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Phase Diagram Evaluations: Section Il

Al-Fe-Ni-Ti (Aluminum-Iron-Nickel-Titanium)

V. Raghavan

The review of the phase equilibria of this quaternary
system by [1996Rag] presented two pseudo-ternary sections
at 1000 and 750 °C along the NizAl-Ni3Ti-‘NizFe’ join
from the work of [1957Tay]. An update by [2006Rag] gave
partial isothermal sections on the FeAl-FeTi-NiTi-NiAl
plane at 1300, 1200, 1000, and 900 °C from the studies of
[1997Kai]. Recently, [2008Yan] made an in-depth study of
the equilibria involving the quaternary Laves phases at
900 °C. This forms one of the first detailed experimental
study and analysis in characterizing the complex shape of
single phase regions and their equilibrium with adjoining
phases in a higher order system.

Ternary Subsystems

A number of recent studies and reviews are available on
all the constituent ternary systems: Al-Fe-Ni [2006Ele,
2007Chu, 2008Chu, 2008Zha, 2009Ragl]; Al-Fe-Ti [2006
Pal]; AI-Ni-Ti [1999Hun, 2001Din, 2005Rag, 2006Sch,
2007Sch, 2009Rag2]; and Fe-Ni-Ti [2006Cac]. At the
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temperature of interest here (900 °C), in the Al-Fe-Ti and
Fe-Ni-Ti systems [2006Pal, 2006Cac], the Fe,Ti-based,
MgZn,-type hexagonal Laves phase dissolves more than
35 at.% Al and 20 at.% Ni respectively. This phase will be
denoted as A; (Ap. by [2008Yan]). The other MgZn,-type
phase is present in the AI-Ni-Ti system within the ternary
region at 900 °C [1999Hun] and has a homogeneity range
of Al3o.sNiy7 sTig-AlsNi ¢ Tiz4. This phase will be denoted
A2 (Ani by [2008Yan] and 13 by [2007Sch]). The ternary
phases that come into equilibrium with the Laves phases
are: MnCu,Al-type Heusler phase, occurring in the AI-Ni-Ti
system, will be denoted L2; (ty by [1999Hun] and
[2008Yan]); and AuCus-type phase occurring in the ternary
region of the Al-Fe-Ti and Al-Ni-Ti systems is denoted L1,
(in Al-Fe-Ti, t3 by [2006Pal] and t; by [2008Yan] and in
AI-Ni-Ti, t; by [2001Din], [2007Sch], and [2008Yan]); in
Al-Ni-Ti, Mny3Thg-derivative phase occurring within the
ternary region will be denoted G (1, by [1999Hun] and
[2006Sch]). [2008Yan] noted that the G phase changes its
symmetry as a function of composition, going from Fm3m
at the Al-rich end to F43m at the Al-poor end. The binary
phases FeTi and NiTi with the CsCl-type cubic structure
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Fig. 1 Al-Fe-Ni-Ti isothermal section at 900 °C on the TiAl,-TiFe,-TiNi, plane [2008Yan]. The symbols in italics indicate four-phase

regions
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Fig. 2 Al-Fe-Ni-Ti schematic illustration of the A, region [2008Yan]. Plane 123451 lies on the Ti-Fe-Al face. Plane 567815 lies on the

Ti-Fe-Ni face

occurring in Al-Fe-Ti and Fe-Ni-Ti systems form a contin-
uous solid solution with quaternary extension and will be
denoted by B2 (denoted v; by [2008Yan]). The FeAl and
NiAl phases with the B2 structure form a continuous solid
solution (denoted v, by [2008Yan]), which does not come
into equilibrium with the Laves phases. The other binary
phases with small ternary and quaternary solubility are
denoted by the nominal formula: TiAl; (tetragonal), TiAl,
(HfGa,-type tetragonal), TiAl (L1y, AuCu-type tetragonal,
denoted v), Ti3Al (D0,o-type hexagonal), NiTi, (NiTi,-type
cubic) and TiNi3y (D0,4-type hexagonal). Phases based on
elements are denoted in the usual way: (Ni), (BTi), (oTi) and
(aFe).

Quaternary Phase Equilibria

With starting metals of >99.9 mass% purity, [2008Yan]
arc-melted more than 120 alloys. The compositions of the
alloys were selected so as to establish the homogeneity
range of the Laves phases in the quaternary system. The
alloys were annealed at 900 °C for 10 days and quenched in
water. The phase equilibria were studied with optical and
scanning electron microscopy, x-ray and neutron powder
diffraction, single crystal diffraction and electron probe
microanalysis.

The section on the TiAl,-TiFe,-TiNi, plane at 900 °C
constructed by [2008Yan] is shown in Fig. 1. The Fe,Ti-
based Laves phase A, forms tie-lines with G, L2;, B2 and
TiNi; phases. The extension of the Heusler phase L2,
beyond the 33.3 at.% Ti line, limits the spread of the A,
phase on this section. The other Laves phase A, is separated
from A, by the intervening G phase field. The solubility of
the fourth component Fe in A, is limited to about 5 at.% at
900 °C. At elevated temperatures, the two Laves phases
form a continuous solution [2008Yan]. The sections of the
tie-tetrahedra appear as triangles in Fig. 1. Not all tie-
tetrahedra intersect the TiAl,-TiFe,-TiNi, section. The
measured compositions of the co-existing phases in all the
11 tie-tetrahedra in the investigated region were listed by
[2008Yan]. A connectivity scheme at 900 °C was presented
by [2008Yan]. This scheme shows the relationship between
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Fig. 3 Al-Fe-Ni-Ti projections of A, region along (a) Ni-Fe and
(b) Al-Fe directions [2008Yan]. Notations used are the same as
in Fig. 2

the tie-tetrahedra and the three-phase regions that lie
between adjoining tetrahedra or on the ternary faces.
Figure 2 is a schematic illustration of the A phase field at
900 °C [2008Yan]. The A, phase originates along a line on
the Fe-Ti side and spreads on both sides into the Ti-Fe-Al
and Ti-Fe-Ni faces and into the quaternary region. As
indicated in Fig. 2, the faces are in contact with two-phase
regions, lines are in contact with three-phase regions and the
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Fig. 4 Al-Fe-Ni-Ti schematic illustration of A, region [2008Yan]. The banana-like plane 123451 lies on the AI-Ni-Ti face
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Fig. 5 Al-Fe-Ni-Ti projections of A, region along (a) Ni-Al and
(b) Fe-Ni directions [2008Yan]. Notations used are the same as
in Fig. 4

corner points are in contact with four-phase regions.
Figure 3 is the projection of the A; region along the Ni-Fe
and Al-Fe directions. The corresponding points are marked
using the same notation in Fig. 2 and 3.

Figure 4 is a schematic illustration of the A, region at
900 °C [2008Yan]. The circumferential line of this region

lies on the Al-Ni-Ti plane and has the so-called banana- or
boomerang-like shape, indicating the complex site substi-
tution of atoms in the ternary phase. The region extends into
the quaternary region with Fe substitution in the phase. As
before, the contact with two-, three- or four-phase regions
occurs on a surface, along a line or at a corner respectively.
Figure 5 is the projection of the A, region along the Al-Ni
and Fe-Ni directions. The corresponding points are marked
the same way in Fig. 4 and 5.

Among the other results, [2008Yan] made a detailed
analysis of the diffraction data of selected compositions of
the Laves phases to determine interatomic distances and site
occupancies.

References

1957Tay: A. Taylor, Constitution of Nickel-Rich Quinary Alloys
in the System Ni-Fe-Cr-Ti-Al, Trans. Amer. Inst. Min. Metall.
Eng., 1957, 209(1), p 72-75

1996Rag: V. Raghavan, Al-Fe-Ni-Ti (Aluminum-Iron-Nickel-
Titanium), Phase Diagrams of Quaternary Iron Alloys, Indian
Institute of Metals, Calcutta, 1996, p 57-61

1997Kai: R. Kainuma, K. Urushiyama, K. Ishikawa, C.C. Jia, L.
Ohnuma, and K. Ishida, Ordering and Phase Separation in BCC
Aluminides of the Ni-Fe-Al-Ti System, Mater. Sci. Eng. A,
1997, 239-240, p 235-244

1999Hun: B. Huneau, P. Rogl, K. Zeng, R. Schmid-Fetzer, M.
Bohn, and J. Bauer, The Ternary System AI-Ni-Ti: Part L.
Isothermal Section at 900 °C; Experimental Investigation and
Thermodynamic Calculation, Intermetallics, 1999, 7,p 1337-1345

2001Din: J.J. Ding, P. Rogl, and H. Schmidt, Phase Relations in
the Al-Rich Corner of the Ti-Ni-Al System., J. Alloys Compd.,
2001, 317-318, p 379-384

2005Rag: V. Raghavan, Al-Ni-Ti (Aluminum-Nickel-Titanium),
J. Phase Equilib. Diffus., 2005, 26(3), p 268-272

2006Cac: G. Cacciamani, J. De Keyzer, R. Ferro, U.E. Klotz, J.
Lacaze, and P. Wollants, Critical Evaluation of the Fe-Ni, Fe-Ti
and Fe-Ni-Ti Alloy Systems, Intermetallics, 2006, 14, p 1312-
1325

2006Ele: L. Eleno, K. Frisk, and A. Schneider, Assessment of the
Fe-Ni-Al System, Intermetallics, 2006, 14, p 1276-1290

Journal of Phase Equilibria and Diffusion Vol. 30 No. 3 2009 289



Section Il: Phase Diagram Evaluations

2006Pal: M. Palm and J. Lacaze, Assessment of the Al-Fe-Ti
System, Intermetallics, 2006, 14, p 1291-1303

2006Rag: V. Raghavan, Al-Fe-Ni-Ti (Aluminum-Iron-Nickel-
Titanium), J. Phase Equilib. Diffus., 2006, 27(3), p 300

2006Sch: J.C. Schuster, Critical Data Evaluation of the
Aluminum-Nickel-Titanium System, Intermetallics, 2006, 14,
p 1304-1311

2007Chu: I. Chumak, K.W. Richter, and H. Ipser, The Fe-Ni-Al
Phase Diagram in the Al-Rich (>50 at.% Al) Corner, Interme-
tallics, 2007, 15, p 1416-1424

2007Sch: J.C. Schuster, Z. Pan, S. Liu, F. Weitzer, and Y. Du, On
the Constitution of the Ternary System Al-Ni-Ti, Intermetallics,
2007, 15, p 1257-1267

2008Chu: I. Chumak, K.W. Richter, and H. Ipser, Isothermal
Sections in the (Fe,Ni)-Rich Part of the Fe-Ni-Al Phase
Diagram, J. Phase Equilib. Diffus., 2008, 29(4), p 300-304

2008Yan: X. Yan, A. Grytsiv, P. Rogl, V. Pomjakushin, and
H. Schmidt, On the Quaternary System Ti-Fe-Ni-Al, J. Phase
Equilib. Diffus., 2008, 29(5), p 414-428

2008Zha: L. Zhang, Y. Du, H. Xu, C. Tang, H. Chen, and
W. Zhang, Phase Equilibria of the Al-Fe-Ni System at 850 °C
and 627 °C, J. Alloys Compd., 2008, 454, p 129-135

2009Ragl: V. Raghavan, Al-Fe-Ni (Aluminum-Iron-Nickel),
J. Phase Equilib. Diffus, 2009, 30(1), p 85-88

2009Rag2: V. Raghavan, Al-Ni-Ti (Aluminum-Nickel-Titanium),
J. Phase Equilib. Diffus, 2009, 30(1), p 77-78

290 Journal of Phase Equilibria and Diffusion Vol. 30 No. 3 2009



	Outline placeholder
	Sec1
	Sec2
	Bib1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


