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The phase equilibria in the section Ni3Fe-Ni3Al and phase boundaries of c¢(Ni3Al) at 1000 �C
were studied by a combination of powder X-ray diffraction (XRD), differential thermal analysis
(DTA), and electron probe microanalysis (EPMA). The existence of a continuous solid solution at
450 �C was confirmed by a linear decrease of the lattice parameter from Ni3Al to Ni3Fe. The
phase boundaries of c¢ with c and the B2-type phase were determined at 1000�C by EPMA. A
vertical section of the phase diagram from Ni3Al to Ni3Fe above 450 �C, including the liquidus
temperatures, is proposed based on the DTA investigations. The invariant four-phase equilib-
rium U: L + c¢ = c+ B2 is found to occur at 1366 ± 1 �C. The experimental data are compared
with a calculated phase diagram obtained by extrapolation from the corresponding binary data
sets.
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1. Introduction

Considering the importance of the c(A1)/c¢(L12) transi-
tion, especially as starting point for the development of the
Ni-base super alloys,[1] the section Ni3Al-Ni3Fe has been
investigated by many authors. In spite of the large number
of experimental investigations, the exact phase relationships
within this section are still unclear. In a recent phase
diagram assessment of the Fe-Ni-Al system, Eleno et al.[2]

gave a good overview of the experimental work performed
in the system. The considerable disparity in the equilibrium
data within the section Ni3Al-Ni3Fe

[3-7] is shown in Fig. 1,
which was taken from Eleno et al.[2] Large differences in the
experimental results are observed for the boundaries of the
two-phase field [c¢ + c]. All previous investigations were
carried out below a maximum temperature of 1350 �C,
therefore the phase equilibria in the vicinity of Ni3Al are
essentially unknown in the ternary. Some information
concerning this point, however, can be taken from the
partial liquidus surface by Bradley,[5] which shows a ternary
transition reaction at 1380 �C. This was later corrected to

~1365 �C by Eleno et al.[2] with consideration of the
temperatures of the binary invariant reactions in Ni-Al.

In the current work we determined the phase boundaries
of c¢ at 1000 �C and investigated the phase equilibria in the
section Ni3Al-Ni3Fe up to 1450 �C, including the determi-
nation of the liquidus temperatures within the section. The
vertical section Ni3Al-Ni3Fe proposed here is based on our
own investigations in combination with literature data.

2. Experimental

Samples with a total mass of 1000 mg were prepared
from aluminum rod (99.999%, Alfa, Karlsruhe, Germany),
iron foil (99.99%, Advent Res., Halesworth, UK) and nickel
foil (99.99%, Advent Res., Halesworth, UK). Calculated
amounts of the elements were weighed to an accuracy of
0.05 mg and arc melted on a water-cooled copper plate
under an argon atmosphere. Zirconium was used as a getter
material within the arc chamber. The samples were re-
melted one or two times and then weighed back in order to
check for possible mass losses (which were generally found
to be negligible). For equilibration the alloys were then
annealed for 4 weeks at 450 �C and 1 week at 1000 �C in
evacuated quartz glass ampoules and quenched in water.

Sample powders for X-ray diffraction were prepared with
a diamond file with subsequent stress annealing for 20 min.
Initial sample characterization was performed by X-ray
powder diffraction, using the Guinier technique (CuKa1

radiation). The unit cell parameters were refined using the
program TOPAS V2.1.[8] High-purity silicon was used as
internal standard for the lattice parameter determination.

Differential thermal analysis (DTA) measurements were
carried out on a DTA 404S/3 (Netzsch, Selb, Germany)
using open alumina crucibles and employing a slow
permanent argon flow. A sample mass of approximately
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250 mg was used for the experiments and the samples were
checked routinely for possible mass changes during the
DTA experiment. Two heating- and cooling-curves were
recorded for each sample using a heating rate of 5 K min-1.
The Pt/Pt10%Rh thermocouples of the DTA instrument
were calibrated at the melting points of high purity Ni, Au,
and In.

The composition of the individual phases at 1000 �C was
determined by EPMA on a Cameca SX electron probe 100
(Cameca, Courbevoie, France) using wavelength dispersive
spectroscopy (WDS) for quantitative analyses and employ-
ing pure aluminum, iron, and nickel as standard materials.
The measurements were carried out at 15 kV using a beam
current of 20 nA. A conventional ZAF matrix correction
was used to calculate the final composition from the
measured X-ray intensities.

3. Results and Discussion

The phase equilibria of c¢ with the neighboring phases c
and B2 at 1000 �C were investigated in three different
samples by a combination of XRD and EPMAmeasurements.
Phase compositions and lattice parameters of the identified
phases are listed in Table 1 and the resulting partial isothermal
section at 1000 �C is shown in Fig. 2. Phase compositions in
the three-phase field [c¢ + c + B2], which were determined by
EPMA for the first time, agree reasonably well with the
assessed phase diagram of Eleno et al.[2]

The results of the XRD-analyses within the section
Ni3Fe-Ni3Al at 450 �C are presented in Table 2. The cubic
lattice parameter decreases linearly with the Al content
(Fig. 3; the lattice parameters of the binary Ni3Fe and Ni3Al
from the Ref 9, 10 are included for comparison) following
the equation

a/Å ¼ 3:5554ð4Þ þ 5:9ð3Þ � 10�4(XAl),

where (XAl) is the Al content in atomic percent. This
dependence is in good agreement with data from

Table 2 Lattice parameter of c¢
from samples annealed at 450 �C

at.% Al a, Å

0 3.5545(6)

2.5 3.5563(4)

5 3.5593(5)

7.5 3.5604(4)

10 3.5614(2)

12.5 3.5633(3)

15 3.5641(3)

17.5 3.5661(2)

20 3.5676(4)

22.5 3.5687(4)

25 3.5691(3)

Table 1 Phase compositions (EPMA data) and lattice
parameters of identified phases at 1000 �C

Nominal
composition,
at.%

Phase
identified

Phase composition
determined by
EPMA, at.%

a, ÅFe Ni Al Fe Ni Al

7 76 17 c¢ 6.2 73.9 19.9 3.5684(1)

c 9.1 76.9 14.0 –a

7 67 26 c¢ 6.7 68.7 24.6 3.5826(1)

B2 7.6 60.9 31.5 2.8649(1)

15 62 23 c¢ 15.9 64.1 20.0 3.5864(1)

c 23.5 61.3 15.2 –a

B2 12.9 58.2 28.9 2.8658(1)

aOverlap with c¢

Fig. 2 Phase boundaries of c¢ (Ni3Al) at 1000 �C (s—nominal
sample composition, d—EPMA results; Ni3Fe-Ni3Al section is
shown with dotted line)

Fig. 1 Literature data in the vertical section of phase diagram
from Ni3Fe to Ni3Al describing the [c + c¢] two-phase field
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Masahashi et al.,[4] who expressed the lattice parameter of
the c¢-phase in the Ni3Fe-Ni3Al section by

a/Å ¼ 3:551þ 5:909� 10�4 (XAl).

All alloys annealed at 450 �C are assumed to be single-
phase c¢ in Table 2 although the superstructure reflections
typical of L12 ordering are only found in samples containing
10 or more atomic percent Al. The fact that superstructure
reflections are not found in the most Fe-rich compositions is
consistent with the theoretical X-ray powder patterns
calculated with POWDER CELL,[11] showing that the
intensity of the 100 and 110 superstructure reflections are
negligible (around 0.2% of the main 111 reflection) in

binary Ni3Fe and reaches about 2% of the main 111
reflection at a composition of 10 at.% Al. As L12 ordering in
binary Ni3Fe is well established by neutron diffraction
experiments[7] and the respective thermal transitions were
observed in our samples we are confident that all samples
listed in Table 2 are single-phase c¢.

Differential thermal analysis measurements were carried
out on the annealed samples in the temperature range
between 450 and 1450 �C. The results of the DTA
measurements are listed in Table 3 together with the
interpretation of the thermal effects. The vertical section
of the phase diagram from Ni3Fe to Ni3Al is shown in
Fig. 4. Due to the limitations of DTA to determine solid-
solid phase reactions, the thermal effects for the c¢/[c¢ + c]
transition could only be detected in the two samples with 2.5
and 5 at.% Al. In contrast, the [c¢ + c]/c transition could be
derived from the DTA data throughout the entire section.
Both sets of phase boundaries confirm the data from Himuro
et al.[3] which are given in Fig. 4 together with our own
experimental datapoints. Additional information was de-
rived from our EPMA results at 1000 �C given in Table 2.
The respective phase boundary of c at 1000 �C is in good
agreement with our DTA results and the phase boundary of
c¢ at 1000 �C deviates roughly 1.5 at.% from the value
given by Himuro et al.[3] (compare Fig. 4).

Phase equilibria adjacent to the binary Al-Ni system are
shown in detail in Fig. 4(b) with the binary equilibria drawn
according to the currently accepted calculated binary Ni-Al
phase diagram.[12] It should be pointed out, that Ni3Fe-
Ni3Al is not a pseudobinary section; i.e., the tie lines
connecting c and c¢ are not situated within the section
(compare Fig. 2). In the binary Ni-Al system the invariant
reactions e: L = B2 + c¢ and p: L + c= c¢ are known to

Table 3 DTA results for Ni3Fe-Ni3Al

Composition at. % Fe, Al

Thermal effects, �C

c¢/[c¢ + c] [c¢ + c]/c Others U c/[L + c] Liquidus heating Liquidus coolinga

25, 0 510 510 1441 1451 1420

22.5, 2.5 530 582 1441 1453 1432

20, 5 535 584 1426 1441 1426

17.5, 7.5 780 1426 1440 1421

15, 10 893 1417 1432 1422

12.5, 12.5 1008 1408 1426 1411

10, 15 1116 1397 1414 1404

7.5, 17.5 1191 1382 1405 1393

6.25, 18.75b 1253 1379 1402 1389

5, 20 1297 1371 1395 1384

3.75, 21.25b 1356c 1366 1386 1368

2.5, 22.5 1341d 1366 1385 1370

1.25, 23.75b 1337 1367 1389 1377

0, 25 1370 1387 1368

aStrong supercooling observed in several samples
bSamples annealed at 1000 �C
c[c + B2]/[c + B2 + L]
d[c + c¢]/[c + c¢ + B2]

Fig. 3 Change of the lattice parameter of c¢ with the concentra-
tion of Al
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exist.[12] This suggests the existence of a ternary reaction
adjacent to the binary system involving the four phases c¢, c,
B2, and liquid. Our DTA data indicate the existence of a
transition reaction U: L + c¢ = c + B2 at 1366 ± 1 �C which
is in principal agreement with the previous results of

Bradley[5] who suggested 1380 �C as reaction temperature.
The DTA curve of the sample with the composition
Ni75Fe2.5Al22.5 is given as an example in Fig. 5. The small
thermal effect at 1341 �C corresponds to the [c¢ + c]/
[c¢ + c+ B2] phase transition and is followed by the
massive invariant transition reaction at 1366 �C. The
liquidus is situated between 1385 �C (heating value) and
1370 �C (cooling value).

According to our results, the equilibrium compositions
(in at.%) of the phases involved in the transition reaction U
at 1366 �C are estimated as follows:

L: 5% Fe, 73% Ni, 22% Al;
B2: 0.5% Fe, 71.5% Ni, 28% Al;

Fig. 4 The proposed vertical section of phase diagram from
Ni3Fe to Ni3Al: (a) full section (c¢/[c + c¢] phase boundary from
Himuro et al. is shown with dotted line) and (b) detail around U:
L + c¢ = c+ B2

Fig. 5 The DTA curve of the sample with the composition
Ni75Fe2.5Al22.5 (1.2—heating curve, 1.3—cooling curve)

Fig. 6 Calculated vertical section of phase diagram from Ni3Fe
to Ni3Al with experimental points: (a) full section and (b) detail
around [L + c¢ + c]
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c: 4% Fe, 76% Ni, 20% Al;
c¢: 0.5% Fe, 75% Ni, 24.5% Al.

The extensions of the different phase fields in Fig. 4 are
drawn according to these estimated compositions.

The thermodynamic calculation of the phase equilibria in
the section Ni3Fe-Ni3Al is based on an extrapolation from
the descriptions of the binary subsystems. The correspond-
ing binary data for Ni-Al were taken from Dupin et al.,[12]

for Fe-Al from Seierstein[13] and for Fe-Ni from Dinsdale[14]

and Ansara.[15] The calculations are in reasonable agreement
with the experimental data as far as the liquidus tempera-
tures are concerned (Fig. 6a.). However, the transition
reaction U: L + c¢ = c+ B2 at 1366 �C does not appear but
is replaced by a very narrow three-phase field [L + c¢ + c]
(Fig. 6b). This changes also the shape of the [c + c¢] two-
phase field and allows no explanation for a number of
experimental data points, among them points at 1341 �C,
22.5 at.% Al (Fig. 5) and at 1356 �C, 21.25 at.%. Thus, it
must be concluded that a reliable description of the ternary
Al-Fe-Ni phase equilibria cannot be obtained without
considering ternary interaction in the thermodynamic cal-
culations.
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1. D. Letzig, J. Klöwer, and G. Sauthoff, Screening of NiAl-Base
Ni-Fe-Al Alloys for Structural High Temperature Applications

and Development of a New Ni-30Fe-10Al-Cr Alloy, Z.
Metallkd., 1999, 90, p 712-721

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

3. Y. Himuro, Y. Tanaka, N. Kamiya, I. Ohnuma, R. Kainuma,
and K. Ishida, Stability of Ordered L12 Phase in Ni3Fe-Ni3X
(X: Si and Al) Pseudobinary Alloys, Intermetallics, 2004, 12, p
635-643

4. N. Masahashi, H. Kawazoe, T. Takasugi, and O. Izumi, Phase
Relations in the Section Ni3Al-Ni3Fe of the Al-Fe-Ni System,
Z. Metallkd., 1987, 78, p 788-794

5. A. J. Bradley, Microscopical Studies on the Iron-Nickel-
Aluminium System. Part I—a + b Alloys and Isothermal
Sections of the Phase Equilibrium Diagram, J. Iron Steel Inst.,
1949, 163, p 19-30

6. C. Jia, K. Ishida, and T. Nishizawa, Partition of Alloying
Elements Between c (A1), c¢ (L12) and b (B2) Phases in Ni-Al
Base Systems, Metall. Mater. Trans. A, 1994, 25, p 473-485

7. V. I. Goman�kov, S. M. Tret�yakova, E. V. Monastyrskaya, L.
E. Fykin, Lbaupavvs cTpyrTypHs[ cocTozHbq cgkadod
rdapbldoqHs[ pappepod Ni3Fe-Ni3Al, Ni3Mn-Ni3Al b
Ni3Mn-Ni3Ga, Russ. Metall., 1998, 6, p 104-108, in Russian

8. TOPAS V2.1: General Profile and Structure Analysis Software
for Powder Diffraction Data. Bruker AXS, Karlsruhe, Ger-
many

9. A. Lutts and P. M. Gielen, Order-Disorder Transformation in
FeNi3, Phys. Status Solid., 1970, 41, p K81-K84

10. M. Ellner, K. Kolatschek, and B. Predel, On the Partial Atomic
Volume and the Partial Molar Enthalpy of Aluminium in Some
Phases with Copper and Cu3Au Structures, J. Less-Common
Met., 1991, 170, p 171-184

11. W. Kraus and G. Nolze, POWDER CELL: A Program for the
Representation and Manipulation of Crystal Structures and
Calculation of the Resulting X-ray Powder Patterns, J. Appl.
Cryst., 1996, 29(3), p 301-304

12. N. Dupin, I. Ansara, and B. Sundman, Thermodynamic Re-
assessment of the Ternary System Al-Cr-Ni, Calphad, 2001,
25, p 279-298

13. Seierstein M. Thermochemical Database for Light Metal
Alloys, Volume 2, Chapter System Al-Fe. European Comission,
Bruxelles, 1998, p 34-39

14. A. Dinsdale and T. Chart, MDTS NPL, 1986, Unpublished
15. I. Ansara, Private communication, 2000

Basic and Applied Research: Section I

Journal of Phase Equilibria and Diffusion Vol. 28 No. 5 2007 421



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /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 <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


