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Phase Transformations in Fe-Al-Ti alloys

Student: Chun-Wei Su Advisor: Prof. Tzeng-Feng Liu
Prof. Chuen-Guang Chao

Department of Materials Science and Engineering

National Chao Tung University

Abstract

Effects of the aluminum (Al) and titanium (Ti) contents on the phase
transformations of the Fe-Al-Ti ternary alloys have been investigated by
means of optical microscopy, - scanning transmission electron
microscopy and energy-dispersive X-ray spectrometry. On the basis of
the experimental examinations, the results obtained follows:

[1]. When the Fe-20at.%Al-8at.%Ti alloy was aged at 1000°C for 1 h
and then quenched, the microstructure of the alloy was a mixture of
(A2+D03;+C14) phases. By means of transmission electron
microscopy and diffraction technique, the orientation relationship
between the C14 precipitate and (A2+D03;) matrix was determined
as follows:

(000 1)c1a/(1 1 2)m, (1100)c1a//(110)m, (112 0)c14//(111)n.
The present result of the orientation relationship has never been

reported by previous workers in the Fe-Al-Ti alloy systems before.
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2].

3].

[4].

The as-quenched microstructure of the Fe-23 at.% Al-8.5 at.% Ti alloy
was a mixture of (A2+D03) phases. Transmission electron microscopy
(TEM) examinations indicated that when the alloy was aged at 900°C,
the size of the D03 domains increased with increasing the aging time,
and an A2 — (A2+D03;) — (B2+DQ03) transition occurred at a/2<100>
anti-phase boundaries (APBs). This feature has never been reported

by other workers in the Fe-Al-Ti alloy systems before.

The as-quenched microstructure of the Fe-24.6 at.% Al-7.5 at.% Ti
alloy was a mixture of (A2+D03) phases. When the alloy was aged at
900°C for moderate times, the D03 domains grew considerably and
B2 phase appeared on.a/2<100> anti-phase boundaries (APBSs).
With continued aging at. 900°C; phase separation from prior-D0; to
(B2+D03*) occurred initially on'a/2<100> APBs, and then proceeded
toward the whole prior-D0; domains. This microstructural revolution
has never been reported by other workers in the Fe-Al-Ti alloy

systems before.

The as-quenched microstructure of the Fe-23 at.% Al-7 at.% Ti alloy
was a mixture of (A2+D03) phases. When the as-quenched alloy
was aged at 800°C for moderate times, the D0O; domains grew

preferentially along <100> crystallographic directions and extremely

v



fine B2 particles started to occur at a/2<100> anti-phase boundaries
(APBs). After prolonged aging at 800°C, the B2 particles would grow
to occupy the whole a/2<100> APBs. Consequently, the stable
microstructure of the alloy at 800°C was a mixture of (B2+DO0j3)
phases. The microstructural development for the formation of the
(B2+D03) phases has never been reported in Fe-Al-Ti alloy systems

before.

[5]. As-quenched microstructure of the Fe-20 at.% Al-8 at.% Ti alloy was
a mixture of (A2+D0;) phases. When.the as-quenched alloy was
aged at temperatures ranging from 750-C to 1100°C, the phase
transition sequence as the'aging-temperature increased was found
to be A2+D0;—A2+D03;+C14—->B2+C14—-A2+C14—A2. It is noted
here that the phase transition has never been observed by other

workers in the Fe-Al-Ti alloys before.
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Chapter 1.

General Introduction



General Introduction

Fe-rich section of the Fe-Al binary alloy has mainly three equilibrium
phases, namely disordered A2, ordered B2 (FeAl) and ordered DO;
(FesAl), as shown in Figure 1.1 [1-3]. All these three phases have the
same basically body-centered cubic (BCC) crystal structure. Fe-Al alloys
are favorable for applications as high temperature structural application
because of their low cost, reasonable strength and good corrosion
resistance [3-5]. However, these have been very limited due to their low
room-temperature ductility and'a“sharp:drop in strength above 600°C,
which is well-known to be related to- the D0;—B2 phase transformation [3].
In order to improve the high temperature strength, addition of alloying
elements as transition metals (Ti;.\, Mo; Zr...etc.) was shown to increase
transition temperature significantly over that for the Fe-Al binary alloys.
Especially, the addition of titanium resulted in a particularly large increase
of the D0;—B2 transition temperature about 60°C/at.% [6-10].

The effects of titanium addition on the microstructures of the Fe-Al
binary alloys have also been studied by many workers [10-22]. Based on
these results, it is concluded that the titanium addition in the Fe-Al binary
alloys would (1) strongly increase the D0;—B2 transition temperature, (2)

significantly expand the (A2+D03;) phase field, and (3) cause the DOs



anti-phase boundaries (APBs) to exhibit a tendency toward anisotropy
[16-21]. Moreover, titanium preferentially substitutes for Fe at a specific
lattice site with eight nearest Fe atoms (4(b) sites) rather than a site with
four Fe and four Al nearest atoms (8(c) sites) in D03 structure [10], as
shown in Figure 1.2. This implies that Fe,AlTi is a Heusler phase (L24)
and not (Fe,Ti)sAl (D03). The FeAl (B2) phase also dissolves a significant
amount of titanium leading to increase in lattice parameter [23].

In 1987, M.G. Mendiratta et al. first reported that the order-disorder
transitions concerning about A2; B2'and D03 phases using five Fe-(17.3 ~
25.2) at.% Al-(4.4 ~ 5.2) at.% Tialloys [18]. In their study, it was reported
that addition of about 5 at.% Ti.shifted the (A2+D03) phase field to higher
temperature and to lower Al 'content compared to Fe-Al binary alloys by
using transmission electron microscopy (TEM) investigations [18].
Recently, in 2006, Palm et al. determined complete isothermal sections of
the Fe-Al-Ti ternary alloys at 800°C~1000°C, as shown in Figure 1.3 [15].
In their phase diagrams, it was found that the A2 single phase-field exists
in the composition triangle spanned by the composition lines FeAl-Fe;Al,
Fes;Al-Fe,AlTi and Fe,AlTi-FeAl. The phase equilibria were determined by
optical micrography (OM), scanning electron microscopy (SEM),

electron-probe microanalysis (EPMA) and X-ray diffraction (XRD). More



recently, Ohnuma et al. claimed that two kinds of phase separations
(A2+D03) and (B2+D03) were observed in the composition range below
25 at.% Al by using EPMA [19-21]. The width of the two-phase region
violently increases with decreasing Al composition, as shown in Figure
1.4.

Based on the above studies, it is seen that only five phase fields,
namely A2, A2+D03, D03, (D03+B2) and B2, could be found in the Fe-rich
Fe-Al-Ti ternary alloys. It is worthy mentioning that the (B2+DO0,)
two-phase field has not beensfound by: previous workers in the Fe-Al
binary alloys before [19-21]. However, when the Ti content was increased
to 7 at.% or above, C14 precipitates could be'investigated to form within
the B2 or A2 matrix in the aged. Fe-Al=Ti"alloys [13-15,23-24]. The C14
precipitate has a hexagonal structure with lattice parameters a=0.5038
nm and ¢=0.8193 nm [23]. It is worthy mentioning that the C14 precipitate
was also observed by many workers in Fe-Al-Nb, Fe-Al-Zr and Fe-Al-Ta
alloys [17,25-26]. However, we are aware of only one article, in which the
orientation relationship between the C14 precipitate and A2 matrix was
predicted. In 2005, Morris et al. reported that when the Fe-25AI-2Nb alloy
was aged at 800°C or 900°C, C14 precipitates were formed within the A2

matrix; the orientation relationship between the C14 precipitate and A2



matrix was{1 010} {101} ,(1210) =~(010) and (0001),,~(101),
which was determined by using two SADPs [25]. Although the C14
precipitate was extensively reported to be detected in the aged Fe-Al-Ti
alloys, little information concerning the orientation relationship between
the C14 precipitate and matrix has been provided.

In order to further clarify the ambiguous orientation relationship, a
transmission electron microscopy study was performed to determine the
orientation relationship between C14 precipitate and A2 matrix in an
Fe-20at.% Al-8at.% Ti alloy.+The detailed experimental results and
discussion are presented in Chapter 2.

Additionally, up to now, the.existence of the (B2+D03) two-phase field
in the Fe-Al-Ti ternary alloys was.confirmed principally by using XRD and
EPMA. Little TEM information concerning the microstructural revolution
for the formation of (B2+D03) phases has been provided. Therefore, an
attempt to investigate the microstructural revolution for the formation of
(B2+D03) phases in the Fe-Al-Ti alloys were performed by using TEM and
energy dispersive X-ray spectrometer (EDS) analyses. The detailed

experimentally results are presented in Chapters 3 through 5,

respectively.
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precipitate and ferrite matrix in an
Fe-20 at:% Al-8 at.% Ti alloy
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Orientation relationship between C14
precipitate and ferrite matrix in an
Fe-20 at.% Al-8 at.% Ti alloy

Abstract

C14 precipitates were observed to appear within the ferrite matrix in
the Fe-20 at.% AI-8 at.% Ti alloy aged at 1000°C. By means of
transmission electron microscopy and diffraction techniques, the
orientation relationship between the C14 precipitate and ferrite matrix was
determined as follows: (000 1 )cta//( 1 T2)m, (1100)c1a/(110)m ,
(112 0)c14//(111)m . The: present result of the orientation relationship
between the two phases has never beenreported by previous workers in

the Fe-Al-Ti alloy systems before.
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2-1 Introduction

The microstructures of the Fe-Al-Ti alloys have been studied by other
workers [1-6]. In their studies, it is seen that only four phase fields,
namely A2 (ferrite), A2+D03, D03 and B2, could be found in the Fe-(18~25)
at.% Al-Ti alloys with Ti=5 at.% [1,2]. However, when the Ti content was
increased to 7 at.% or above, C14 precipitates could be investigated to
form within the B2 or A2 matrix in the aged Fe-Al-Ti alloys [2-6]. The C14
precipitate has a hexagonal structure with lattice parameters a=0.5038
nm and ¢=0.8193 nm [6]. Although the:C14 precipitate was extensively
reported to be detected 4n the aged Fe-Al-Ti alloys, little information
concerning the orientation relationship between the C14 precipitate and
matrix has been provided. Therefore,.the purpose of the present study is
an attempt to determine the orientation relationship between the C14

precipitate and A2 matrix in the Fe-20 at.% Al-8 at.% Ti alloy.
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2-2 Experimental procedure

The Fe-20 at.% AI-8 at.% Ti alloy was prepared in a vacuum
induction furnace by using 99.9% Fe, 99.9% Al and 99.9% Ti. The melt
was chill cast into a 30 x 50 x 200-mm-copper mold. After being
homogenized at 1250°C for 48 h, the ingot was sectioned into 2-mm-thick
slices. These slices were subsequently solution heat-treated at 1250°C
for 2 h and then quenched into room-temperature water rapidly. The
aging processes were performed at 1000°C for various times in a vacuum
heat-treated furnace and then: quenched, rapidly. TEM specimens were
prepared by means of 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.
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2-3 Results and discussion

Figure 2.1(a) is a bright-field (BF) electron micrograph of the
as-quenched alloy. Figure 2.1(b) is a selected-area diffraction pattern
(SADP) of the as-quenched alloy, exhibiting the superlattice reflection
spots of the ordered D03 phase [7]. Figure 2.1(c) is a (111) D03 dark-field
(DF) electron micrograph of the as-quenched alloy, revealing the
presence of extremely fine DO; domains. Figure 2.1(d), a (002) DF
electron micrograph, shows the presence of small B2 domains and a high
density of disordered A2 phase (dark contrast) within the B2 domains.
Since the sizes of both D03 and B2-domains are very small, it is deduced
that the (A2+D03) phases:existing in the as-quenched alloy 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 [1].

When the as-quenched alloy was aged at 1000°C for moderate times,
some plate-like precipitates started to appear within the matrix. A typical
example is shown in Figure 2.2(a). Figures 2.2(b) and (c) are the (111)
and (002) DOs; DF electron micrographs taken from the same area as
Figure 2.2(a), indicating the existence of the small quenched-in D03 and

B2 domains, respectively. Figures 2.2(d) through (f) show three different
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Figure 2.1 Electron micrographs of the as-quenched alloy: (a) BF, (b) an

D03

SADP. The foil normal is [1 1 0]. (hkl = ferrite phase; hkl

phase.), (c) and (d) (111) and (002) D03 DF, respectively.
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Figure 2.2 Electron micrographs of the alloy aged at 1000°C for 1 h: (a)
BF, (b) and (c) (111) and (002) DOs; DF, respectively. , (d)
through (f) three SADPs taken from the precipitate marked as
“C” in (a). The zone axes of the C14 precipitate are (d)

[0001],(e)[1120]and (f)[112 3], respectively.
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SADPs taken from the plate-like precipitate marked as “C” in Figure
2.2(a). According to the camera length and the measurement of
d-spacings as well as angles among the reciprocal lattice vectors of the
diffraction spots, the crystal structure of the precipitate was determined to
be hexagonal with lattice parameters a=0.505 nm and ¢=0.801 nm, which
corresponds to that of the C14 phase [6]. The zone axes of the precipitate
in Figures 2.2(d) through (f) are [0001], [1120] and [112 3],
respectively. Based on the above examinations, it is concluded that the
microstructure of the alloy present at 1000°C should be a mixture of
(A2+C14) phases.

In order to determine_the \arientation relationship between the C14
precipitate and the (A2+D03) matrix, ten-different SADPs were taken from
an area including the precipitate marked as “C” in Figure 2.2(a) and its
surrounding (A2+D03) phases. The results are shown in Figures 2.3(a)
through (j). These SADPs were obtained by tilting the specimen about
some specific reflections. Table 2.1 shows the interplanar spacings of the
C14 precipitate, which were measured directly from the SADPs in Figure
2.3(a) through (j). The measured angles among the reciprocal lattice
vectors and the calculated interplanar angles are listed in Table 2.2.

Based on the lattice parameters a = 0.505 nm, ¢ = 0.801 nm determined
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in the above paragraph, the corresponding indices of these diffraction
spots and the angles between the chosen reciprocal reflection are

determined and calculated by using the following equations: [8]

a7:552—(h+h|<+k )+EZ (1)
1 3a’
hh, +kk, +5(hlk2 + k1h2)+EI1I2
cos¢g = (2)

1
3a’ 3a’ 2
{(hf +k,* +hk, +402I12j(h22 +k,” +hk, +402|22j}

For comparison, the calculated interplanar spacings and the angles
are also listed in Tables 2:1 and 2.2. It can be seen in Tables 2.1 and 2.2
that the measured values are 'quite consistent with those obtained by
calculation. Consequently, the zone. axes of the C14 precipitate and
(A2+D03) matrix in Figures 2.3(a) through (j) are [112 0lcia, [111]m;
[2243]cia, [110]n; [551012]c1a, [33 11m; [1123]cta, [22 1] ;
[1126]c1a, [111]n; [0001]cra, [112]n; [7186]cia, [210]m;
[1358 6]c14, [100]m:[7256]ca, [ST1]mand [ST 4 6]cia, [3 1 1]m,
respectively. For better demonstration, higher magnification of Figures
2.3(a), (b), (f) and (h) is shown in Figures 2.4(a) through (d), respectively.
It is obvious in Figures 2.4(a) and (c) that the (0001) and (112 0)

reflection spots of the C14 precipitate are nearly parallel to the (1 1 2)
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and (111) reflection spots of the matrix, respectively. By means of this
information, a stereographic plot of poles (superimposing the (0001)
projection of the C14 precipitate and the (1 1 2) projection of the matrix)
was constructed, as shown in Figure 2.5, where the (112 0) pole of the
C14 precipitate was made to match with the (11 1) pole of the A2 matrix.
In the meantime, the angles among the chosen zone axes for the cubic
and hexagonal structure, as shown in Figure 2.3(a) through (j), were also

calculated and listed in Table 2.3 by the following equations : [8]

. U, U, +VEV + W, W.
Cubic : cosp = e 1= 1 (3)

2 2 2 y! 2 2312
{(u1 ‘f'V1 +W, )(u2 '|'V2 + W, )}

1 ¢’
U, Uyt V, Vs = (U V Uy ) + = W W,
HCP: cos¢g= - a - (4

2 2 G 2 2 2 c’ 2 2
U1 +V1 —ulvl+¥wl U2 +V2 —lJsz-l-?W2

It is clear in Figure 2.5thatthe (1100),(1124),(1121)etal. poles

of the C14 precipitate would exactly or nearly coincide with the (1 10),
(001),(112)etal. poles of the matrix. These results are quite consistent
with the observations of SADPs in Figures 2.3 and 2.4. On the basis of
the preceding analyses, the orientation relationship between the C14
precipitate and A2 matrix can be best stated as follows:

(000 D)ea//(1 1 2)m, (1100)c1a//(110)m, (112 0)era/(11 D).
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Figure 2.3 Ten SADPs taken from an area including the precipitate

marked as “C” in Figure 2(a) and its surrounding matrix. The

zone axes of the matrix are (a) [11 1], (b) [11 0], (c) [331], (d)
[221] (e) [111], () [112], (9) [210], (h) [100], () [511]
and (j) [3 1 1], respectively (hkil = C14 precipitate; hkl =

matrix).
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Figure 2.4 (c)

Figure 2.4 (d)

Figure 2.4 (a) through (d), higher magnification of Figures 2.3 (a), (b), (f)

and (h), respectively (hkil = C14 precipitate; hkl = matrix ).
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Table 2.1 The d-spacings of the C14 phase

Observed Calculated
Indexed Plane
d-spacing*(nm) d-spacing**(nm)

1 0.801 0.801 0001

2 0.437 0.437 1010,0110,1100

3 0.385 0.384 1011,1011,0111,0111,1101,1101

4 0.294 0.295 1012,1012,0112,0112,1102,1102
5 0.254 0.253 1120,1210,2110

6 0.240 0.241 1121,1121,1211,1211, 2111, 2111

7 0.227 0.228 1013,1013,0113,0113,1103,1103
8 0.214 0.214 1122,1122,1212,1212, 2112, 2112
9 0.211 0.211 2021,2021,0221,0221,2201,2201
10 0.183 0.183 1123,1123,1213,1213,2113,2113
11 0.180 0.182 1014,1014,0114,0114,1104 ,1104
12 0.168 0.169 2023,2023,0223,0223,2203,2203
13 0.165 0.165 1230,2130,1320,3120,2310,3210
14 0.157 0.159 1124,1124,1214,1214, 2114, 2114

*The observed d-spacings were measured from SADPs.
**The calculated d-spacings were obtained on the basis of the hexagonal

closed-packed structure with lattice parameters a = 0.505 nm, ¢ = 0.801nm.
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matrix and C14 phase

Table 2.2 Angles among some reciprocal vectors of

Two Desired Reciprocal Observed Calculated
Vectors Angle(Deg) Angle(Deg)
Fig 2.3 (a) (112)mand (110)y 90.0 90.0
(0001)cisand (110 0)cg 90.0 90.0
(110)nand (10 1) 60.0 60.0
(1100)caand (110 3)cq 58.5 58.6
(10 1)mand (L12)m 30.0 30.0
(110 3)ci4 and (0 0°0 1)eqs 31.5 31.4
Fig 2.3 (b) (00 1)y, and (1 1:2)m 35.3 35.3
(112 4)crsand (1324)cwu 35.5 35.6
(112)mand (110)y 54.7 54.7
(132 4)ciaand (110 0)cqa 54.3 54.3
(110)nand (00 1), 90.0 90.0
(1100)caand (112 4)cra 90.0 90.0
Fig 2.3 (c) (116)mand (110), 90.0 90.00
(2245)cand (110 0)cqa 90.0 90.00
(116)mand (02 6)n 12.9 12.9
(224 5)cisand (134 5)c14 12.9 12.8
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(026)mand (110)n, 77.1 77.1

(1345)caand (110 0)cqa 771 77.2

Fig 2.3 (d) (114)nand (110)y 90.0 90.0
(1122)cisand (110 0)cra 90.0 90.0

Fig 2.3 (e) (112)nand (110)y 90.0 90.0
(1121)craand (110 0)cya 90.0 90.0

(112)mand (011), 30.0 30.0

(112 1)ciaand (022 1)c1a 29.0 28.8

(011)mand (11:0)s 60.0 60.0

(022 1)c1s and (1 10 0)614 61.0 61.2

Fig 2.3 (f) (11 1)y and (1 1:0)m 90.0 90.0
(112 0)c14and (1'10:0)cra 90.0 90.0

Fig 2.3 (9) (001)mand (12 1)m 65.9 65.9
(112 4)ciaand (242 1)ca 64.5 64.6

(12 1)mand (12 1)m 48.2 48.2

(2421)caand (110 1)c1a 475 475

(121)mand (00 1)y, 65.9 65.9

(1101)crsand (112 4)cia 69.0 68.77

Fig 2.3 (h) (001)nand (010)n 90.0 90.0
(112 4)ciaand (132 2)c1a 85.5 85.6
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(00 1)mand (01 1) 45.0 45.0

(112 4)ciaand (022 1)cra 43.5 43.5

(001)yand (011)n, 45.0 45.0

(112 4)ciaand (110 3)cra 48.0 48.0

Fig 2.3 (i) (01 1)mand (132)m 79.1 79.1
(022 1)craand (220 3)ca 78.0 78.1

(132)mand (12 3)nm 21.8 21.8
(2203)cisand (224 7)cia 23.2 23.2

Fig 2.3 (j) (011)yand (12:1), 73.2 73.2
(022 1)c14 and (110 1)cis 72.5 72.7

(12 1)mand (1 1:2)m 33.6 33.6

(110 1)c14 and (3124 )01a 35.1 35.2

*The observed angles were measured from SADPs.
**The calculated angles were obtained on the basis of the hexagonal

closed-packed structure with lattice parameters a = 0.505 nm, ¢ = 0.801nm.
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Figure 2.5 The superimposed C14/ferrite stereogram describing the
orientation relationship between the C14 precipitate and

ferrite matrix.
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Table 2.3 Angle between two directions of matrix and C14 phase

Calculated Calculated
Matrix C14

Angle(Deg) Angle(Deg)*
[I11]nand [110]n, 35.26 [1120]ciaand [22 4 3]cia 38.27
[110lmand[33 1], 1326  [223 3]guand [5510 12]c14 13.34
[331mand[221]n 620  [551012]cisand [112 3]cra 6.02
[221]mand [111]n 15.79 [1123]ciaand [112 6]cia 14.78
[111]mand [112]n 19.47 [112 6]cisaand [000 1]c1s 17.58
[110]nand[210],  18.43 [2243]ciaand [7 18 6]cig 18.58
[210]mand[100],  26.57 [7186]cis and [135 8 6]c1a 26.79
[100]nand [511]n 15.79"  1[1358 6]cia@nd [7 2 5 6]c14 16.35
[511]mand [311]m 9.45 [7256]ciaand [S1 4 6]cia 9.55
[311]mwand [11 1] 29.49 [ST146]ciaand [112 6]cia 28.69

*The calculated angles were obtained on the basis of the hexagonal
closed-packed structure with lattice parameters a = 0.505nm, ¢ =

0.801nm.
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Finally, it is worthwhile to mention that the C14 precipitate was also
observed by many workers in Fe-Al-Nb, Fe-Al-Zr and Fe-Al-Ta alloys [4,
9-10]. However, we are aware of only one article, in which the orientation
relationship between the C14 precipitate and A2 matrix was predicted. In
2005, Morris et al. reported that when the Fe-25AI-2Nb alloy was aged at
800°C or 900°C, C14 precipitate were formed within the A2 matrix; the
orientation relationship between the C14 precipitate and A2 matrix was
{T010}c1a/{1 01}n,<1210>c14~<010>,and <000 1>c4~<10 1>,
which was determined by using two SADPs [9]. In the previous study, it is

found that their two SADPs were taken far away from the exact zone axes

and (101 0)cqs reflection spot: was nearly parallel to the (101)y,

reflection spot. Accordingly, Morris_et al. claimed that the only exact

relationship was {1 010}c/{T 01}, and.all other relationships were

approximate with a difference of a few degrees (3~5°) [9]. Interestingly, it

is noted here that the previous result of {1 01 0}c14//{1 0 1}, is indeed in

agreement with that observed in Figure 2.4(c) of the present work.

36



2-4 Conclusions

The orientation relationship between C14 precipitate and ferrite

matrix in an Fe-20 at.% AI-8 at.% Ti alloy has been studied by using

transmission electron microscopy.

1.

In the as-quenched condition, the microstructure of the Fe-20 at.%
Al-8 at.% Ti alloy was a mixture of (A2+DO03;) phases which was
formed by an A2—-B2—(A2+D0;) ordering transitions during
quenching.

When the alloy was aged-at 1000°C,, a kind of plate-like precipitate
was formed within the A2-matrix. The: plate-like precipitate has a
hexagonal C14 structure with-a="0.505 nm and c = 0.801 nm.

The orientation relationship- between the C14 precipitate and A2
matrix was determined to be ( 0001 )ew//( 112 )
(1100)c1a/(110)m, (1120)c14//(111), which has never been

reported in the Fe-Al-Ti alloys system.

37



References

1. M.G. Mediratta, S.K. Ehlers, H.A. Lipsitt, Metall. Trans. A 18 (1987)
509.

2. C.H. Sellers, T.A. Hyde, T.K. O’'Brien, R.N. Wright, J. Phys. Chem.
Solids 55 (1994) 505.

3. U. Prakash, G. Sauthoff, Intermetallics 9 (2001) 107.

4. M. Palm, Intermetallics 13 (2005) 1286.

5. M. Palm, G. Sauthoff, Intermetallics 12 (2004) 1345.

6. M. Palm, G. Inden, N. Thomas, J. Phase Equilibria 16 (1995) 209.

7. C.H. Chen, T.F. Liu, Metall. Trans: /A 34 (2003) 503.

8. J. W. Edington, The Operation and Calibration of the Electron
Microscope, Vol.1, (1985):

9. D.G. Morris, L.M. Requejo, M.A. Mufoz-Morris, Intermetallics 13
(2005) 862.

10. F. Stein, M. Palm, G. Sauthoff, Intermetallics 13 (2005) 1056.
11. F. Stein, M. Palm, G. Sauthoff, Intermetallics 13 (2005) 1275.

38



Chapter 3.

Formation of (B2+D03) phases at
a/2<100> anti-phase boundary in an
Fe-23 at.% Al-8.5 at.% Ti alloy
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Formation of (B2+D03) phases at a/2<100>
anti-phase boundary in an
Fe-23 at.% Al-8.5 at.% Ti alloy

Abstract

The as-quenched microstructure of the Fe-23 at.% Al-8.5 at.% Ti
alloy was a mixture of (A2+DO03;) phases. Transmission electron
microscopy (TEM) examinations indicated that when the alloy was aged
at 900°C, the size of the D03 domains increased with increasing the aging
time, and an A2 — (A2+D03) — (B2+D03) transition occurred at a/2<100>
anti-phase boundaries (APBs). This feature has never been reported by

other workers in the Fe-Al=Ti alloy-systems before.
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3-1 Introduction

In order to improve high temperature oxidation and mechanical
properties, Ti has been added to the Fe-Al binary alloys [1-5]. Based on
these results, it can be generally concluded that the addition of Ti can
effectively improve these properties. In addition, the effects of Ti addition
on the microstructures of the Fe-Al binary alloys have also been studied
by many workers [3-13]. It was reported that the addition of Ti would
strongly increase the D0;—B2 and B2—AZ2 transition temperatures [6-13],
and expand the (A2+D03) phase field [10-12]. Furthermore, a (B2+D03;)
two-phase field was claimed to-be-existent in the Fe-Al-Ti ternary alloys
[11-13]. It is worthwhile to note.that'the (B2+D03) two-phase field has not
been found by previous workers:in the.Fe-Al binary alloys before [14-16].
However, to date, the existence of the (B2+DO03) two-phase field in the
Fe-Al-Ti ternary alloys was confirmed principally by using X-ray diffraction
and electron-probe microanalysis [11-13]. In order to clarify the
microstructural revolution for the formation of the (B2+D03) phases, an
TEM study was performed to investigate the phase transition in the Fe-23

at.% Al-8.5 at.% Ti alloy.

41



3-2 Experimental procedure

The Fe-23 at.% AI-8.5 at.% Ti alloy was prepared in a vacuum
induction furnace by using pure Fe (99.9%), Al (99.9%) and Ti (99.9%).
After being homogenized at 1250°C for 48 h, the ingot was sectioned into
2-mme-thick slices. These slices were subsequently solution heat-treated
at 1100°C for 1 h and then quenched into room-temperature water rapidly.
The aging processes were performed at 900°C for various times in a
vacuum heat-treated furnace and then quenched rapidly. TEM specimens
were prepared by double-jet .electropalisher with an electrolyte of 67%
methanol and 33% nitric acid. Electron microscopy was performed on a
JEOL JEM-2000FX TEM-operating at 200kV. Elemental concentrations
were examined by using a Link ISIS*300 energy-dispersive X-ray
spectrometer (EDS). Quantitative analyses of elemental concentrations
for Fe, Al and Ti were made with a Cliff-Lorimer Ratio Thin Section

method.
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3-3 Results and discussion

Figure 3.1(a) shows a selected-area diffraction pattern of the
as-quenched alloy, revealing the presence of the superlattice reflection
spots of the ordered D03 phase [17]. Figures 3.1(b) and (c) are (111) D03
and (200) DOjs (or, equivalently, (100) B2) dark-field (DF) electron
micrographs of the as-quenched alloy, exhibiting the presence of fine D0;
domains with a/2<100> APBs and small B2 domains with a/4<111> APBs,
respectively [15,16]. In Figure 3.1(c), it is also seen that a high density of
disordered A2 phase showing:a dark contrast could be observed within
the B2 domains. Accordingly, the as-quenched microstructure of the alloy
was a mixture of (A2+D03) phases. This is similar to that reported by other
workers in the as-quenched Fe-(18~22.5) at.% Al-5 at.% Ti alloys [10].

When the as-quenched alloy was aged at 900°C for a short time, the
D03; domains grew with preferred orientation, as shown in Figure 3.2. This
feature is similar to that reported by other workers in the aged Fe-Al-Ti
alloys [10]. In Figure 3.2, it is also seen that the a/2<100> APBs were
coated with a continuous layer of the disordered A2 phase. However, after
prolonged aging at 900°C, some fine particles started to appear within the
A2 phase. Figures 3.3(a) and (b) are (111) and (200) DO3; DF electron

micrographs of the alloy aged at 900°C for 1 h, clearly revealing that the
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Figure 3.1 (a)

Figure 3.1 (b)
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Figure 3.1 Electron micrograp : the as-quenched alloy: (a) a
selected-area diffraction pattern. The foil normal is [011].
(hkl = D03 phase.), (b) and (c) (111) and (200) DO; DF,

respectively.
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A

Figure 3.2 (200)D0; DF electron micrograph of the alloy aged at 900°C

for 0.5 h.
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(111) DO3; DF image and (200) DO3; DF image are morphologically identical.
Since the (200) reflection spot comes from both the B2 and D03 phases,
while the (111) reflection spot comes only from D03 phase [10,12], the fine
bright particles at a/2<100> APBs presented in Figures 3.3(a) and (b) are
considered to be D03 phase. TEM examinations indicated that no
evidence of the a/4<111> APBs could be observed. This result seems to
imply that the B2 domains would grow up to the whole grains during aging.
With increasing the aging time at 900°C, the amount of the D03 particles
at a/2<100> APBs increased and the disordered A2 phase decreased, as
illustrated in Figure 3.4. By comparing Figures 3.3 and 3.4, it is also seen
that the breadth of the a/2<100> APBs became broader as the aging time
increased. TEM examinations of.thin foils indicated that prolonged aging
at the same temperature resulted in the broadening of the a/2<100>
APBs to proceed, as shown in Figure 3.5. Figure 3.5(a), (111) DO; DF
electron micrograph of the alloy aged at 900°C for 24 h, indicates that at
a/2<100> APBs, the amount of the D03 particles increased considerably
and a dark contrast could also be detected between the particles.
However, a (200) D03 DF electron micrograph (Figure 3.5(b)) reveals that
the whole regions of the a/2<100> APBs were full bright in contrast. This

indicates that the dark regions at a/2<100> APBs presented in Figure
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Figure 3.3 (a)

Figure 3.3 (b)

Figure 3.3 Electron micrographs of the alloy aged at 900°C for 1 h. (a) and

(b) (111) and (200) D03 DF, respectively.
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Figure 3.4 (b)

Figure 3.4 Electron micrographs of the alloy aged at 900°C for 6 h. (a) and

(b) (111) and (200) D05 DF, respectively.
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Figure 3.5 (b)

Figure 3.5 Electron micrographs of the alloy aged at 900°C for 24 h. (a)

and (b) (111) and (200) D03 DF, respectively.

50



3.5(a) should be of the B2 phase. Consequently, when the alloy was aged
at 900°C for longer times, the microstructure at the a/2<100> APBs was a
mixture of (B2+DO03) phases.

The fact that with increasing aging time at 900°C the size of the D03
domains existing in the as-quenched alloy increased and an A2 —
(A2+D03) — (B2+DO03) transition occurred at a/2<100> APBs is a
remarkable feature in the present study. This feature has never been
reported by previous workers in the Fe-Al-Ti alloy systems before. In
order to clarify this feature,: the quantitatively EDS analyses were
undertaken. The results are shown in-Table 3.1. It is seen in Table 3.1 that
when the alloy was aged at 900°C-for 0.5 h,/the Al and Ti concentrations
in the DO; domains were much«greater than those in the as-quenched
alloy, and these concentrations were noticeably lower at a/2<100> APBs.
The insufficient concentrations of both Al and Ti would cause the
disordered A2 phase to form at a/2<100> APBs. However, along with the
growth of the D0O; domains, partial Al and Ti atoms would proceed to
diffuse toward the a/2<100> APBs. EDS analyses indicated that during
the early stage of isothermal aging at 900°C, the increased amount of Ti
at a/2<100> APBs was more than that of Al. It implies that during aging, Ti

redistributed first and then Al started to move appreciably. This result is
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consistent with that found by other workers in the Fe-Al-Ti ternary alloys
[18], in which they reported that the diffusion of Ti is faster than that of Al.
Furthermore, it is well-known that a small amount of Ti addition in the
Fe-Al binary alloys would strongly enhance the formation of the DOj;
phase [10-12]. Therefore, it is plausible to suggest that the drastic
increase of Ti concentration should be favorable for the formation of the
fine DO; particles at a/2<100> APBs, which is consistent with the
observation in Figure 3.3. With increasing aging time at 900°C, both Al
and Ti concentrations at a/2<100>APBs continue to increase significantly.
It is thus expected that owing to-the increase-of Al and Ti, the amount of
the fine DO; particles at. a/2<100> APBs- would increase and the
microstructure of the remaining. regions would transform from the
disordered A2 phase to B2 phase, as observed in Figures 3.4 and 3.5.
Finally, it is interesting to note that compared to the previously
established isothermal sections of the Fe-Al-Ti ternary alloys at 900°C,
the chemical compositions of Fe-23.8 at.% Al-11.1 at.% Ti and Fe-22.4
at.% Al-7.4 at.% Ti obtained from the D03 domain and (B2+D03) region in
the present alloy aged at 900°C for 24 h are just located in the DO; and

(B2+D03) regions, respectively [12].
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Table 3.1 Chemical Compositions of the Phases Revealed by

Energy-Dispersive X-ray Spectrometer (EDS)

Chemical Compositions (at.%)

Heat Treatment Phase

Fe Al Ti

as-quenched A2+DO0; 68.3 23.1 8.6
900°C, 0.5 h DO05; domain 62.5 25.1 12.4
APB(A2) 75.9 19.8 4.3
900°C, 1 h D0; domain 63.5 24.9 11.6
APB(A2+D0;) 73.6 20.2 6.2
900°C, 6 h D03 domain 64.4 24.3 11.3
APB(A2+B2+D03) 71.6 21.5 6.9

900°C, 24 h D0; domain 65.1 23.8 11.1

APB(B2+D0s) 70.2 22.4 7.4
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3-4 Conclusions

The phase transformations in an Fe-23 at.% AIl-8.5 at.% Ti alloy

have been studied by using transmission electron microscopy and

energy-dispersive X-ray spectrometry.

1.

In the as-quenched condition, the microstructure of the Fe-23
at.%Al-8.5 at.%Ti alloy was a mixture of (A2+D03;) phases which was
formed by an A2—-B2—(A2+D0;) ordering transitions during
quenching.

When the alloy was aged.at 900°C; the DO; domains existing in the
as-quenched alloy grew and- an A2 — (A2+D0;) — (B2+D0j3)
transition occurred at a/2<100> APBs of the D0O; domains. The
microstructural revolution-has.never been reported by other workers

in the Fe-Al-Ti alloy systems before.
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Chapter 4.

Phase separation from DO; to (B2+D03)
In an Fe-24.6 at.% Al-7.5 at.% Ti alloy
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Phase separation from DO3 to (B2+D03) In an
Fe-24.6 at.% Al-7.5 at.% Ti alloy

Abstract

The as-quenched microstructure of the Fe-24.6 at.% Al-7.5 at.% Ti
alloy was a mixture of (A2+D03) phases. When the alloy was aged at
900°C for moderate times, the DO; domains grew considerably and B2
phase appeared on a/2<100> anti-phase boundaries (APBs). With
continued aging at 900°C, phase separation from prior-D0; to (B2+D03*)
occurred initially on a/2<100> APBs, and. then proceeded toward the
whole prior-D03; domains. -This' microstructural-revolution has never been

reported by other workers:in the Fe-Al-Tialloy systems before.
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4-1 Introduction

Effects of Ti addition on the microstructures of the Fe-Al binary alloys
have been studied by many workers [1-8]. Based on these results, it can
be generally concluded that the Ti addition in the Fe-Al binary alloys
would (1) strongly increase the D0;—B2 transition temperature [5-7], (2)
significantly expand the (A2+D03) phase field [6-8], and (3) cause the D03
anti-phase boundaries (APBs) to exhibit a tendency toward anisotropy [5].
Furthermore, a (B2+D03;) two-phase field was claimed to be existent at
temperatures ranging from 800°C to 1000.C in the Fe-Al-Ti ternary alloys
[6-8]. It is noted that the (B2+D03) two-phase field has not been found by
previous workers in the Fe-Al binary alloys before [9-11]. However, up to
now, the existence of the (B2+D03) two-phase field in the Fe-Al-Ti ternary
alloys was confirmed principally by using X-ray diffraction and
electron-probe microanalysis [6-8]. Little TEM information concerning the
microstructural revolution for the formation of (B2+D03) phases has been
provided. The present investigation, using TEM, is an attempt to clarify
the microstructural revolution for the formation of (B2+D03) phases in the
Fe-24.6 at.% Al-7.5 at.% Ti alloy after being aged at 900°C. In the present
study, the chemical compositions of the alloy were just located in the

(B2+D03) phase-field in Fe-Al-Ti ternary phase diagram at 900°C.
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4-2 Experimental procedure

An ingot of the Fe-24.6 at.% Al-7.5 at.% Ti alloy was prepared in a
vacuum induction furnace by using pure Fe(99.9%), Al(99.9%) and
Ti(99.9%). After being homogenized at 1250°C for 48 h, the ingot was
sectioned into 2-mm-thick slices. These slices were subsequently
solution heat-treated at 1100°C for 1 h and then quenched into
room-temperature water rapidly. The aging processes were performed at
900°C for various times in a vacuum heat-treated furnace and then
quenched rapidly. TEM specimens were prepared by means of double-jet
electropolisher with an electrolyte of 67% methanol and 33% nitric acid.
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.
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4-3 Results and discussion

Figure 4.1(a) is a selected-area diffraction pattern (SADP) of the
as-quenched alloy, exhibiting the superlattice reflection spots of the
ordered D03 phase [12,13]. Figures 4.1(b) and (c) are (200) DOs; (or
equivalently (100)B2) and (111) D03 dark-field (DF) electron micrographs
of the as-quenched alloy, showing the presence of the small B2 domains
with a/4<111> APBs and fine DO; domains with a/2<100> APBs,
respectively. In Figures 4.1(b) and (c), it is seen that the sizes of both B2
and DOz domains are very small, indicating that these domains were
formed by ordering transition during quenching [11-16]. In Figure 4.1(b), it
is also seen that a high density.-of disordered A2 phase (dark contrast)
could be observed within the B2 domains. Accordingly, the as-quenched
microstructure of the alloy was a mixture of (A2+D03) phases.

Figure 4.2(a) shows a (111) D03 DF electron micrograph of alloy aged
at 900°C for 6 h, indicating that the DO; domains grew significantly. Figure
4.2(b), a (200) DO; DF electron micrograph of the same area as Figure
4.2(a), revealing that the disordered A2 phase wetted on the a/2<100>
APBs; otherwise there would be no contrast from these boundaries using
a (200) reflection [11]. With the subsequent aging at 900°C, the

disordered A2 phase disappeared and a phase separation started to
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Figure 4.1 (a)

Figure 4.1 (b)
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Figure 4.1 (c)

Figure 4.1 Electron micrographs of the as-quenched alloy: (a) a

selected-area diffraction pattern. The foil normal is [110]. (hkl
= D05 phase, hkl = A2 phase.), (b) and (c) (200) and (111)

D03 DF, respectively.
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Figure 4.2 (b)

Figure 4.2 Electron micrographs of the alloy aged at 900°C for 6 h. (a) and

(b) (111) and (200) D05 DF, respectively.
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occur basically at a/2<100> APBs of the D03 domains. A typical example
is shown in Figure 4.3. Figure 4.3(a) is a (111) DOs; DF electron
micrograph of the alloy aged at 900°C for 24 h, revealing that the
a/2<100> APBs broadened and the well-grown prior-DO; domains
decomposed into small DO3* domains (as indicated by the white arrow
and designated as D03;* domain to be distinguished from the original DO
domain) separated by dark layers. Shown in Figure 4.3(b) is a (200) D03
DF electron micrograph taken from the same area as Figure 4.3(a),
clearly indicating that the whole region is bright in contrast. This
demonstrates that these dark layers should be of B2 phase, rather than
disordered A2 phase. Obviously, it is seen-in Figure 4.3(a) that with
increased aging time at 900°C,.B2 phase started to form at a/2<100>
APBs and phase separation from D03 to (B2+DO03*) occurred initially on
a/2<100> APBs. Transmission electron microscopy examinations
revealed that when the alloy was aged at 900°C for longer times and then
quenched, the phase separation from D03 to (B2+D03*) proceeded toward
the whole prior-D0; domains. A typical example is illustrated in Figure 4.4.
Therefore, it is thus anticipated that the microstructure of the alloy in the
equilibrium stage at 900°C should be a mixture of (B2+D03*) phases.

On the basis of preceding results, it is obvious that when the present
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Figure 4.3 (a)

(b) 200 nm,

Figure 4.3 (b)

Figure 4.3 Electron micrographs of the alloy aged at 900°C for 24 h. (a)

and (b) (111) and (200) D05 DF, respectively.
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Figure 4.4 (b)

Figure 4.4 (111) D03 DF electron micrographs of the alloy aged at 900°C

for (a) 36 h and (b) 48 h, respectively.
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alloy was aged at 900°C for longer times, phase separation from D03 to
(B2+D03*) occurred on a/2<100> APBs. This feature has never been
reported by other workers in the Fe-Al-Ti alloy systems before. In order to
clarify this feature, an STEM-EDS study was undertaken. The EDS
analyses were taken from in the middle of DO; domain (marked as “D”),
B2 phase (marked as “B”) and DO3;* phase (marked as “D*”) in Figures 4.2
and 4.3(a), respectively. The average concentrations of the alloying
elements were obtained from at least ten different EDS profiles of each
phase. The results are shown:in Table ‘1., For comparison, the chemical
compositions of the as-quenched alloy are also summarized in Table 4.1.
It is noted here that since'in the‘present study the EDS analyses were
made in the STEM mode on the.thin films (not on the extracted phase)
and the size of the disordered A2 phase is smaller than that of the
electron beam spot (40nm) produced on the JEOL 2000FX STEM. The
EDS examination for the disordered A2 phase is not available. It is seen
in Table 4.1 that when the alloy was aged at 900°C for 6 h both the Al and
Ti concentrations in the D03 phase were much greater than those in the
as-quenched alloy. It is thus suggested that at this stage, the
concentrations of both Al and Ti at a/2<100> APBs would be lacked,

which caused the disordered A2 phase to form at a/2<100> APBs. Along
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with the growth of the DO; domains, partial Al and Ti atoms would diffuse
toward the a/2<100> APBs. Moreover, when the concentrations of Al and
Ti at APBs reached a certain amount, the A2 — B2 transition would occur
at a/2<100> APBs. By comparing the chemical compositions of the DO
domain with DO3;* phase in the alloy aged at 900°C for 24 h, it is evident
that the DO3* phase has slightly lower Al content and significantly higher
Ti content. Besides, it is well-known that the DO; phase could only be
found in the Fe-Al binary alloys with Al > 25at.% and below 550°C, and
the addition of Ti could increase the ‘D03, phase field [5]. Obviously, the
content of Ti seems to play an-important:.role for the stabilization of the
D0; phase at high temperature: In the present study, EDS analyses
indicated that the DO; phase would separate into the much more stable

DO0s* phase at 900°C.
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Table 4.1 Chemical Compositions of the Phases Revealed by

Energy-Dispersive X-ray Spectrometer (EDS)

Chemical Compositions (at.%)

Heat Treatment Phase
Fe Al Ti
as-quenched A2+DO0; 67.9 24.6 7.5
900°C, 6 h D0; domain 65.4 26.5 8.1
900°C, 24 h D0; domain 66.3 25.5 7.9
DO5* 65.7 25.2 9.1
B2 69.3 24 .1 6.6
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4-4 Conclusions

In the as-quenched condition, the microstructure of the Fe-24.6
at.%Al-7.5 at.%Ti alloy was a mixture of (A2+D03) phases, which was
formed by an A2—-B2—-(A2+D0;) ordering transitions during
quenching.

When the alloy was aged at 900°C for moderate times, the DO;
domains grew considerably and B2 phase appeared on a/2<100>
anti-phase boundaries (APBs). With continued aging at 900°C, phase
separation from prior-D03 to (B2+D03") occurred initially on a/2<100>
APBs, and then proceeded-toward the whole prior-D0; domains. This
microstructural revolution has never-been reported by other workers

in the Fe-Al-Ti alloy systems:before:
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Formation of (B2+D03) two-phase

microstructure in an Fe-23 at.%Al-7 at.%Ti alloy

Abstract

As-quenched microstructure of the Fe-23 at.% Al-7 at.% Ti alloy was
a mixture of (A2+D03) phases. When the as-quenched alloy was aged at
800°C for moderate times, D03 domains grew preferentially along <100>
directions and extremely fine B2 particles occurred at a/2<100>
anti-phase boundaries (APBs). After prolonged aging at 800°C, the B2
particles would grow to occupy the whole a/2<100> APBs. Consequently,
the stable microstructure of the alloy at 800°C-was a mixture of (B2+D0j;)

phases.
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5-1 Introduction

Effects of Ti addition on the microstructures of the Fe-rich Fe-Al
binary alloys have been extensively studied by many workers [1-9].
Based on 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 D03)—B2—A2 transition temperatures but also significantly
expand the (A2+D03) phase field [3-9]. In addition, a (B2+D03) two-phase
field was reported to be detected in the Fe-Al-Ti ternary alloys [7-9].
Interestingly, the (B2+DO0;) two-phase :field has not been found by
previous workers in the Fe-Al binary alloys before [10-12]. However, to
date, the existence of the (B2+D03)two-phase field in the Fe-Al-Ti ternary
alloys was determined principally by.-means of X-ray diffraction and
electron-probe microanalysis (EPMA) [7-9]. Little transmission electron
microscopy (TEM) information concerning the formation of the (B2+D0,)
two-phase microstructure has been provided in the literature. Therefore,
the purpose of this work is an attempt to clarify the microstructural
development for the formation of (B2+D03) phases in the Fe-23 at.% Al-7

at.% Ti alloy by TEM observation.
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5-2 Experimental procedure

The Fe-23 at.% Al-7 at.% Ti alloy was prepared in a vacuum

induction furnace by using high purity (99.99%) constituent elements.
After being homogenized at 1250°C for 48 h, the ingot was sectioned into
2-mme-thick slices. These slices were subsequently solution heat-treated
at 1100°C for 1 h and then rapidly quenched into room-temperature water.
The aging processes were performed at 800°C for various times in a
vacuum heat-treated furnace and then quenched rapidly. TEM specimens
were prepared by means of double-jet electropolisher with an electrolyte
of 67% methanol and 33% nitric-acid."TEM observation of microstructure
was performed on a JEOL JEM-2000FX TEM 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 were made with a Cliff-Lorimer Ratio Thin

Section method.
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5-3 Results and discussion

An optical micrograph of the as-quenched alloy is shown in Figure
5.1(a). Figure 5.1(b) is a selected-area diffraction pattern (SADP) of the
as-quenched alloy, exhibiting the superlattice reflection spots of the
ordered D05 phase [13,14]. Figure 5.1(c) is a (111) D05 dark-field (DF)
electron micrograph, revealing the presence of fine DO; domains with
a/2<100> APBs. Figure 5.1(d), a (200) DO; DF electron micrograph,
shows the presence of small B2 domains with a/4<111> APBs. Since the
sizes of both D03 and B2 domains are small, it is suggested that these
domains were formed during quenching [11-17]. In Figure 5.1(d), it is also
seen that a high density; of disordered A2 phase (dark contrast) was
present within the B2 domains; otherwise there would be no dark contrast
within these domains by using a (200 ) superlattice reflection. Therefore, it
is concluded that the as-quenched microstructure of the alloy was a
mixture of (A2+D03) phases which were formed by an A2—B2—(A2+D0,)
transition during quenching. This result is similar to that reported by
Mendiratta et al. in the Fe-(18~25)at.% Al-5at.% Ti alloys quenched from
1100°C [3].

When the as-quenched alloy was aged at 800°C, the D03 domains

grew rapidly, as illustrated in Figure 5.2. Figure 5.2(a) is a DF electron
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Figure 5.1 (b)
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Figure 5.1 (d)

Figure 5.1 (a) An optical micrograph of the as-quenched alloy, (b) through
(d) electron micrographs of the as-quenched alloy: (b) an SADP.
The foil normal is [011]. (hkl: disordered A2, hkl: DO3; phase.), (c)

and (d) (111) and (200) DO; DF, respectively.
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NG (©)/
Figure 5.2 Electron micrographs of the élloy aged at 800°C for 1 h: (a)
(200) D03 DF, (b) and (c) (1 11) and (200) DO3 DF with a higher

magnification of (a), respectively.
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micrograph obtained by use of the (200) superlattice reflection in [001]
zone, revealing that the DO; domains grew preferentially along <100>
crystallographic directions. This feature is also similar to that observed by
Mendiratta et al. [3]. Figure 5.2(b), (111) DOs; DF electron micrograph of
the same area as Figure 5.2(a) with a higher magnification, shows that
the a/2<100> APBs are fully dark in contrast. Figure 5.2(b), a (200) DO3
DF electron micrograph, reveals that a high density of extremely fine
particles could be observed at the a/2<100> APBs. Since the amount of
the particles was very small, the reflection spots of the particles were very
faint. In order to carry out an unambiguous identification about the
particles, prolonged aging:at 800°C*was performed.

Figure 5.3(a) is a bright-field. (BE)-electron micrograph of the alloy
aged at 800°C for 16 h. In this figure, it is clear that the domains had
grown to be very large and the morphology changed from cubic to
granular shape. Figures 5.3(b) and 5.3(c) are two SADPs taken from the
areas marked as “D” and “B” in Figure 5.3(a), respectively. In our previous
study [17], it was found that the intensity of the (111) and (200) reflection
spots of a single D03 phase should be almost equivalent. Therefore, it
seems to be deduced that the reflection spots present in Figure 5.3(b)

should be of a single DO; phase. However, it is clearly seen in Figure
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Figure 5.3 (a)

Figure 5.3 (b)
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Figure 5.3 (c)
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Figure 5.3 (d)
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Figure 5.3(e)

Figure 5.3 Electron micrographs of the alloy aged at 800°C for 16 h: (a)
BF, (b) and (c) two SADPs taken from the areas marked as “D”
and “B” in (a), respectively. (hkl: DO3 phase), (d) and (e) (111)

and (200) DO3 DF, respectively.
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5.3(c) that the (200) and (222) reflection spots are much stronger than
the (111) reflection spot. Therefore, it is strongly suggested that the (200)
and (222) reflection spots should derive from not only D03 phase but also
the B2 phase, since the (111) reflection spot comes from the D05 phase
only; while the (200) and (222) reflection spots can come from both the
DO; and B2 phases (the (200) and (222) DO; reflection spots are equal to
the (100) and (111) B2 reflection spots, respectively) [11,12]. Figures
5.3(d) and (e) are (111) and (200) DO; DF electron micrographs of the
same area as in Figure 5.3(a). lt'is obviously seen that at the regions
marked as “D”, the (111) DF image ‘and-the (200) DF image are
morphologically identical, and these domains are fully bright in contrast. It
means that these domains "are.of single DO; phase; whereas, at the
regions marked as “B”, the B2 particles are much larger than those
observed at a/2<100> APBs in Figure 5.2(b), and the D03 particles are
very extremely fine. This indicates that at the regions marked as “B”, the
B2 particles were existent at the aging temperature, and the extremely
fine D03 particles were formed during quenching from the quenching
temperature by a B2—D0; ordering transition [11-17]. With increasing the
aging time at 800°C, besides the presence of the well-grown D0; domains,

the B2 particles would grow to occupy the whole a/2<100> APBs and
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Figure 5.4 (a) and (b) (200) and (111) D05 DF electron micrographs of the

alloy aged at 800°C for 72 h.
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extremely fine quenched-in DO; particles could be also detected within
the B2 particles. A typical microstructure is illustrated in Figure 5.4.
Accordingly, the stable microstructure of the alloy present at 800°C was a
mixture of (B2+DO03) phases.

Based on the preceding results, it is clear that when the present alloy
was aged at 800°C for longer times, the D03 domains existing in the
as-quenched alloy grew and the B2 phase started to occur at the
a/2<100> APBs. This transition behavior has never been observed by
other workers in the Fe-Al and Fe-Al-Ti-alloy systems before. In order to
clarify this feature, EDS analyses! were undertaken. 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
5.1.

Obviously, it is seen in Table 5.1 that both the Al and Ti concentrations
in the D03 phase are much greater than those in the as-quenched alloy. It
is thus expected that along with the growth of the DO; domains, the
concentrations of both Al and Ti at a/2<100> APBs would be lacked. The
EDS examinations indicated that the elemental concentrations of Al and
Ti in the B2 phase are 20.13 and 3.52 at.%, respectively. According to the

phase diagram of Fe-Al binary alloys [11,12], it is seen that the
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microstructure of an Fe-20.13 at.% Al alloy existing at 800°C should be a
single disordered A2 phase, and no evidence of B2 phase could be
observed. Therefore, it is plausible to suggest that the existence of 3.52
at.% Ti at a/2<100> APBs would be favorable for the formation of the B2
phase, rather than the A2 phase.

Finally, it is worthwhile to point out that the B2—DO0; ordering
transition could be found to occur in the Fe-Al binary alloys with Al > 25
at.% [12]. However, it is clear in Figure 5.4 that the B2—DO03; ordering
transition could be detected .and the Al .content in the B2 phase was
examined to be 20.13 at.% only. This:resultiimplies that the existence of
Ti would significantly lead the .B2—-D0; ordering transition to occur with

lower Al content.
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Table 5.1 Chemical Compositions of the Phases Revealed by

Energy-Dispersive X-ray Spectrometer (EDS)

Chemical Compositions (at.%)

Heat Treatment Phase
Fe Al Ti
as-quenched A2+DO0; 69.90 23.08 7.02
900°C, 72 h DO, 65.76 24.15 10.09
B2 76.35 20.13 3.52
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1.

5-4 Conclusions

The as-quenched microstructure of the Fe-23 at.% Al-7 at.% Ti alloy
was a mixture of (A2+DO03;) phases. The (A2+DO03) phases were
formed by an A2—B2—(A2+D0;3) transition during quenching.

When the alloy was aged at 800°C for moderate times, the DO;
domains grew preferentially along <100> directions and extremely
fine B2 particles occurred at a/2<100> APBs. After prolonged aging at
800°C, the B2 particles would grow to occupy the whole a/2<100>
APBs. Consequently, the stable microstructure of the alloy present at

800°C was a mixture of (B2+D03)-phases.
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Chapter 6.

Phase transformations in an
Fe-20 at.% Al-8 at.% Ti alloy
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Phase transformations in an
Fe-20 at.% Al-8 at.% Ti alloy

Abstract

As-quenched microstructure of the Fe-20 at.% Al-8 at.% Ti alloy was
a mixture of (A2+D03) phases. When the as-quenched alloy was aged at
temperatures ranging from 750°C to 1100°C, the phase transition
sequence as the aging temperature increased was found to be
A2+D03;—A2+D0;+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.
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6-1 Introduction

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
critical temperature T, for the D03;—B2 transition [1-6]. One of them is the
addition of Ti alloying element on the Fe-Al binary alloys [4-6]. According
to their reports, the effect of Ti addition on the Fe-Al alloy systems not
only increased the D0;—B2—A2 transition temperatures, but also
expanded the (A2+ D03) phase region of the Fe-Al alloy systems. In other
word, the limited stability of the D05 structure can be raised from about
550°C for binary Fe-Al alloys with-25 at.% ‘Al to approximate 825°C for
adding 5 at.% Ti on the FesAl alloy'[6]. As aresult, a significant increase
in the strength and hardness ‘of:Fe-Al-Ti alloys at elevated temperatures
was eventually achieved by raising the critical temperature T. of DO;—B2
transition. In addition, some investigators pointed out that the strength
could also be improved due to the precipitation of the hexagonal Fe,Ti
with C14 phase [7-9]. Previous studies have shown that when Ti content
increased greater than 7 at.%, the C14 phase could start to precipitate at
grain boundaries and within grains [10].

In the previous studies [6], it is clearly seen that although the phase

transformations in the Fe-Al-Ti alloys have been studied, most of the

97



examinations were only focused on the Fe-Al-Ti alloys with lower Ti
content. Information concerning the microstructural development of the
Fe-Al-Ti alloys with higher Ti content is very insufficient. Therefore, the
purpose of the present study is to investigate the as-quenched

microstructures of the Fe-Al-Ti alloys with Ti > 7 at.%.
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6-2 Experimental procedure

The Fe-20 at.% Al-8 at.% Ti alloy was prepared in a vacuum
induction furnace by using high purity (99.99%) constituent elements.
After being homogenized at 1250°C for 48 h, the ingot was sectioned into
2-mme-thick slices. These slices were subsequently solution heat-treated
at 1250°C for 1 h and then rapidly quenched into room-temperature water.
The aging processes were performed at temperatures ranging from
750°C to 1100°C in a vacuum heat-treated furnace for various times and
then quenched into room-temperature: water rapidly. TEM specimens
were prepared by means of double-jet electropolisher with an electrolyte
of 67% methanol and 33% nitric acid. TEM observation of microstructure
was performed on a JEOL JEM-2000FX TEM 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 were made with a Cliff-Lorimer Ratio Thin

Section method.
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6-3 Results and discussion

Figure 6.1(a) is a bright-field (BF) electron micrograph of the
as-quenched alloy. Figure 6.1(b) is a selected-area diffraction pattern
(SADP) of the as-quenched alloy, exhibiting the superlattice reflection
spots of the ordered D05 phase [11]. Figure 6.1(c) is a (111) D05 dark-field
(DF) electron micrograph of the as-quenched alloy, revealing the
presence of extremely fine DO; domains. Figure 6.1(d), a (002) DO3; DF
electron micrograph, shows the presence of small B2 domains with
a/4<111> APBs. Since the sizes of both ,D0; and B2 domains are very
small, it is suggested that these- domains-were formed by ordering
transition during quenching. In Figure 6.1(d),"it is also seen that a very
high density of disordered A2 phase. (dark contrast) was present within
the B2 domains. It is concluded from the above observations that in the
as-quenched condition, the microstructure of the alloy was a mixture of
(A2+D03) phases, which were formed by an A2—B2—(A2+D03) ordering
transition during quenching [12-19]. This result is similar to that observed
by other workers in the Fe-(18~22.5) at.% Al-5 at.% Ti alloys [6].

When the as-quenched alloy was aged at 750°C, the D03 domains
grew, as illustrated in Figure 6.2. Figure 6.2 is a DF electron micrograph

obtained by use of the (200) superlattice reflection in [001] zone,
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Figure 6.1 (b)
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Figure 6.1 (c)
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Figure 6.2 (200) DO3; DF electron micrégraph of the alloy aged at 750°C

for 1 h.

103



revealing that the DO; domains were formed lying along <100> directions.
This feature is also similar to that observed by Mendiratta et al. in the
aged Fe-Al-Ti alloys [6]. With increasing the aging time at 750°C, the D03
domains continued to grow and the morphology changed from cubic to
granular shape, as illustrated in Figure 6.3. Figures 6.3(a) and (b) are
(111) and (002) DOs; DF electron micrographs, clearly showing that the
(111) and (002) DO; DF are morphologically identical. Since the (002)
reflection spot comes from both the B2 and D05 phases, while the (111)
reflection spot comes only from D03 phase, the bright particles presented
in Figures 6.3(a) and (b) are considered to be D03 phase, not B2 phase.
This result indicates that the microstructure of the alloy present at 750°C
was a mixture of (A2+D0;) phases. Figure 6.4(a) is a bright-field (BF)
electron micrograph of the alloy aged at 850°C for 1 h. In this figure, it is
clear that some rod-like precipitates were found to appear within the
matrix. Figures 6.4(b) through (d) demonstrate three different SADPs
taken from an area including the precipitate marked as “C” in Figure 6.4(a)
and its surrounding matrix. The crystallographic normals of the (A2+D05;)
matrix are [111]n, [110]n and [1 1 2], respectively. In addition to the
reflection spots corresponding to the (A2+DO03;) phases, the diffraction

patterns also consist of small spots caused by the presence of the
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Figure 6.3 (a)

Figure 6.3 (b)

Figure 6.3 Electron micrographs of the alloy aged at 750°C for 12 h: (a)

and (b) (111) and (002) DO; DF, respectively.
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Figure 6:4 (a)
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Figure 6.4 (c)
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Figure 6.4 (f)

Figure 6.4 Electron micrographs of the alloy aged at 850°C for 1 h: (a) BF,
(b) through (d) three SADPs taken from an area including the
C14 precipitate and its surrounding matrix. The zone axes of
the (A2+D03) matrix are (b) [111], (c) [110], (d) [11 2],
respectively. (hkil = C14 precipitate; hkl = D03 phase), (e) and (f)
(111)and (002)D03 DF, respectively.
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precipitate. According to the camera length and the measurement of
angles as well as d-spacings of the diffraction spots, the crystal structure
of the precipitate phase was determined to be hexagonal with lattice
parameters a=0.505 nm and ¢=0.801 nm, which corresponds to that of
the C14 phase [20]. Analyses by the above diffraction patterns, the
orientation relationship between the C14 precipitate and (A2+D03) matrix
was determined to be (000 1)cia//(112)m, (1100)c1a/(110)m ,
(1120 )cial/(111 )y It is worthy mentioning that the orientation
relationship between the C14 precipitate .and A2, DO; or B2 matrix has
never been reported by other workers inithe Fe-Al-Ti alloy systems before.
Figures 6.4(e) and (f) are:(111)'and (002) DO; DF electron micrographs,
clearly revealing that three types.of DOg particles could be detected: one
is the granular-like DO particles within the matrix; another is the cuboidal
D03 particles contiguous to the C14 precipitate. Since the sizes of these
two types of DO; particles are larger than those observed in the
as-quenched alloy. It is therefore reasonable to believe that these two
types of the D03 particles were existent at the aging temperature. The
other is the extremely fine D03 particles within the A2 matrix, which were
formed during quenching. It is concluded from the above observations

that the microstructure of the alloy present at 850°C was a mixture of
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(A2+D03+C14).

Shown in Figure 6.5(a) is (111) DO; DF electron micrograph of the
alloy aged at 900°C for 1 h and then quenched. It reveals that the
extremely fine D03 domains with a/2<100> APBs could be observed. The
size of the D03 domains is very small, indicating that the extremely fine
D0; domains were formed during quenching from the aging temperature;
otherwise, its size should be increased at the aging temperature. Figure
6.5(b), a (002) DO3 DF electron micrograph of the same area as Figure
6.5(a), shows that along with :growth of:the B2 domains, the a/4<111>
APBs had gradually disappeared.-Furthermore, it is also seen that the
disordered A2 phase witha dark contrast could be observed within the B2
domains. This indicates that the.matrix present at 900°C should be B2
phase and the extremely fine D03 domains were formed by a
B2—(A2+D03) ordering transition during quenching. Accordingly, the
microstructure of the present alloy at 900°C was a mixture of (B2+C14)
phases. However, when the alloy was aging at 950°C for 1 h and then
quenched, the (111) and (002) DO; DF electron micrographs revealed
that in addition to C14 precipitates, only quenched-in extremely fine D03
domains and small B2 domains were present within the matrix. An

example is illustrated in Figure 6.6. This means that the stable
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Figure 6.5 (b)

Figure 6.5 Electron micrographs of the alloy aged at 900°C for 1 h: (a) and

(b) (111) and (002) D03 DF, respectively.
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Figure 6.6 (a)

Figure 6.6 (b)

Figure 6.6 Electron micrographs of the alloy aged at 950°C for 1 h: (a) and

(b) (111) and (002) D03 DF, respectively.
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microstructure of the present alloy at 950°C was a mixture of (A2+C14)
phases.

Progressively higher temperature aging and quenching experiments
indicated the mixture of (A2+C14) phases could be preserved up to
1050°C. However, when the alloy was aged at 1100°C and then quenched,
the C14 precipitates disappeared and only quenched-in small B2
domains (the size being comparable to that observed in the as-quenched
alloy) could be detected, as illustrated in Figure 6.7. This indicates that
the microstructure of the present alloy existing at 1100°C or above should
be the single disordered ‘A2 phase.: It is.therefore concluded that with
increasing the aging temperature” from 750°C to 1100°C, the phase
transition sequence in the present alloy-was A2+D0;—A2+D03;+C14—B2
+C14—A2+C14—-A2.

Based on the above observations, two important features of the
present study are worthy to note as follows: (I ) When the present alloy
was aged at 850°C, the cuboidal D03 particles could be observed to form
contiguous to the C14 precipitates. It is a remarkable feature in the
present study, which has never been observed by others in the Fe-Al-Ti
alloy systems before. In order to clarify this feature, an STEM-EDS study

was made. Figures 6.8(a) through (d) represent four typical EDS spectra
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Figure 6.7 (002) D05 DF electron micrograph of the alloy aged at 1100°C

for 1 h.
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Figure 6.8 (b)
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Figure 6.8 (d)

Figure 6.8 (a) through (d) four typical EDS spectra taken from a
granular-like D03 particle within the matrix, a cuboidal D03
particle contiguous to the C14 precipitate, C14 precipitate
and the (A2+D03) matrix in the alloy aged at 850°C for 1 hour,

respectively.
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taken from a granular-like D03 particle within the matrix, a cuboidal D03
particle contiguous to the C14 precipitate, C14 precipitate and the
(A2+D03) matrix in the alloy aged at 850°C for 1h, respectively. The
average concentrations of alloying elements obtained by analyzing a
number of EDS spectra of each phase are listed in Table 6.1. For
comparison, the chemical compositions of the as-quenched alloy are also
listed in Table 6.1. The quantitative analyses revealed that the atomic
percentages of the alloying elements in the C14 precipitate and cuboidal
D03 particle were Fe-9.4at.% Al-25.7 at.% Ti and Fe-25.9 at.% Al-6.3 at.%
Ti. It is clear that the coneentration of Tiiin'the C14 precipitate is much
higher than that in the as-quenched alloy and the concentration of Al is
obviously lower than that in the as-quenched alloy. However, it is seen in
Figure 6.8(b) and Table 6.1 that Al concentration in the cuboidal DO;
particles is much higher than C14 precipitate and (A2+D03;) matrix.
Therefore, it is expected that along with the precipitation of C14 phase,
the surrounding regions would be enriched in Al. The enrichment in Al
would cause the Al-rich D03 particles to form at the regions contiguous to
the C14 precipitates, as observed in Figure 6.4(e). (II) It is well-known
that the DO; phase could be formed by ordering transition during

quenching with Al > 20 at.% in the Fe-Al binary alloys [13]. However, it is
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clear in Figure 6.4(e) that the A2—A2+D03 ordering transition could be
detected and the Al content in the A2 phase was examined to be 17.9
at.% only. Therefore, it is believed that the solubility of 4.9 at.% Ti within
the A2 phase would enhance the A2—A2+D03 ordering transition to occur
during quenching. (II) Recently, Morris et al., reported that when the
Fe-25 at.% Al-2 at.% Nb alloy was aged at 800°C, C14 precipitates were
formed within the DO3; matrix and the orientation relationship between the
C14 precipitate and DO; matrix was { 1010 }cia//{ 101 }m ,
<12 10>c14~<010>, and <0.0 0 1>c142<101>, [21]. Accordingly, Morris
et al. claimed that the only exact relationship was {1 01 0}c14//{1 0 1},
and all other relationships were approximate: with a difference of a few
degrees (3~5°). Compared with presentwork, it is worthy to note here that
only (110 0)c4//(110), is indeed in agreement with Morris et al., but

the other relationships are discrepant.
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Table 6.1 Chemical Compositions of the Phases Revealed by

Energy-Dispersive X-ray Spectrometer (EDS)

Chemical Compositions (at.%)

Heat Treatment Phase
Fe Al Ti
as-quenched A2+D03 71.7 20.2 8.1
850°C, 1 h granular-like D03 65.4 23.2 1.4
cuboidal DO 67.8 25.9 6.3
C14 64.9 9.4 25.7
A2+D03 77.2 17.9 4.9
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6-4 Conclusions

The as-quenched microstructure of the Fe-20 at.% Al-8 at.% Ti alloy
was a mixture of (A2+DO03;) phases. The (A2+DO03) phases were
formed by an A2-B2—(A2+D0;) ordering transition during
quenching.

When the alloy was aged at 750°C, the D03 precipitates grew lying
along <100> directions. With increasing aging time, the DO; domains
continued to grow and the morphology changed from cuboidal to
granular shape.

When the alloy was- aged at 850°C for 1 h, the rod-like C14
precipitates could be obsenved within the (A2+D03) matrix. Along with
the growth of the C14 precipitates,the surrounding region would be
enriched in aluminum. The enrichment of aluminum would enhance
the formation of the cuboidal DO; particles at the regions contiguous
to the C14 precipitates.

When the as-quenched alloy was aged at temperatures ranging from
750°C to 1100°C, the phase transformation sequence as the aging
temperature increased was found to be (A2+D03;) — (A2+D03;+C14)
— (B2+C14) — (A2+C14) — A2,

The orientation relationship between the C14 precipitate and (A2+D05)
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matrix was determined to be ( 0001 )ew//( 112 )
(1100)c1a/(110)m, (1120)ca//(111)y , which has never been

reported in the Fe-Al-Ti alloy systems before.
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