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Abstract

In the context of the development of high-strength Fe3Al-based alloys, phase equilibria among a-Fe(Al, Cr, Ti), liquid and TiC

phases in the Fe–Al–Cr–Ti–C quinary system and the formation of TiC were determined. A pseudo-eutectic trough

(L () a + L + TiC) exists at 1470 �C at around Fe–26Al–5Cr–2Ti–1.7C on the vertical section between Fe–26Al–5Cr (a) and
Ti–46C (TiC) in at.%. Large faceted TiC precipitates form from the melt after the formation of primary a phase even in hypoeutectic

alloys. The TiC formation is thought to be due to the composition change of the liquid towards the hypereutectic compositions by

solidification of the primary a. In order to remove the faceted TiC, which are unfavourable for strengthening the material, two dif-

ferent processing routes have been successfully tested: (i) solidification with an increased rate to reduce the composition variation of

the liquid during solidification, and (ii) unidirectional solidification to separate the light TiC precipitates from the melt.

� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Fe3Al-based alloys with B2- or D03-ordered struc-

tures are considered to be promising structural materials

for high-temperature applications due to excellent high-

temperature corrosion resistance in oxidising and sulphi-
dising atmospheres [1], low materials costs and relatively

low density compared to steels [2,3]. One of the major

obstacles in bringing these alloys into application is their

poor ductility at low temperatures. Generally, their

brittleness is considered to be due to reactions of the

material with hydrogen (hydrogen embrittlement) [3].
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However, it was found that the embrittlement can be re-

duced by alloying with Cr [4,5]. It is also reported that

appropriate thermomechanical treatments to achieve de-

formed and well-recovered states can reduce the embrit-

tlement [6], but this improvement can be lost if

recrystallisation occurs during a subsequent heat treat-
ment at high temperatures [6,7]. Consequently, the addi-

tion of Cr should be considered as an important factor

for alloy design of cast and wrought Fe3Al-based alloys.

Another still unsolved problem is the poor high-tem-

perature strength and creep resistance of Fe3Al-based al-

loys above 600 �C [2,3]. An effective method for the

improvement of high-temperature strength is to intro-

duce finely distributed precipitates that are thermody-
namically stable at high temperatures. MC-carbides

(M = Ti, V, Nb, and Ta), perovskite-type j-phase
(Fe3AlCx), Laves phases ((Fe,Al)2Ti, (Fe,Al)2Nb),
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Fig. 1. Schematic drawing of an isothermal section of Fe3Al–Ti–C at

1000 �C of the Fe–Al–Ti–C quaternary system, based on recent studies

[15] and on the literature [16–18].

Table 1

The nominal compositions of the alloys studied (compositions are

given in atomic per cent)

Designation Ti/C ratio Bulk alloy composition (at.%)
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borides and oxides have all been shown to be useful in

strengthening of Fe3Al-based alloys [8–14].

Schneider et al. [9,10,15] have performed studies on

the constitution and microstructures of Fe3Al-based al-

loys with MC-carbides, Laves phases and j-phase. The
phase relationships between these precipitates and the

Fe3Al-based matrix phase (hereafter this matrix phase
is denoted as a) can be best illustrated by an isothermal

section of a Fe3Al–M–C subsystem in the Fe–Al–M–C

(M = Ti, V, Nb, and Ta) quaternary system. Fig. 1 sche-

matically shows an isothermal section of the Fe3Al–Ti–

C quaternary system at 1000 �C, which is drawn based

on recent results on phase equilibria in this system [15]

and on data concerning phase equilibria in the ternary

and binary subsystems [16–18]. The two-phase regions
of a + (Fe,Al)2Ti, a + TiC and a + Fe3AlCx appear in

this order as the Ti/C ratio decreases. This isothermal

section thus allows for the required precipitate phases

to be chosen by selecting a certain Ti/C ratio.

In the present study TiC was chosen as a precipitate

phase for example, and phase equilibria among a-Fe(Al,

Cr, Ti), L and TiC phases in Fe3Al-based alloys at ele-

vated temperatures were determined. The kinetics of
the TiC formation during liquid–solid and solid–solid

transformation was studied in view of the development

of novel Fe3Al-based alloys with strengthening MC

carbides.

Fe Al Cr Ti C

Base – Bal. 26.0 5.0 – –

0.1Ti–0.07C 1.4 Bal. 26.0 5.0 0.1 0.07

0.3Ti–0.2C 1.5 Bal. 26.0 5.0 0.3 0.2

1.5Ti–1.0C 1.5 Bal. 25.6 5.0 1.5 1.0

2.3Ti–1.9C 1.2 Bal. 25.3 4.8 2.3 1.9

2.9Ti–2.4C 1.2 Bal. 24.8 4.7 2.9 2.4
2. Experimental procedure

The compositions of the Fe–(26–25)Al–5Cr–(0–3)Ti–

(0–2.5)C (at.%) alloys investigated in this study are listed
in Table 1 (hereafter all compositions are given in atom-

ic per cent unless specified otherwise). Similar Ti/C ra-

tios (1.2–1.5, see Table 1) were selected in a way that

the alloys belong to one tie-line between Fe–26Al–5Cr

and TiC at 1450 �C, which was determined in this paper.

These alloys were produced as 2 kg ingots by induction
melting under an argon atmosphere. The starting mate-

rials used are as follows: electrolytic iron of 3 N purity,

electrolytic aluminium of 4 N purity, chromium, sponge

titanium of 4 N purity and carbon. The Fe–26Al–5Cr is

the base alloy and the other alloys are denoted with re-

spect to their Ti and C concentrations in this paper. The

ingots were cut to rectangular samples of 8 · 8 · 15 mm

in size and heat-treated in air at various temperatures of
600–1550 �C, followed by water quenching. For the heat

treatments above the melting temperature, the samples

were put in small Al2O3 crucibles.

The heat-treated samples were cut into halves and the

cross-sections were ground, mechanically polished with

diamond paste down to 3 lm, and finally polished with

SiO2 oxide polishing suspension (OPS). The microstruc-

tures were examined by optical microscopy and high res-
olution scanning electron microscopy (HRSEM), which

is equipped with a backscattered electron detector. The

phases present were identified by electron backscattered

diffraction (EBSD) pattern analysis. The compositions

of the phases were determined by electron probe micro

analyses (EPMA). For the analyses, calibration curves

were made to correlate the intensities of Fe, Al, Cr

and Ti with their compositions by using several as-cast
alloys as standards with the assumption that the nomi-

nal compositions and the alloy compositions are equal.

The carbon contents were determined by subtracting

the compositions of the substitutional elements from 1:

xC = 1 � (xFe + xAl + xCr + xTi). More than 10 measure-

ments were performed for each phase and the average

values were determined.

Differential thermal analysis (DTA) was performed
to determine the transition temperatures of the base

alloy and of those with low amounts of Ti and C.

The measurements were performed in an argon atmo-

sphere with different heating/cooling rates of 2 and

10 K/min. The liquidus and solidus temperatures were
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evaluated by linear extrapolation of the onset temper-

atures of the melting during heating and of solidifica-

tion during cooling towards zero heating/cooling rates,

respectively.
Fig. 2. Microstructures of the 1.5Ti–1.0C alloy heat-treated at 1550 �C
for 10 min (a, b) and 1470 �C for 1 h directly cooled from 1550 �C (c),

followed by water quenching: (a, c) optical micrographs, (b) back-

scattered electron image.
3. Results and discussion

3.1. Microstructures of the heat-treated and quenched

specimens and phase identification

Fig. 2 shows optical micrographs of the 1.5Ti–1.0C

alloy heat-treated above the melting temperature and

subsequently water quenched. In the specimen heat-
treated at 1550 �C, small primary a dendrites few tens of

lm in size are observed (Fig. 2(a)). The dark interden-

dritic regions exhibit rod-like eutectic microstructures,

as shown in a high magnification SEM image (Fig.

2(b)). In contrast, a specimen heat-treated at 1470 �C
for 1 h after cooling from 1550 �C, exhibits large a den-

drites with a size of more than 200 lm besides regions

with small dendrites (Fig. 2(c), for comparison see also
Fig. 2(a)). The difference in the dendrite size of these

two specimens clearly demonstrates that the small den-

drites and eutectic regions have been formed from the

melt during water quenching, while the larger a den-

drites formed at the heat treatment temperature. It is

thus obvious that the 1.5Ti–1.0C alloy is in the liquid

single-phase region at 1550 �C and in the two-phase re-

gion of L + a at 1470 �C.
Fig. 3 shows micrographs of the 1.5Ti–1.0C alloy

which was cooled from the L single-phase region to

1450 �C and held for 1 h. Two different morphologies

of precipitates – large faceted and fine ones – were ob-

served in the amatrix which is surrounded by small den-

drites and eutectic regions (Fig. 3(a)). EBSD

measurements revealed that Kikuchi patterns from both

the large faceted and fine precipitates correspond to
those of TiC with B1 (NaCl) structure (Fig. 3(b) and

(c)). The fine TiC precipitates are also observed in larger

dendrites of a specimen heat-treated at 1470 �C (Fig.

2(c)). Their fine size and its independence on the heat

treatment temperature, indicates that the fine TiC pre-

cipitates formed in the a matrix during quenching. The

Bain-type crystallographic relationship was found be-

tween the a matrix and the fine TiC precipitates:
(001)a//(001)TiC, [111]a//[110]TiC. This result also indi-

cates that the fine TiC precipitates form in the solid

state.

The change with time (1 to 60 min) of the area frac-

tions of (i) the small dendrites and eutectic region (both

belonging to L at high temperature), (ii) the large den-

drites including fine TiC precipitates (a) and (iii) the

large faceted TiC precipitates, were measured using a
minimum of five optical micrographs taken at a low

magnification. The obtained results are shown in
Fig. 4. The fraction of the L region decreases while that

of a and the large faceted TiC precipitates regions in-

crease with heat treatment time. All the phase fractions



Fig. 3. Microstructures of the 1.5Ti–1.0C alloy cooled from the liquid

single-phase region to 1450 �C and held for 1 h (a), together with

EBSD Kikuchi-patterns (b, c) of the faceted TiC (b) and fine TiC (c)

and a. M stands for matrix, P for precipitates.

Fig. 4. Change in area fractions of small dendrites and eutectic region

(L), large a dendrites containing the fine TiC precipitates (a-Fe), and
the faceted TiC with heat treatment at 1450 �C.

Table 2

The analysed compositions (in atomic per cent) of the phases present in

the 1.5Ti–1.0C alloy heat-treated at 1450 �C for 1 h, followed by water

quenching

Phase Fe Al Cr Ti C

a 67.9 25.8 5.1 0.7* 0.5

L 64.5 27.0 5.2 2.0 1.3

TiC 0.4** 0.1** 0.3** 53.6 45.6

Deviation for the compositions analysed is within ±1% relative except

for: *±7% relative; **±12% relative.
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are almost saturated after a time period between 10 min

and 1 h. This finding leads to the conclusion that a heat

treatment time of 1 h is sufficient to reach the equilib-
rium state at 1450 �C. Thus, it can be stated that the

1.5Ti–1.0C alloy exhibits the L + a + TiC three-phase

equilibrium at this temperature. It should be mentioned

that the actual fraction of the L and a phases at 1450 �C
is not quantitatively reflected by the microstructures

investigated at room-temperature, because the L/a inter-
faces move towards the liquid during quenching.

3.2. Composition analysis and isothermal section slightly

above the melting temperature

The compositions of the liquid, a and TiC phases

equilibrated at 1450 �C were determined and the results

are listed in Table 2. For the analysis of the L phase
composition, X-ray spectra were obtained from centre

positions in the regions with small dendrites and eutectic

by using scanning mode. The solubility of Ti in a, L and

TiC is 0.7%, 2.0% and 54%, respectively. The value of

1.2 for the Ti/C ratio in the TiC phase was obtained.

The precision of the analysis for the concentration of

C in TiC is quite good with respect to the relevant liter-

ature on Fe or Fe3Al-based alloys [19–21], which report
that the Ti/C ratio of the TiC phase depends on the Ti/C

ratio in the alloy composition, i.e. the higher is the Ti/C



Fig. 5. The tie-triangle of a + L + TiC at 1450 �C plotted on the

isothermal section with the apices of Fe–5Cr, Al–5Cr and Ti–46C.
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ratio in the alloy composition, the higher it is in the TiC

phase. (This can also be understood by regarding the

two-phase region of a + TiC in Fig. 1). Note that in

Table 2, Fe, Al and Cr are almost completely parti-

tioned to the a and liquid phases and only to a very

small extent to the TiC phase. Note that Al is by 1%
more partitioned to the liquid than to the a phase,

whereas Fe is by �3% more partitioned to the a phase

than the liquid.

According to the composition analysis, the tie-trian-

gle of a + L + TiC at 1450 �C is plotted on the iso-

thermal section with the apices: Fe–5Cr, Al–5Cr and

Ti–46C, and shown in Fig. 5. The compositions of

the a and L phases on the Fe–Al–Cr ternary edge
are referred to the data along the line between Fe–

5Cr and Al–5Cr in the literature [22]. The L single-

phase region exists on the Al-rich side of the triangle

based on the fact that Al is more partitioned to the

liquid phase than to the a phase. This result indicates

that the tie-triangle moves towards the Al-rich corner

with decreasing temperature, which is reasonable with

respect to the lower melting temperatures of Al-rich
alloys. Consequently, it is assumed that a pseudo-eu-

tectic trough (L ! a + L + TiC), which corresponds

to the locus of the L composition of the tie-triangle,

exists along the Al concentration axis and its temper-

ature decreases with increasing Al exists along the Al

concentration axis and shifts to lower temperatures

with increasing Al content.
Fig. 6. Optical microstructures of the 2.3Ti–1.9C alloy heat-treated at 1550 �
to 1500 �C and held for 15 min followed by water quenching (b). Black dot

Black part in the top of the specimen is a resin.
3.3. The vertical section between the phases a and TiC in

Fe3Al-based alloys

Several alloys along the tie-line between the Fe–26Al–

5Cr(a) and Ti–46C (TiC) at 1450 �C were produced for

experimental determination of the vertical section.

Phase equilibria at various temperatures were deter-

mined by means of microstructure observations of the
C for 15 min followed by water quenching (a) and subsequently cooled

s in the small dendrites region correspond to faceted TiC precipitates.
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heat-treated and quenched samples. With respect to Fig.

6 it is demonstrated how the L and L + TiC phase re-

gions are distinguished in the 2.3Ti–1.9C alloy. Fig.

6(a) shows the microstructures of the alloy heat-treated

at 1550 �C for 15 min followed by water quenching and

Fig. 6(b) represents the microstructure after cooling
from 1550 to 1500 �C and held for 15 min followed by

water quenching. Both microstructures exhibit small

dendrites and faceted TiC precipitates (black dots).

However, the distribution of the TiC precipitates is dif-

ferent apparently. In the specimen heat-treated at 1550

�C the TiC precipitates are homogeneously distributed

(Fig. 6(a)), while at 1500 �C TiC precipitates are concen-

trated at the top part of the specimen (Fig. 6(b)). This
result demonstrates that TiC precipitates formed during

heat treatment at 1500 �C in the L phase were buoyed up

because of the lower density of TiC. However, the TiC

precipitates did not form at 1550 �C, but during water

quenching. It is therefore a reasonable conclusion that

this alloy is in the L single-phase region at 1550 �C
and in the two-phase region of L + TiC at 1500 �C.
The fact that the TiC forms as a primary phase from
the melt also gives us information that this alloy belongs

to hypereutectic composition. Table 3 summarises the

criteria to discriminate the phase regions at high temper-
Table 3

Criteria to discriminate phase regions at heat treatment temperatures based

Microstructural feature

1 Small dendrites and eutectic� � �(S)
2 (S) and faceted TiC homogeneously distributed

3 (S) and large dendrites

4 (S) and faceted TiC concentrated at the top part

5 (S) and large dendrites and faceted TiC

6 Single phase

7 Matrix and fine TiC formed during quenchinga

8 Matrix and fine TiC formed during heat treatmentb

a The size of the TiC precipitates does not depend on the heat treatment t
b The size of the TiC increases with increasing heat treatment time.

Table 4

Phases present in the alloys heat-treated at high temperatures

Heat treatment conditions Alloy designation

Base 0.1Ti–0.07C 0.3Ti

1550 �C/15 min – – –

1500 �C/15 min L L L

1480 �C/30 min – – –

1470 �C/1 h – – –

1460 �C/1 h – – –

1450 �C/1 h a a a
1400 �C/1 h (*) a a a
1300 �C/1 h a a a + T

* + 1200 �C/2 h a a + TiC a + T

* + 1100 �C/18 h – a + TiC –

* + 1000 �C/18 h a a + TiC –

* + 900–600 �C/18 h – a + TiCa –

a A2–B2 disorder–order transition is at 824�C as determined by DTA.
atures from microstructure observations of alloys heat-

treated and quenched. Based on these criteria, phase

regions at heat treatment temperatures for all the speci-

mens were examined and the results are listed in Table 4.

Fig. 7 shows the part of the vertical section, which

possesses Fe–26Al–5Cr on the left hand and the axis
with the Ti/C ratio of 1.2–1.5, as determined in this

study. The liquidus and solidus temperatures were also

determined by DTA for alloys with low Ti and C con-

tents, which are shown in this figure. The section in

Fig. 7 can be regarded to represent a quasi-eutectic sys-

tem. The pseudo-eutectic composition exists around

2.0Ti–1.7C at 1470 �C. The eutectic composition is in

good agreement with the composition analysis (Table 2),
indicating a reasonable accuracy of the C concentration

analysis in the liquid phase. The three-phase coexis-

ting region of a + L + TiC ranges between 1470 and

1450 �C for the quasi-eutectic composition in this

section.

Fig. 8 shows the vertical section including the phase

boundary between a and a + TiC as determined in this

study. The 0.1Ti–0.07C and 0.3Ti–0.2C alloys showed
a single-phase at 1300 and 1400 �C but a + TiC two-

phase microstructure at 1200 and 1300 �C, respectively
(Table 4). These results demonstrate that the phase
on microstructure observations

Additional information Phase region

Hypoeutectic L

Hypereutectic L

a + L

L + TiC

a + L + TiC

Low supersaturation a
High supersaturation a

a + TiC

ime.

–0.2C 1.5Ti–1.0C 2.3Ti–1.9C 2.9Ti–2.4C

L L L + TiC

L L + TiC –

– L + TiC –

a + L – –

a + L + TiC a + L + TiC L + TiC

a + L + TiC a + L + TiC a + L + TiC

a + TiC – –

iC a + TiC – –

iC a + TiC – –

– – –

– – –

– – –



Fig. 7. The vertical section which contains Fe–26Al–5Cr on the left

hand and possesses the Ti/C of 1.2–1.5 around the melting

temperature.

Fig. 8. The vertical section which contains Fe–26Al–5Cr on the left

hand and possesses the Ti/C of 1.2–1.5, including the phase boundary

between a and a + TiC.

Fig. 9. Backscattered electron image showing the as-cast microstruc-

ture of the hypoeutectic 1.5Ti–1.0C alloy.
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boundary between a and a + TiC exists around 0.3–

0.4% at 1400 �C and at less than 0.1% at 1200 �C in this

section. Higher solubility of Ti (1%) was reported in Fe–
26Al–2Ti–1C heat treated at 1000 �C [9]. The lower sol-

ubility of Ti in this study probably results from the lower

Ti/C ratio (1.2–1.5) in our alloy compositions than the

one in the literature [15]. (Readers are referred to the

first paragraph of Section 3.2 and Fig. 1.) In addition,

differential thermal analysis peaks for the formation or

dissolution of TiC were not detected in the heating/cool-
ing rate range studied here presumably due to their low

volume fraction.

3.4. The formation of TiC

3.4.1. TiC formation during liquid–solid transformation

Fig. 9 reveals an as-cast microstructure in the hyp-

oeutectic 1.5Ti–1.0C alloy. The faceted TiC precipitates

with a size of 5 lm are observed together with the eutec-

tic TiC precipitates. This type of microstructure was ob-

served in the literature [23], and the formation

mechanism was explained as hypereutectic alloys based

on conventional wisdom that in hypereutectic alloys

the large faceted TiC precipitates form as a primary
phase from the melt. However, as clearly presented in

the previous chapter, the pseudo-eutectic composition

is at around 2.0Ti–1.7C at 1470 �C, indicating that this

microstructure is available even in hypoeutectic alloys.

The microstructure evolution of the hypoeutectic

1.5Ti–1.0C alloy was studied by cooling the samples

down from the liquid phase to 1450 �C, which is within

the three-phase coexisting region of a + L + TiC, and
subsequent isothermal ageing. After 1 min ageing (Fig.

10(a)), large a dendrites appear in the region with small

dendrites and eutectics, which means that primary a
phase starts to form in the liquid at first. On further age-

ing, the faceted TiC precipitates (designated by arrows)

are present in the liquid region at 1450 �C (Fig. 10(b)).

After 10 min ageing, the TiC precipitates are observed

in the large a dendrite and the size of the TiC increases
(Fig. 10(c)). These results clearly demonstrate that the

faceted TiC precipitates were formed in the liquid during

ageing after the formation of the primary a dendrites,

and then surrounded by the a phase with further ageing.

The heat treatment did not cause any significant change

of the size of the eutectic structure, indicating that the



Fig. 10. The change in microstructure of the hypoeutectic alloy cooled

from liquid single-phase region and isothermally aged at 1450 �C
followed by water quenching. Magnification is the same for all

photographs.

Fig. 11. Schematic illustration of the microstructure evolution in a

hypoeutectic alloy along the transformation pathway of L ! a +

L + TiC; 1: metastable primary a phase, am, 2: alloy composition, 3:

the composition at which supersaturation starts to occur with respect

to the TiC formation in the liquid phase.
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eutectic transformation starts to occur below 1450 �C.
However, the transformation temperature is not yet pre-

cisely determined.
Fig. 11 shows a schematic illustration of the micro-

structure evolution in a hypoeutectic alloy along the
transformation pathway of L ! a + L + TiC. The initial

composition (point 2) is supersaturated only with re-
spect to the a phase formation. However, the liquid

phase composition changes towards the Ti and C rich

concentration by solidification of the primary a phase

(point 1). Once the composition crosses the metastable

phase boundary of L/L + TiC (point 3), the supersatura-

tion of the solute elements in the liquid phase occurs

with respect to the TiC formation. In this stage, it is pos-

sible for TiC to form in the liquid. When the TiC carbide
precipitates, the Ti and C concentration in the liquid

phase will be depleted in the vicinity of the TiC, which

makes the primary a phase grow easily around the fac-

eted TiC. Based on this discussion, the formation of

the as-cast microstructure in hypoeutectic alloys can

be described as follows: L ! L + a primary den-

drite ! L + a + faceted TiC ! eutectic (a + TiC) + a +

faceted TiC.
Strengthening by fibre- or lamellar-like eutectic pre-

cipitates is of interest for cast alloy developments. How-

ever, the formation of the faceted TiC precipitates is

detrimental to the mechanical properties. In the follow-

ing, two procedures for getting rid of the detrimental

TiC precipitates will be shown. For hypoeutectic alloys

one procedure is based on rapid cooling in order to

avoid the supersaturation with respect to TiC forma-
tion, i.e., when the composition of the liquid ranges be-

tween the point 2 and 3 (see Fig. 11). Fig. 12 exhibits an

optical micrograph of the hypoeutectic alloy air-cooled

from the melt. Here, only a few faceted TiC precipitates

were observed. Note that the area fraction of the eutec-

tic region increases by quick cooling. The reason for this

increase is possibly due to the higher Ti and C content of

the liquid phase, owing to the fact that the formation of
the faceted TiC precipitates was suppressed.

Another method to remove the faceted carbides is to

make use of gravitational segregation. Fig. 13 shows a

top part of the longitudinal section of the hypereutectic

2.3Ti–1.9C alloy unidirectionally solidified with a



Fig. 13. Optical microstructure showing the longitudinal section of the

2.3Ti–1.9C alloy unidirectionally solidified with a growth rate of

10 mm/h. The vertical direction corresponds to the solidification

direction as well as the direction of gravity.

Fig. 12. Optical micrograph of the hypoeutectic 1.5Ti–1.0C alloy

cooled in air from 1550 �C, showing no faceted TiC.
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growth rate of 10 mm/h. The faceted TiC precipitates

are only observed in the very top part of the specimen,

but not in the balance of the specimen. In the lower part,

eutectic TiC precipitates are formed between primary

dendrites (a) aligned along the growth direction. The

evolution of the segregated microstructure can be ex-
plained as follows: the faceted TiC precipitates formed

in the liquid phase, first and rise to the top due to their

lower density in relation to the melt, followed by the for-

mation of the primary a phase and eutectic.

3.4.2. TiC formation during solid–solid transformation

The kinetics of TiC precipitation in the solid state

were investigated for alloys with low Ti and C contents.
Fig. 14 shows a TTT diagram for TiC precipitation in

the a phase for the 0.1Ti–0.07C and 0.3Ti–0.2C alloys.

The 0.1Ti–0.07C alloy was homogenised in the a sin-

gle-phase region and then isothermally aged between

1200 and 600 �C. The existence of the TiC precipitates

was checked by high resolution SEM. The TTT curve

exhibits C shape and the nose of the C curve is around

950 �C at few tens of seconds. In the 0.3Ti–0.2C alloy,
precipitation occurs even during water quenching after

homogenisation in the a single-phase region, indicating

the very fast precipitation kinetics. This fact makes it

difficult to control precipitation reaction by heat treat-

ment in this system, as described and discussed in the

following paragraph.

It is desirable in wrought processing that a large vol-

ume fraction of precipitates be obtained after hot defor-
mation such as hot rolling and hot extrusion, since a

large volume fraction of precipitates can make the

deformation processes difficult and would promote

recrystallisation; this leads to embrittlement [6,7], in

subsequent heat treatments or under service conditions.

In fact, we reported that recrystallisation is promoted by

a large volume fraction of TiC precipitates during hot
Fig. 14. TTT diagram for the precipitation of TiC in the a phase of the

0.1Ti–0.07C (solid line) and 0.3Ti–0.2C alloys (broken line).
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deformation in the 0.3Ti–0.2C alloy [24]. In order to

achieve a desirable processing route for this alloy sys-

tem, heat treatments at very high temperature are neces-

sary to obtain small volume fractions of TiC

precipitates, because it is impossible to obtain low vol-

ume fraction at low temperatures due to the rapid pre-
cipitation kinetics (Fig. 14). However, deformation at

high temperature is not desirable in real wrought pro-

cessing. It is therefore necessary to find other alloy sys-

tems where precipitates start to form at lower

temperatures and during longer periods to optimise

thermomechanical processing; this is discussed else-

where [24].
4. Conclusions

In the present study, the phase equilibria among

a-Fe(Al, Cr, Ti), liquid (L) and TiC phases in Fe3Al-

based alloys and the formation of TiC during liquid–so-

lid and solid–solid transformations were determined

based on microstructure observations. The results of this
study are as follows:

1. A pseudo-eutectic trough (L ! a + L + TiC) exists at

1470 �C at the composition around Fe–26Al–5Cr–

2Ti–1.7C on the vertical section between Fe–26Al–

5Cr (a) and Ti–46C (TiC). The eutectic trough

temperature decreases with increasing Al concentration.

2. The solubility of Ti in the a phase is around 0.3–0.4%
at 1400 �C and less than 0.1% at 1200 �C on this ver-

tical section.

3. Large faceted TiC precipitated from the melt even in

hypoeutectic alloys. The formation of the faceted TiC

is explained by the change in the composition of L

towards the Ti and the C rich side due to the forma-

tion of the primary a phase which is lean in Ti and C.

4. In order to avoid the formation of the faceted TiC
precipitates, the following methods have been suc-

cessfully tested.

(1) High solidification rate to avoid the supersatura-

tion of Ti and C in the L phase for the formation

of TiC.

(2) Unidirectional solidification to make use of grav-

itational segregation leading to separation of the

light TiC precipitates from the melt.
5. The kinetics of the precipitation of TiC in the a phase

is very quick, and control of the precipitation reac-

tion in this system is therefore very difficult.
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