View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Open Archive Toulouse Archive Ouverte

Assessment of the Al-Fe—Ti system

M. Palm-and J. Lacaze

Max-Planck-Institut fir Eisenforschung GmbH, Maxaftk-Str. 1, D-40237 Disseldorf,
Germany
CIRIMAT-ENSIACET, F-31077 Toulouse, France

Abstract

The Al-Fe—-Ti system has been assessed and thagrbinary systems are shortly reviewed.
Based on a thorough review of the literature, isotts at 800, 900, and 1000 °C have been
re-evaluated and a provisional isotherm at 120& 9@esented for the first time. The effect
of alloying the binary phases with the third comgainis reviewed with regard to the ternary
homogeneity ranges, crystallography, order/dison@dgrsformations, and site occupancies. Of
the variously reported ternary compounds only ttistence of “AbFeTi” (12) and “AlsFeTkg”

(t3) is confirmed. The occurrence of the phasest’,, and of a new stacking variant of TiAl

is still under discussion, while the existencehaf phases BAITi (11) and FesAlgoTis (X) is
ruled out. The presented reaction scheme corradthe isothermal sections and also a
representation of the liquidus surface is givengMdic, electrical, thermochemical, atomistic
and diffusion data for Al-Fe—Ti alloys are summedisind an overview about studies on

modelling of phase equilibria and phase transfaionatis given.
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1. Introduction

Phase equilibria in the Al-Fe—Ti system are of aerable interest as Al-Fe-Ti-based alloys
have been considered in connection with a variegpplications. Besides for medical
applications [1jand [2]and in connection with grain refinement of Al-basaterials [3] Al-
Fe—Ti-based alloys are considered to have a camadidepotential for the development of
intermetallic-based materials for high-temperaapplications [4Jand_[5] Especially Fe—Al-
based alloys are of interest in this respect aacktbre their mechanical properties and
oxidation behaviour have been studied in some Idéfai 7], [8], [9], [10], [11], [12], [13]

and [14] Also the mechanical behaviour of the;idrdered phase; [15], [16] and [17]and

of the ternary Laves phase [18]s been investigated. During recent efforts teekbp TiAl-

base alloys for structural applications only liitilormation has been gained on the effect of
Fe additions on mechanical properties [B#cause joining with Fe-base materials, e.g.
steels, is vital for the application of TiAl-basatarials, the phases occurring along the TiAl-
Fe diffusion path have been studied [28s0 a patent for an oxidation-resistant Ti—Al-Fe

alloy for use as diffusion barrier coating has bgemted [21]

Compared to other ternary systems the Al-Fe—Tesystas been very well investigated and
these data have been compiled and assessed Bdierassessment of the Al-Fe—Ti system
by Raghavan [22has been updated twice since then @8] [24] Descriptions of the Al—
Fe—Ti system have also been presented by Kuma@f#b|n the relevant compendia on
ternary alloy systems [2@Ind_[27] The current assessment presents a critical fedian

and update of these data.

2. Binary sub-systems

2.1. Fe-Ti system



The Fe—Ti system is discussed in detail in the mp@mying paper on the Fe—Ni—Ti system
and therefore the reader is referred to that pipehe discussion of the Fe—Ti phase
diagram. For the isothermal sections shown in thegnt paper the data from the assessment
of Murray [28] have been taken.

2.2. Al-Ti system

Following the elaborate assessment by Murray {B8]Al-Ti system has been updated

regularly [30] [31] and [32] Only recently a new comprehensive assessmehedilt-Ti
phase diagram has been performed E88] the reader is referred to that publicatiorefoy
details. The phase diagram derived from this ass&ssis shown in Fig..XCompared to the
latest update of the Al-Ti phase diagram [B2liffers especially in the Al-rich part, as the
assessment takes into account results from a nuohibecent papers, which have not yet
been covered in the update. It is noted that nbtieeocCALPHAD-type descriptions based on
the available thermodynamic data [3@5], [36], [37], [38], [39], [40], [41], [42], [43], [44],
[45], [46] and_[47]matches the assessed phase diagram as a whoigh tlesnarkable

agreements between individual equilibria of theeassed phase diagram and the calculated

ones exist.

Fig. 1. The Al-Ti system according to the most r@ssessment [33]
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2.3. Al-Fe system

Since the assessment of the Fe—Al system by Kd#8(Fig. 2 numerous new results have
been obtained within this system. Many of them eondletails of the B2 and B0rderings
and the variation of the vacancy concentratioruastfon of temperature and composition in
the Fe-rich part of the system. As they are tooemams to be dealt with in detail within the

scope of the present assessment, discussion wisfon selected works only.

Fig. 2. The Fe—Al system according to the assesshyedattner [48]
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The phase equilibria betweeRe (A2), FeAl (B2), and BAl (D03s) have been re-investigated
by in situ high-temperature neutron diffraction][4&d by investigations of diffusion couples
[50]. In the latter study it was found that ifeeloFe + FeAl phase boundary is actually at
higher Fe contents below 450 °C than suggestdtktimssessment by Kattner [48he phase
equilibria between the bcc phases have also bdenatd by the Monte Carlo (MC) method
[51], MC and cluster variation (CVM) methods [52hd the Kirkwood method [53]
Compositions of the Al-rich intermetallic phase4@00 °C have been experimentally
determined in Refs. [54ind_[55]



The liquidus in the Al-rich part has been invediggbby differential thermal analysis (DTA)
[56]. It has also been investigated by differentiahswag calorimetry (DSC) and
subsequently the stable and metastable Al-ricts ete been calculated [S7The solubility
of Fe in liquid Al has been calculated by Pashedkd Vasyliv [58]

Data for the crystallographic structures ofAe [59] and_[60]and FeAl 13 (FeAk) [61] and
[62] have been published. The crystallographic streadiithe high-temperature phasge
still not settled [63ps this phase decomposes spontaneously duringlgngnResults from

ternary Fe—Al-X alloys indicate that it may have tilexagonal ACrs-type structure [64]
[65] and_[66]

3. Effect of alloying the binary phases with the tlid component

A prominent feature of the Al-Fe—Ti system is thgé solid solubility of Al in the binary
Fe—Ti phases. In the C14-type Laves phasg&iKerystallographic data of all phases are
given in_Table I more than two-thirds of Fe can be substitutedbj7]. Al substitutes for
Fe on both of the two different crystallographicgessitions alike and no transformation to
another Laves phase polytype has been reportedsuliggitution of Fe by Al leads to an

increase in the lattice parameters and their degpaelon composition has been determined

[67] and [68]

Table 1.

Crystallographic structures of the binary compounds
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The maximum solid solubility for the third componethe lattice parameter(s) for this

composition, the temperature for the maximum ssdildibility and the respective reference

are given. The structure sfs tentative (see text) and their description erdifore given in

brackets. n.d.: not determined.

In B2-ordered FeTi Al can also substitute for Fatarge extent. At 1300 °C a composition

of FeAl42Tisz has been reported [6@1l compositions are given in at.% throughous thi

paper). Apparently the B2 order is not affectedhiy substitution. The dependence of the

lattice constant on composition has been determim&efs. [67]and [70] In both phases,



FeTi and FeTi, the solid solubility for Al increasesrkedly with increasing temperature

[67].

Disordered3Ti (A2) as well has a marked solid solubility fol & about 25 at.% [71]
Kainuma et al. [71found thaf3Ti becomes ordered B2 by progressive substitutfor by
Fe + Al. At 1000 °C they found a continuous ran@isadid solutions betweefili (A2) and
FeTi (B2) with a second order disorder—order ti@msifrom A2 to B2 at about 70 at.% Ti.
Though, the course of the tie-lines on the Ti-sidRef. [71]suggests the existence of a
three-phase field A2 + B2 + Al at this temperature, i.e. the existence of stfarder
transition with a narrow A2 + B2 two-phase fieldewrtheless the A2/B2 transition may

change from first to second order at somewhat higgraperatures.

The solid solubility for Fe in all Al-Ti phasesvsry limited. The maximum content of Fe in
aTi is about 1 at.% at an Al content of 44 at.% [#/)jr more Ti-rich compositions the solid
solubility for Fe inaTi is even more restricted. ForsM, TiAl, TiAl » and TiAk the solid
solubility for Fe ranges between 1.2 and 2.5 a6% &nd_[73]and varies little with

temperature [67{cf. Table }. The site occupancies in TiAl and:Al alloyed with Fe have

been experimentally determined by atom locatiomak#ding enhanced microanalysis
(ALCHEMI) [74].

yFe has only a very limited solid solubility for boAl and Ti. The solid solubility for Ti in

aFe (A2) and FeAl (B2) increases with increasinggerature and both phases contain up to
about 10 at.% Ti at 1000 °C [67The site occupancy of Ti in B2-ordered FeAl hasrb
determined by ALCHEMI [75hnd has been modeled [#5jd [77] DOs-ordered FgAl can
even contain up to 25 at.% Ti in solid solution][&nd_[78]

By alloying Fe-rich Fe—Al alloys with Ti the tratisin temperatures for the B82 and

B2/A2 transitions increase markedly [813], [78], [79], [80], [81], [82], [83] and_[84] The
DO0s-type ordering is maintained because Ti substituniés;Al for Fe on %2 %2 ¥, the 4(b)
Wyckoff site of the lattice [85§nd [86] Ohnuma et al. [78tudied in detail the dependence
of the transition temperatures on composition. Tieeyd that the D@structure is stable
between binary Fe-25 at.%Al and Fe-25 at.%Al-ZoEitand that the D@B2 transition

temperature simultaneously increases from 547 @drbinary to 1212 °C in the ternary
system. No clear distinction has been made upwowloen this phase is denoted ag DO

(binary) or L2 (ternary, Heusler-type). The lattice parametdd@f increases by the



substitution of Fe by Ti and its dependence on asitipn has been determined in Refs. [84]
and_[87] An increase of the lattice parameter was alsemies with increasing Ti content
along FeAl -xTiy [88].

Because the binary compourdecomposes by a eutectoid reaction during quendbingom
temperature its crystallographic structure hasoeein determined yet. Also as-cast ternary
Al-Fe—Ti alloys with compositions near this bingtyase show similar fine-scaled
microstructures, which presumably were generateelubgctoid decomposition etluring
cooling [66] EDS analyses of some unaltered grains reveaddrtay contained at least
6.5 at.% Ti. XRD indicates that these grains h&reeitexagonal ACrs-type structure and
provisional lattice constants have been establisisag= 1.268(4) nm and, = 0.790(3) nm
[66]. It is assumed that this is not a ternary phaséhad this composition lies within the
ternary solid solubility range of the binary phase

FeAl, and FeAls both have limited solid solubilities for Ti of 1atd 2.5 at.%, respectively
[67]. FeAl13 can dissolve about 6.5 at.% Ti [62] structure refinement of k&l 13 containing
about 5.5 at.% Ti revealed that Ti replaces Al amiycertain crystallographic sites [89]

4. Ternary phases

The existence of two ternary intermetallic phasesleen confirmed. The phasés stable
over a wide range of compositions and, dependingoomposition, exists in two polytypes
[67]. Between Fg sAl 24 6Tis0.90and Fe; Al 47.8Tis0.sthe phase has a complex fcc structure
(Mn23The type; cf._Table P, while at lower Ti contents, i.e. from F@Al 49.0Ti24.0t0

Fess.1Alss 6Tio1 5 the phase is primitive tetragonal §. The Ti-rich polytype forms on cooling
by the peritectoid reaction TiAl + FeTi + He < 1, (Pd) at about 1075 °C while the Al-rich
polytype forms by the peritectic reaction lrs++ FeTi <> 1, (Py) at about 1225 °C [66]
Whether these two polytypes correspond to thosestwtural variants of, found in the
Al-Co-Ti system [90has to be settled. Preliminary results of a dedaihvestigation on the
stability of thet, polytype in the Al-Fe—Ti system have confirmed pnesence of, in
guenched samples, but first results of in situ meeudiffraction experiments failed to prove
the existence of the tetragonally distortgdpolytype at 800 °C, where instead the cubic
polytype was found [91]

Table 2.



Crystallographic structures of the ternary Al-Feedimpounds
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The cubic phase; with L1, structure is stable at compositions of 7.5 at.%6Be9—-66.6 at.%
Al and 28.6—-25.8 at.% Ti, and no marked broadenire single-phase field is observed
with temperature between 800 and 1000 °C.[B&ta available for 1200 °C indicate that at
this temperatures is stable within a wider range of compositions][®te preferences i3

and the long-range order parameter have been datinm Refs. [16][93] and_[94]

The existence of the phasesAdi (11, Heusler-type phase with L&tructure [95)] and
FexsAlegTis (X, "low symmetry” [68] has to be ruled out [22Both phases are apparently no
phases on their own. Whitg corresponds to the maximum solid solubility ofiT F&Al,
FexsAlgoTig most likely has been confused with the extendaeddyeneity range of BAl ;3.

Three more phases have been described recenthghhmt enough details are known right
now to decide whether these are stable ternaryeghdsvo of these phases actually may not
be true ternary compounds, but may form continwsalisl solutions with binary compounds.
This point has not been settled because the individomogeneity ranges of the phases in

guestion have not been established yet as funotiemperature and composition.



At a composition of 60.5 Al, 33.0 Fe, 6.5 Ti Ducle¢rl. [66]detected a hexagonal phase of
AlgCs type. It is assumed that this is actually notragey phase, but represents the ternary

solid solubility range of:(see also above).

Ducher et al. [96found extra diffraction spots in TiAl that has bhedloyed with Fe. The
diffraction pattern could be explained in that loglimg Fe the stacking sequence in {143}

is modified. Though the original description ofstlphase actually came from a quinary alloy,
the same type of ordering was later on found iasoast ternary alloy at a composition of
46.5 at.% Al, 2.5 at.% Fe, 51.0 at.%_Ti [2@]hether this is a stable phase and if it forms
continuously from TiAl or if it is separated fromAT by a two-phase field has not been

established yet.

Levin et al. [69] [97], [98] and_[99]studied the evolution of the microstructure inadiny
containing 48.5 at.% Al, 1.9 at.% Fe, 49.6 at.%fier various heat treatments. At a

composition of 38 at.% Al, 10 at.% Fe and 52 atidth@y observed a phase with a tetragonal
unit cell ofag = 1.15 nmgy = 1.38 nm. The phase was found in samples whiak water-
guenched after annealing at 1400 and 1200 °C4A6][98] but not in samples which were
slowly cooled from this temperatures or water-ginexcfrom 700 to 1070 °C [99T he phase
has been denoted ds as it had been originally considered to be thagenal polytype of
thet, phase [69]Subsequent investigations revealed thadbrms during cooling from Al-

rich B2-ordered FeTi [98]Thatt’, may be a metastable phase is indicated by theHatthe
compositions of the other phases measured'tacntaining sample that has been water-
guenched from 1200 °C [98]ffer from those reported by Kainuma et al. [T@] the same
composition range. Still details on the stabilifytiee three phases discussed above need

further clarification.

5. Liquidus surface

The basic layout of the liquidus surface has betsibdished by Seibold [9%ind though

further amendments have been made §2®] [24]even the latest of these versions had been
considered as tentative. Therefore, Ducher eedahvestigated the liquidus surface by DTA
and by performing optical microscopy, X-ray difft@n (XRD), and energy dispersive
analyses on a scanning electron microscope (SEMY}Bb&s-cast samples [6d]he

liquidus projection shown in Fig.i8 based on that study. Compared to the lasttatiea —
version by Raghavan [24] differs mainly in that there is no primary fiebf solidification of



the Ti-rich polytype of, and no continuous solid solubility betwedgh and FeTi exists up to
the liquidus. Actuallyz, was found to decompose at 1075 °C by the perittotaction:

TiAl + FeTi + FeTi < 1 (Ti-rich) (Pd) as mentioned above. Otherwise there are some
changes regarding the positions of invariant lildsst prominent is the finding that the area
of primary solidification ofeextends up to the eutectic trough.

Fig. 3. Liquidus projection of the Al-Fe—Ti systéased on Ref. [66Dots correspond to
alloys for which the indicated liquidus temperasufm °C) have been determined by DTA.
Single and double arrows designate peritectic amelcéic reactions, respectively. Invariant
reactions are labelled according to the reactibese shown in Fig..4sotherms are
tentative.

6. Invariant reactions and reaction scheme

Reaction schemes of the Al-Fe—Ti system have beamopsly presented [22]24], [26],
[66], [67] and [95]and a discussion on various sections of the mastheme has been




provided by Ducher [20]The reaction scheme shown in Figsdased on the recent one by
Ducher et al. [66]Amendments have been made in that data for ianareactions in the Al—

Ti system have been updated from Ref. [F8bm this update it is clear that the phasd il
does not exist as such, but is a part of a sefiese@dimensional antiphase domain structures
(1d-APS). It is now confirmed that these structiaesnot separated from TiAl by a two-
phase field above 1215 °C [100101] and_[102] which implicates that they form either
stably at high temperatures or metastably duriraiicg from Al-rich TiAl by ordering of

excess aluminium. To take these new findings iotmant, the reactions

“TIAI" < TiAl + TiAls (c;) and TiAl + ThAls < TiAl, + 13 (Us) from Ref. [66]have been
replaced by TiAl/1d-APS- TiAl, (c;) and TiAl/1d-APS— TiAl, + 13 (C,), respectively, and
the reaction TiAl + TiAls < TiAl, (pdy) at 1215 °C has been removed. Also some errors
have been corrected. The peritectic reactionth. + 13 < FesAl13 at~1100 °C is now
correctly denoted ass®instead of E), the non-existing reaction Lt < FeAls + 1, (Uig)
has been removed and the temperature ford« TiAl3 + FeAl13 has been changed to
~1070 °C [20]
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Fig. 4. Reaction scheme of the Al-Fe—Ti system. dieme is based on the one by Ducher
et al. [66] Data for invariant reactions in the Al-Ti systbave been updated from Schuster
and Palm [33] The following designations for the phases areluse Ti-rich variant;z,” Al-

rich variant;oTi, low temperature (<1170 °C):Ti, high temperature (>1120 °C)*(™®: two
separate melts which exist below.Mhe different types of ordering itFe (A2, B2,

DO04/L2,), distinction between TiAl(h) and TiAk (), and the possible merging of the phases
FeTi andpTi at high temperatures are not taken into acc(ae# text). Reactions are labelled
as e/E: eutectic, p/P: peritectic, ed/Ed: eutecioddPd: peritectoid, ¢c/C: congruent, U:
transition, M: maximum with small and capital letelenoting binary and ternary reactions,

respectively. Bold boxes denote terminal reacti@uwd and underlined three-phase



equilibria are present in the isothermal sectioB# °C, the lowest temperature for which a

complete isotherm exists.

It is noted that temperatures given for most sstate reactions above 1000 °C are estimates,
which need further study to be accurately estabti66] Ternary invariant reactions, for
which temperatures have been established, e.gTy 8re TiAl + FeTi + FeTi < 12 (Pd)

at 1075 °C [66]+ < aFe + FeA} +1, (Ed,) at 1041 °C [66]and L + TiAk « FeAk + Al at
658 °C (Us) [103].

In the reaction scheme in Figtle different types of ordering itFe (A2, B2, D@/L2;) have
not been taken into account. Also no distinctiotmeen TiAk (h) and TiAk (I) is made, as
the details of the stability ranges of the two patyphs have not been yet sufficiently
established [33]FeTi (B2) and3Ti (A2) are treated as separate phases, thougiwthsingle-
phase fields may merge at high temperatures [71]

The reaction scheme presented in Figs #h accordance with the recent versions of thary
sub-systems, with the liquidus projection showfiop 3and the isothermal sections, which

are discussed in the following section.

7. Isothermal sections

Complete isothermal sections have been determix@erienentally for 800 °C [67]68] and
[95], 900 °C [19]and 1000 °C [4hnd_[67]and in addition a number of partial isotherms have
been determined. TablesBmmarises the experimental studies of phaseilegaiin the Al—

Fe—Ti system.

Table 3.

Experimental studies of phase equilibria in theF&-Ti system

Temperature | Composition range Number of alloys (heat Experimental

) (at.%) treatment(s)) techniques Reference

30 alloys (500 °C/500 h;
Ti corner >60 at.% Ti | 800 °C/200 h; 1000 °C/100 h| LOM, XRD 123
1100 °C/100 h)

550, 800, 1000
1100

About 80 alloys
550, 800, 1100 Ti corner >60 at.% Ti (550 °C/1000 h; 800 °C/200— LOM, XRD 124
400 h; 1100 °C/6-75 h)



Temperature
°C)
550

700, 800

800

23, 800

800

800, 900

800, 1000

900

900

1000

1000

1000

1000, 1200,
1300

1000, 1150

1200

Composition range
(at.%)

Ti corner >58 at.% Ti

Ti corner >80 at.% Ti
(aTi + BTi)

Full isotherm

>50 at.% Ti at 23 °C. Ful
isotherm at “about”

800 °C

Al-rich Al-Ti alloys

<10 at.% Fe

A2 +12, B2+ L2

Full isotherms

Full isotherm

TizAl + TiAl + 1-3 at.%
Fe

(Full isotherm)
supplement to Ref. [67]

Emphasis on phase
equilibria with FeTi

Ti-rich part >50 at.% Ti

Phase equilibria among
aTi, BTi, TiAl, TizAl

Emphasis on phase
equilibria with AkFeTi
(L1y)

Phase equilibria with
AlgFeTk (L1,)

Number of alloys (heat
treatment(s))

About 76 alloys
(550 °C/1000 h)

7 alloys (700 °C/720 h;
800 °C/240 h)

>100 alloys (800 °C/600—

900 h)

Experimental
techniques

LOM, XRD

LOM, SEM,
(TEM), EPMA

LOM, XRD

about 64 alloys (800 °C/192 h)LOM, XRD

12 alloys (800 °CG#240 h)

5 alloys, 2 diffusion couples

(900 °C) (800 °C/672 h;
900 °C/336 h)

64 alloys (800 °C/500 h;

1000 °C/100 h; 6 diffusion

couples 1000 °C/500 h)

30 alloys (900 °C/500 h)

13 alloys (900 °C/240 h)

10 alloys (1000 °C/96 h)

25 alloys (1000 °C/500 h)

14 alloys (1000 °C/168 h; 2

SEM, HR-TEM,
(EPMA)

SEM, TEM,
EPMA, DSC

LOM, SEM, XRD,
EPMA

LOM, XRD,
EPMA

XRD

LOM, XRD,
EPMA

LOM, XRD,
EPMA

LOM, TEM,

diffusion couples 1000 °C/3 h)EPMA

5 alloys (1000 °C/168-504 h;
1200 °C/168 h; 1300 °C/24 h)

14 alloys (1000 °C/144 h;
1150 °C/48 h) 35 alloys

LOM, EPMA

LOM, SEM,
(TEM), XRD,

(1000 °C/48 h; 1150 °C/24 h) EPMA

9 alloys (1200 °C/500 h)

LOM, SEM,
(TEM, XRD),
EPMA

Reference

125

10

B

68

2

95

8

10

a1

78

E

B

B

&

=

7

g

E

5

107

[92]

LOM: Light optical microscopy; SEM: Scanning el@strmicroscopy; TEM: Transmission

electron microscopy; XRD: Powder X-ray diffractid@®?MA: Electron probe microanalysis;

DSC: Differential scanning calorimetry; when giviarbrackets the technique has been

employed but no specific results are reported.



As there are a considerable number of investigatoamphase equilibria in the temperature
range 800-1000 °C, which are at least to most padstatively in accordance with each
other, complete isotherms for 800 °C (Fig),300 °C (Fig. band 1000 °C_(Fig.&) have
been established. They are consistent with eadr atid the reaction scheme shown in Fig.
4.

Fig. 5. (a) Isothermal section of the Al-Fe—Ti systat 800 °C. The isotherm is based on the
one given in Ref. [67]Phase equilibria in the Fe corner have been nead#ccording to the
results shown in Fig.tb Dotted lines denote second-order transitionsdartsl on the axis

mark compositions of binary phases. (b) Partighisonal section of the Fe corner of the Al—
Fe—Ti system at 800 °C. Phase relations betwé&en(A2), FeAl (B2), and kK&e, Ti)Al
(D0s/L2;) have been examined by high-temperature XRD,[BEM and EPMA [79]DTA

[20] and_[82] measurement of the resistivity as function ofiemature [83]DSC, TEM, and
EPMA [78], and TEM and DTA [13]Solid lines denote first-order transitions whiletted

lines denote second-order transitions. Dashed tepgct phase equilibria from Palm et al.

[67].

i
at.% Al e -,.r;'t*
v 5 )



Fig. 6. Isothermal section of the Al-Fe—Ti systearB@0 °C based on Ref. [106]

1) . —— Ny
Fe g 100 200 30 40 50 60, T0emB0  SOLTI0 Al
(] Mo
at. % Al e TR
e A ‘e '.E.’

Lt

Fig. 7. (a) Isothermal section of the Al-Fe—Ti systat 1000 °C. Dotted lines denote second-

order transitions and dots on the axis mark contiposi of binary phases. (b) Partial
isothermal section of the Fe corner of the Al-FesyBtem at 1000 °C. Phase equilibria

amongoFe (A2), FeAl (B2), and ke, TihAl (DO3/L2;) have been examined by TEM and

EPMA [79], measurement of the resistivity as function ofgerature [83]EPMA of
diffusion couples [126]DSC, TEM, and EPMA [78]DTA [20], and TEM and DTA [13]
Additional EPMA results from Ref. [6 4re given for the adjacent phase equilibria.
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The isotherm for 800 °C (Figabis based on the one by Palm et al. [6Tjs isotherm had
been experimentally determined by metallographyDX&nd EPMA on quenched samples
(cf. Table 3. The common features and differences betweendbilserm and previous
investigations by Markiv et al. [6&|nd Seibold [95have already been discussed [&ihce
then, few new data have become available. Nwolali §04]determined the phase equilibria
betweeruTi andfTi at 800 °C and their results are in good agreemth the isotherm

shown in_Fig. &. In contrast most of the data determined foriet-Al-Ti alloys with Fe
contents up to 8 at.% Fe [10&je in disagreement with Figa.5As these data apparently lead
to the improbable phase diagram proposed by Yaddzamo [105]they have not been
considered in Fig.& Ohnuma et al. [78hvestigated the ordering and phase separatitdmein



bcc phase in the Fe corner. Their results togetitarthose of other studies [13R0], [79],
[80], [82] and_[83]are shown in Fig.th These results clearly show the existence ofoa tw

phase field betweesFe (A2) and L2, and the respective changes have been made iBaFig.
The isotherms shown in Figsa,5%6and_A have also been updated to comply with the recent
assessment of the Al-Ti system [33]

Fig. 6shows the isothermal section at 900 °C. It has besically adopted from Ref. [106]
with adjustments for the binary Fe—Ti and Al-Titeyss, the composition of the ternary melt
[66], and the composition of FeTi at the three-phasd@ibgum FeTi + TsAl + 12. The only
additional data which have become available at°@86ince the previous study [10&ie

from Hao et al. [73for the solid solubility of Fe in TAl and TiAl. Their data indicate a
slightly higher solid solubility for Fe in thesedwhases than shown in Figb6t are
otherwise in full agreement with the phase equdilshown in Fig. 6

The isothermal section at 1000 °C (Fig) s based on the work by Gorzel et al, {ghich
was an updated version of a previous study. [8Z]for this temperature a considerable
amount of additional data is available now, sevamaéndments compared to the original
isotherm have been made_in Fig. Besides adjustments for the Fe—Ti and Al-Tifgina
systems, the composition of the ternary melt has lo®rrected according to Ducher et al.
[66]. Phase equilibria in the Ti-rich corner of the Ré&—Ti system at 1000 °C have been
determined by Kainuma et al. [7T[heir compositions measured for two-phase FedTifit
perfectly with those from Palm et al. [6While their other data supplement the missingspha
equilibria in the Ti corner_(Fig.aj. Though Kainuma et al. found tH#ti forms a continuous
range of solid solutions with FeTi at 1000 °C t@iature has not been adopted in Feyfar
reasons discussed in SectiorC&nsequently the single-phase areg¥lofind FeTi as
determined by Kainuma et al. [74ite separated by a narrow two-phase field in Fagand

the adjacent three-phase equilibria are indicayedidshed lines. Mabuchi et al. [107]
determined partial isothermal sections at 100014 °C around the phase Qualitatively
most of their results for 1000 °C are in agreemetit the isotherm shown in Figayexcept
that they find the two-phase equilibrium TiAt t, instead of F£Ti + 13 at this temperature.
As the respective invariant reaction involving thésur phases takes place slightly below
1000 °C (Us at=970 °C,_Fig. ¥it is assumed that the blowing air quenching eygd in

Ref. [107]was insufficient to suppress this reaction on icgplThe stability ranges of A2, B2



and DQ/L2; shown by dotted lines in Figa#re derived from the summary of the
experimental information in the Fe corner at 100QFig. D).

At higher temperatures some information existsl00 and 1300 °C (cf. Tablg. Fig. 8
shows a sketch of the isothermal section at 1200a%2d on the available experimental data.
These data are from Mazdiyasni et al. [B##]phase equilibria involvings, Kainuma et al.

[72] and Tokar et al. [98pr aTi + BTi + TiAl, hitherto unpublished studies by Duchér o
aFe/TiAl diffusion couples of ternary Al-Fe—Ti all®yand quinary alloys containing
additional amounts of up to 0.5 at.% Nb + Cr, amodnf Ducher et al. [66for the

compositions of the liquid at the three-phase dal. These data are in good agreement
with each other and also in accordance with tharlgisystems except for two points. The tie-
triangle reported by Tokar et al. [98]at variance with the data reported by Kainutral.e

[72] for the same composition range. One possibilityeiglaining this difference could be
the metastable occurrencewfin the sample of Tokar et al. as discussed ini@edt The
other point is the observation of the three-phagdibrium 13 + TiAl, + TiAl3 by Mazdiyasni
et al. [92] According to recent investigations of the Al-rigart of the Al-Ti system a single-
phase field of 1d-APS/TiAl occurs in the binary Al-system between TiAland TiAk at

1200 °C_[100][102] and_[108] Therefore, the three-phase equilibda TiAl, + 1d-

APS/TiAl andtz + TiAlz + 1d-APS/TiAl should be present in the ternaryPd—Ti system at

this temperature. This finding is also in full agmeent with the reaction scheme in Figast

are the other tie-triangles that are shown in 8ig.



Fig. 8. Sketch of the isothermal section at 120®ma€ed on experimental data from
Mazdiyasni et al. [92]Kainuma et al. [72]Tokar et al. [98]unpublished studies by Ducher
of aFe/TiAl diffusion couples of ternary Al-Fe—Ti all®yand quinary alloys containing
additional amounts of up to 0.5 at.% Nb + Cr, aochpositions of the melts from Ducher et
al. [66] The dashed tie-triangles show phase equilibriavfaich no experimental evidence

exists right now.
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It is noted that also for temperatures below 80@6@e information on phase equilibria

exists (cf._Table B

8. Magnetic and electrical data

Some magnetic properties of Al-Fe—Ti alloys havenbestablished. Besides the lattice
constant, the Curie temperatdie (123 K) and the saturation moment at 4.2 K hawenbe
reported for stoichiometric L2ordered FgAITi aged at 900 °C for 36 h [109For FeAI + X



Ti (x = 0—11 at.%) the Curie temperature and the mazat&th at 77 and 298 K have been
determined [81]Magnetisation and susceptibility measurementkertemperature range
4.2-300 K have also been carried out for keAfTix alloys [88] Yamada et al. [11Gtudied
the magnetic properties of the C14 Laves phasdlaysgFea -xAlx)-Ti with x < 0.5 and
found that antiferromagnetism in Heis suppressed by Al substitution and replaced by
ferromagnetism. The transition temperature fromofeto para-magnetism goes through a
maximum at about 150 K for= 0.25.

The electrical resistance has been measured be®@®eand 800 °C in order to determine the
solid solubility of Fe imxTi [111] and in some RAl-based alloys [84]M&ssbauer spectra for
alloys along Fe_4TiAl can be found in Refs. [8%nd_[87]

9. Thermochemical, atomistic and diffusion data

There are few data available for the ternary Aldresystem. Bros et al. [112heasured the
heat content of various Ti—Al-X alloys, amongst ethan alloy with 9.5 at. % Al and 2.1 at.
% Fe. They used drop calorimetry up to 600 °C andpared their results with
measurements on pure Ti. Thermodynamic properfialays of aluminium with iron and

titanium have been studied by Gerashchenko and dgonava [113]

There are also only few data available on diffusidthin the Al-Fe—Ti system. Only recently
diffusion data for tracer diffusion 6fFe within TiAl single crystals [114nd polycrystalline
FesAl-based alloys [115have been reported. Finally, it is worth to memtiloat stress
induced phase transformation in two-phas$e+ Ti alloys has been studied by Koike et al.
116].

10. Modelling




Databases for CALPHAD-type calculations have beadaravailable for each of the corners
of the Al-Fe—Ti system. The concerted European C&Sibn 507 has led to the
development of a database for aluminium alloys [T@7which assessments were however
limited to the description of binary and some teyreystems, but not the Al-Fe—Ti one. In
fact, no CALPHAD-type description of the whole tam Al-Fe—Ti system is available at
present. As a matter of fact, the only tentativel EAAD-type assessment of the Al-Fe—Ti
system is due to Dew-Hughes and Kaufman [14i8) calculated the 1000 °C isotherm. The
extension of both the Laves phase and the B2-aldetase FeTi in the ternary system was
unexpected for these authors, who assumed thdtoAlld have substituted Ti in both phases,
and this led them to perform new experiments whishconfirmed previous data. Their
conclusion, which appears still valid, is that fiet theoretical studies should attack the

problem.

Schon [119]carried out a CVM calculation of the metastablec’hAl-Fe—Ti phase diagram,
i.e. he calculated the transitions between theB®and DQ structures at 800, 900 and
1000 °C. If only these three phases are considerbd stable, then the B2 structure forms
one single-phase field invading a large part ofdb@position triangle at 1000 °C. The
calculations also show that two R€elds exist, one at high Ti content and the othehe
Fe-rich corner, which enlarge with decreasing tawrpee. Emphasis was then put on the
various features of the first- and second-ordersiteons in the Fe-rich corner in comparison

with experimental results obtained independent8}.[7

Ishikawa et al. [120¢valuated the interchange energy between Al aridr The next nearest
neighbour site when Fe is in the nearest neighbibeiin L2-ordered FgAITi. They also
calculated the phase equilibria between FeAl (BR) BeAlTi (L2,) in the temperature range
1000-1300 °C and compared them with experimensalte The critical ordering boundary
betweemTi (disordered A2) an@Ti (ordered B2) at 1000 °C has been obtained usiag
Bragg—Williams—Gorsky approximation [7IThe same method has also been used to
calculate the influence of Fe on ordering im&pe TgAl [121]. Partition coefficients for

Fe for phase equilibria involving the phasds, BTi, TizAl and TiAl have been evaluated
[72]. Details of the kinetics during ordering and dasaing in bcc Fe—Al-Ti alloys have been
described by use of the micro-master equation ndgtti2?] The phase equilibria in the same

composition range have been calculated by use &l BY Ohnuma et al. [78]
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