe-25A1-2Nb alloy [35], namely:
{TO10}cta//{T01}m, <1210>¢14~<010>yand <00 0 1>¢i4~<10 1>y,

However, the only exact relationship was {1010}c14/{101}, and the
others were approximate with a difference of a few degrees (3~5").

Recently, the present workers performed TEM observations on the phase
transformations of the Fe-Al-Ti alloy systems. Based on our experimental results,
it is found that the orientation 'relationship between the C14 precipitate and
(A2+D0;) matrix was determined as~ follows: (0001 )eia//( 112 )y
(1100)cia//(110)y, (1120)c14//(111),[34]. It is worthwhile to note here that
this orientation relationship has never been reported by previous workers in the
Fe-Al-Ti alloy systems before. Compared with present work, it is worthy to note
that only (110 0)c14/(110), is indeed in agreement with Morris et al. but the
other relationship are discrepant. One possible reason for the apparent difference
between the two works is that the different elements formed the different lattice

parameter of the C14 precipitate.
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Conclusions

In the present study, the phase transformations in the Fe-18 at.% Al-10 at.%

Ti alloy have been examined. The experimental results obtained are as follows -

(1). In the as-quenched condition, the microstructure of the Fe-18 at.%Al-10
at.%Ti alloy was a mixture of (A2+D0;) phases, which were formed during
quenching by an A2 — B2 — (A2+D0;) ordering transition.

(2). When the alloy was aged at 700°C, the D05 precipitates grew aligned along
<100> directions rapidly. With increasing aging time, the D0; domains
continued to grow and the morphology changed from cuboidal to granular
shape.

(3). When the alloy was aged at 800°C for 0.5 hour, the rod-like C14 precipitates
could be observed within the (A2+D0;) matrix. Along with the growth of
the Cl14 precipitates, the surrounding region would be enriched in
aluminum. The enrichment of aluminum would enhance the formation of
the cuboidal DOj; particles at the regions contiguous to the C14 precipitates.

(4). When the as-quenched alloy was aged at temperature ranging from 750°C to
1100°C, the phase transformation sequence as the aging temperature

increased was found to be (A2+D0;) — (A2+D05;+C14) — (B2+C14) —
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(A2+C14) — A2.

(5). The orientation relationship between the C14 precipitate and (A2+DO0;)
matrix was determined to be (000 1)c14/(112)m, (1100)cia//(110)y,,
(1120)c14//(111),, , which has never been reported in the Fe-Al-Ti alloys

system before.
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Figure 1. An optical micrograph of the as-quenched alloy
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Figure 2(a)

Figure 2(b)
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Figure 2(c)

300 nm

Figure 2(d)
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Figure 2(e)

Figure 2. Electron micrographs of the as-quenched alloy, (a) BF, (b) and (¢) two
selected-area diffraction patterns (SADPs) taken from the matrix. The
zone axes are [100] and [110], respectively. (hkl = a phase; hkl = DO;

phase) (d) and (e) (111) and (002) DO; DF electron micrographs,

respectively.
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Figure 3(b)

Figure 3. Electron micrographs of the alloy aged at 700°C for 6 hours, (a) and

(b) (111) and (002 ) D05 DF electron micrographs, respectively.
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Figure 4(a)

Figure 4(b)

Figure 4. Electron micrographs of the alloy aged at 700°C for 12 hours, (a) and
(b) ( 111 ) and ( 002 ) DO; DF e¢lectron micrographs,

respectively.micrographs, respectively.
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Figure 5(a)

Figure 5(b)
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Figure 5(c)

Figure 5(d)
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Figure 5(e)

Figure 5(f)
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Figure 5. Electron micrographs of the alloy aged at 800°C for 0.5 hour, (a)BF,
(b) through (d) three SADPs taken from the rod-like precipitate

marked as C in (a). The foil normals are [0001], [0110] and [2110],
respectively. (hkil = C14 precipitate; hkl = D05 phase) (e)C14 DF, (f)

and (g) (111) and (002 ) DO; DF electron micrographs, respectively.
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Figure 6(a)
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Figure 6(c)

Figure 6(d)
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300 nm

Figure 6(c)

Figure 6. Electron micrographs of the alloy aged at 800°C for 1 hour, (a)BF, (b)
through (d) three SADPs taken from an area including the Cl14
precipitate and its surrounding matrix. The zone axes of the (A2+D0;)
matrix are (b) [111], (¢)[110], (d) [1 T 2], respectively. (hkil = C14

precipitate; hkl = DO; phase), (¢) (111)D0; DF.
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Figure 7(a)

Figure 7(b)
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Figure 7(d)

Figure 7. Electron micrographs of the alloy aged at 900°C for 6 hours, (a) BF,
(b) C14 DF, (¢) and (d) (111) and (002 ) DO; DF electron micrographs,

respectively.
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Figure 8(a)

Figure 8(b)

35



Figure 8(c)

Figure 8(d)

Figure 8. Electron micrographs of the alloy aged at 1000°C for 1 hour, (a)BF,
(b)C14 DF, (¢) and (d) (111) and (002 ) D03 DF electron micrographs,

respectively.
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Figure 9(c)

Figure 9. Electron micrographs of the alloy aged at 1100°C for 1 hour, (a)BF,

) and (002 ) DO; DF electron micrographs,

(b) and (c) (111

respectively.
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Figure 10(a)
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Figure 10(b)

40



Counts

5000+

4000

3000~

2000~

1000

0 1 2 3 4 5 6 7 8 9 10

Energy(Kev)

Figure 10(c)
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Figure 10(d)

Figure 10.(a) through (d) four typical EDS spectra taken from a granular-like
DO; particle within the matrix, a cuboidal D0; particle contiguous to
the C14 precipitate, C14 precipitate and the (A2+D0;) matrix in the

alloy aged at 800°C for 1 hour, respectively.
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Table 1. Chemical compositions of the phases revealed by Energy-Dispersive

Spectrometer(EDS)
Heat Phase Fe(at%)  Al(at%)  Ti(at%)
Treatment ' ' '
Solution
heat-treated A2 71.81 18.09 10.10
(1150°C/1hr.)
BO0C/Ihr. nular-like DOSY 65.23 23.47 11.30
Aging
cuboidal D0s 67.35 26.11 6.54
Cl4 63.98 10.37 25.65

A2+D0; 78.25 16.99 4.76
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