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Ternary Ni-Al-Fe alloys with different Fe additions have been synthesized by mechanical
alloying of elemental powder mixtures. The effects of Fe-substitution for Al in an
equi-atomic NiAl alloy on the mechanical alloying process and on the final Ni-Al-Fe alloys
were investigated experimentally. Lower Fe additions have been found to prolong the
milling time prior to explosive formation of the NiAl(Fe) compound, while >15 at% Fe dition
has been found not only to eliminate the explosive reaction during milling but ao to produce
a Ni-based supersaturated solid solution (the 15at % Fe addition results in the formation of
an amorphous-like phase). The addition of Fe improves the plastic deformation ility of the
alloys and hinders the tendency of fracture during milling, resulting in the formation of
larger alloy particles. Upon heating, the as-milled samples with lower Fe addition remain as
NiAl(Fe) compound, whereas the Ni-based supersaturated solid solutions decompose into
a mixture of compounds of B-(Ni, Fe) (Al, Fe) + v'-(Ni, Fe)sAl. It is suggested that the ternary
addition into the binary intermetallic compound might be possible route to improve ductility

by forming the dual phase of § + vy'.

1. Introduction

Some ordered intermetallic compounds have been
proposed as potential structural materials at elevated
temperature due to their high melting temperature,
low density, good thermal stability and high creep
resistance. The aluminides are of particular interest
because of their excellent oxidation resistance, of
which the alloys based on NiAl may offer significant
advantages because of the attractive combination of
the properties listed above. However, the major bar-
rier to the structural application for NiAl is its low
ductility and tendency to fracture in a brittle manner
at lower temperatures. Many methods have been ap-
plied to improve its ductility at room temperature,
such as modification of slip system [1], grain refine-
ment [2, 3], grain boundary elimination [4], microal-
loying with boron, iron and molybdenum, etc. [5, 6],
and composite formation by incorporation of a ductile
phase [7]. Although there are some reports of plasti-

city improvement for NiAl single crystal and for poly-
crystalline rapidly solidified ribbons, the strain to
fracture for the polycrystalline materials was
only about 2%, still inadequate for most structural
applications.

Recently, an attractive approach for improving the
ductility at ambient temperature of NiAl polycrystal-
line materials has been developed. This is the forma-
tion of a dual phase structure of p + v or f + (v + v/
(B phase, B2 NiAl, and ¥’ phase, L1, Ni3Al) in the
Ni-rich Ni-Al-X ternary alloys. Combined with the
advantages of NiAl and Ni;Al, this type of material
has possibilities in structural applications. Among
these alloys, alloys containing Fe have been extensive-
ly studied. Inoue et al. [8] have studied rapidly solidi-
fied wires of Ni-30A1-20Fe and Ni-20Al-30Fe, with the
structure of a single B’ phase (Ni, Fe) (Al, Fe) com-
pound, with the structure of L2;) and a duplex '
(L1,(Ni,Fe)s;(AlLFe)) plus B, which show strains to
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fracture of 5% and 17%, respectively. The improve-
ment of the room temperature ductility was attributed
to: grain size refinement, suppression of ordering and
suppression of grain boundary segregation. The stud-
ies by Guha et al. [9] showed that double extruded
Ni-20A1-30Fe gave a 22% plastic elongation, while
Chen et al. [10] reported recently a 21% elongation in
a directionally solidified NigoAl,oFe, alloy. Alloys of
Ni-35A1-20Fe, Ni-25A1-18Fe, etc. have also been
studied in this regard [11, 12].

A novel process, mechanical alloying (MA) [13],
has been introduced into the fabrication and study of
intermetallics in recent years [ 14—17]. Some studies on
mechanical alloying of Ni-Al-Fe alloys [18-21] have
been reported. Schaffer and co-workers [18,19]
showed that mechanically alloying Ni-30Al-10Fe re-
sulted in the formation of a nanocrystalline mixture of
intermetallic compounds of (Ni, Fe);Al + (Ni, Fe)Al,
which has high thermal stability. It was suggested that
the dual phase composite may supply a new route to
improve the properties of compounds. Koss et al. [20]
have shown that mechanically alloying Ni-35A1-20Fe¢
and Ni-31AL-15Fe with Y,O3 particles also resulted
in improvement of the ductility. To date, nanocrystal-
line materials have been proposed as a possible route
to improve the room temperature ductility of inter-
metallics [22]. Because mechanical alloying is effective
in producing nanocrystalline and/or composite alloys,
the authors suggest that by combining the alloying
effect and the advanced processing method to produce
a fine microstructure and/or a composite, a possible
route to improve the room ductility of intermetallic
compound may be developed. Based on previous
work [23], the present paper reports the mechanical
alloying and characterization of Ni-Al-Fe alloys at
a series of compositions, as an extended work on the
study of MA in Ni-Al-Fe ternary alloys.

2. Experimental

The MA of the mixed powders was performed in
a SPEX 8000 mixer/mill equipped with a hardened
steel container and balls. The particular sizes and
purities of Ni, Al and Fe powders were 15, 15 and
60 pm, and 99.95, 99.5 and 99 at %, respectively. The
Ni, Al and Fe elemental powders were mixed in an
agate mortar at compositions of NisyAlsy_.Fe,
(X =5,10, 15, 20, 25, 30) before being placed in the
container. The weight ratio of ball to powder was 10
to 1. The milling process was protected by an argon
atmosphere. A Cambridge S-360 scanning electron
microscope (SEM) with energy dispersive analysis by
X-rays (EDAX) was used to characterize the morpho-
logy and the composition of the resultant powders (the
erroris =+ 0.5 at %). The samples were embedded into
a phenolic resin and ground, polished for microhard-
ness measurement in a Buehler Micromet II micro-
hardness tester (Hv) with 50g for 10s. The average
value of at least 5 tests was taken as the microhardness
of the sample. The as-milled powders were subjected
to thermal analysis in a Perkin-Elmer 7 differential
scanning calorimeter, at a heating rate of 20 K min !
up to 973 K, under the protection of an argon atmo-
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sphere. X-ray diffraction (XRD) analysis was used to
detect the structural evolution of powders, in
a RIGAKU D/max-r A X-ray diffractometer using
CuK, radiation. The average crystallite sizes of the
samples were calculated through the corrected full
width at half maximum (FWHM) of the selected
peaks. For evaluating the effect of Fe addition on the
end products, the lattice parameters of the different
phases were also calculated from the position of the
peaks (with an error of + 0.0002 nm). The contribu-
tion of the residual lattice strain will not be discussed
as it is mainly caused by the milling process.

3. Results and discussion
3.1. The structural evolution during
mechanical alloying of NispAlsy—xFex
(X=5, 10, 15, 20, 25, 30) alloys by XRD
3.1.1. Mechanical alloying of NiseAlssFes
and NiseAlFer
Both mechanical milling processes of NisoAl,sFes
and NiseAlyoFe o are very similar to the mechanical
alloying of the stoichiometry NisqAlso. The XRD pat-
terns of NisoAlysFes after different milling times are
shown in Fig. 1 as an example. After the initial milling
stage (which results in grain refinement and the intro-
duction of strain, and therefore intimate homogeneous
mixing), the explosive reaction of the formation of
NiAl(Fe) compound takes place when milling for 104
and 98 min, respectively, which are 17 and 11 min
longer than that for NisyAls,. Further milling com-
pletes the reaction, and refines the grains in the
NiAl(Fe) compound to an average size of about 15
and 13 nm, respectively.

3.1.2. Mechanical alloying of NispAlssF€1s
The mechanical alloying process of NisoAl;sFe;s is
very different from that of NisgAlysFes and
NisoAlyoFeq alloys, as shown by the XRD patterns in
Fig. 2. The unique feature is that the explosive reac-
tion for forming the NiAl(Fe) compound has vanished.
The initial 4 h milling induces gradual formation of
the NiAl(Fe) compound, of which the (100), (110), (200)
and (211) diffraction peaks appear with the visible
peaks of residual elemental Ni shifting towards the
low angle side (Fig. 2b).

When milling continues to 10h, the XRD pattern
(Fig. 2c) shows no further diffraction peaks of ele-
mental Ni, Al and Fe. The NiAl(Fe) compound is
formed almost completely through the interdiffusion
of the elements during milling. The substitution of Fe
for Al, combined with heavy deformation during mill-
ing, decreases the degree of ordering of the NiAl(Fe)
compound, indicated by the weakening and the disap-
pearance of the superlattice diffraction peaks. The
average grain size of the NiAl(Fe) compound was
measured to be about 10 nm.

When milling is extended to 30 h, the XRD pattern
(Fig. 2d) of the sample exhibits an “amorphous-like”
appearance. There are only two peaks of the NiAl(Fe)
compound, of which the stronger is at 2 6 = 44deg,
and the weaker at a higher angle is very diffuse. An
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Figure 1 XRD patterns of the NisoAlysFes alloy after milling (a)

0 h (as-mixed), (b) 105 min (as-exploded), (c) 5 h, and (d) 20 h. (O Ni,
O Al, ® Fe, ENiAl(Fe) compound).
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Figure 2 XRD patterns of the NisoAl3sFe, s alloy after milling (a)

0 h (as-mixed), (b) 4 h, (c) 10 h, and (d) 20 h. (O Ni, O Al, @ Fe,
B NiAl(Fe) compound).

evident difference from the typical diffuse peak of the
amorphous phase is that the (110) peak is a little
sharper, indicating the existence of a mixture of very
fine crystalline grains and amorphous phases of the
NiAl(Fe) compound.

The previous investigation on mechanical alloying
of the Ni-Al-Ti ternary system [23] has shown that the
addition of 25 at % Ti eliminates the explosive forma-
tion of the NiAl(Ti) compound and induces the forma-
tion of an “amorphous-like” phase. Adding 15 at % Fe
shows a similar effect to that of adding 25 at % Ti
indicating that Fe addition has a more significant
effect than Ti addition. It is suggested that the elimina-
tion of the explosive reaction is mainly attributed to
a decrease in the driving force [23], the heat of forma-
tion of the NiAl(Fe) compound. The values of heat
released on formation of NiAl and NiTi compounds
are 117.5 + 84 kJmol ! and 67.7 kI mol ! [24], re-
spectively. However, there only exists a solid solution
instead of an intermetallic compound in the Ni-Fe
binary system, the heat of mixing of NisyFes, at
1200 K is only 7.7 4+ 0.8 kJmol ~'. When Fe is added
to NiAl to substitute for Al, a part of the Ni-Al
bonding is substituted by Ni-Fe bonding, and the
tendency to form a Ni-based solution becomes much
stronger than that of forming the NiAl(Fe) compound.
Therefore, the heat of formation of the compound
decreases significantly. This has been proved by a pre-
vious study which showed that MA of the Ni-Fe
system significantly extends the composition range of
the Ni-Fe solid solution [25]. Hence, explosive forma-
tion of the NiAl(Fe) compound will not be able to take
place due to a sharp decrease in the driving force.

3.1.3. Mechanical alloying of NispAlsy xFéx
(X = 20, 25, 30)

A new phenomenon appears during mechanically

alloying of the Ni-Al-Fe ternary system with further

Fe addition.

Fig. 3 shows the XRD patterns of a milled
NisoAl,sFe,s powder mixture. The explosive forma-
tion of the NiAl(Fe) compound was not observed.
Instead, a Ni(Al, Fe) supersaturated solid solution
(abbreviated as s.s.s.) formed. After 4 h of milling,
a trace of the NiAl(Fe) compound formed, indicated
by the appearance of the relatively stronger diffraction
peak at 2 6 = 82.5 deg, which should be the (211)
diffraction of the NiAl(Fe) compound (Fig. 3b). Mean-
while, the positions of the Ni peaks show a shift to
lower angles, indicating a solution of Al atoms in a Ni
matrix (ry; = 0.1432 nm, ry; = 0.1248 nm). After milling
for 8 h, the (111) diffraction peak of Ni(Al, Fe) (s.s.s.)
becomes even stronger than the (200) peak of Ni (Fig.
3c), indicating a rapid increase of the amount of Ni(Al,
Fe) (s.s.s.). After milling for 20 h, the powder mixture
transformed completely into Ni(Al Fe) (s.s.s.) (Fig. 3d).

The mechanical alloying of NisgAlsgFe,o, and
NisoAl,oFeso shows similar results to that of
NisoAl,sFe,s. The difference is that the larger the Fe
addition, the higher the supersaturated solid solution
formation rate. NisgAl,oFe;o can transform into
Ni(Al Fe) (s.s.s.) completely after milling for 8 h.
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Figure 3 XRD patterns of the NisoAl,sFe,s alloy after milling (a)
0 h (as-mixed), (b) 4 h, (c) 8 h, and (d) 10 h, and (e) 20 h. (O Ni, O Al,
® Fec, B NiAl(Fe) s.s.s. V NiAl(Fe) compound).

3.2. The characterization of the resultant
products

3.2.1. Comparison of the final products
The effect of Fe addition on the final products is
shown in Fig. 4 by XRD patterns of mechanical
alloyed NisoAlsy - Fe, powders. Both 5 and 10 at %
Fe additions have been found to result in the forma-
tion of the NiAl(Fe) compound. However, the (111)
and (210) peaks of the NiAl(Fe) compound with
10 at % Fe disappear, and the (200) diffraction peak
almost disappears as well compared to that of the
5 at % Fe addition sample. This is attributed to; (a) the
addition of Fe reduces the degree of order, and (b) the
existence of very fine crystalline grains. The 15 at %
Fe addition has been found to induce the formation of
an amorphous-like phase. It is deduced to be the
coexistence of an amorphous phase and a very fine
NiAl(Fe) compound and/or Ni(Al, Fe) (s.s.s.) crystals
(Fig. 4c). For > 20 at % Fe addition the final product
is disordered Ni(Al, Fe) (s.s.s.) (Fig. 4d—f). This phe-
nomenon is different from that of the equilibrium
state. Fig. 5 is the equilibrium Ni-Al-Fe phase diagram
[26]. It is shown that the NisoAlso-.Fe, alloy remains
as B-(Ni, Fe) (Al, Fe) phase when X is <20,and B + v
(Fe, Ni) phases occur when X is 21-37, independent of
temperature. It is argued that the formation of Ni(Al,
Fe) (s.s.s.) instead of B + y dual phases for larger Fe
additions is due to the heavy deformation during
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Figure 4 XRD patterns of the final products of NisoAlso-—xFex,
when X = (a) 5, (b) 10, (c) 15, (d) 20, (e) 25, and (f) 30. (O NiAl(Fe)
compound, @ Ni(Al, Fe) s.s.s.

milling kinetically favouring the formation of a
disordered structure. The most readily formed should
be the Ni-based solid solution. That is also in
good agreement with the previous results on the
composition extension of solid solutions by MA
[27].

Moreover, increasing Fe addition decreases the lat-
tice parameters of the Ni(Al, Fe) (s.s.s.) compound. The
lattice parameters of Ni(Al, Fe) (s.s.s.) of NisoAlso-, Fe,
(X =20,25,30) are measured to be 0.3612 nm,
0.3611 nm and 0.3607 nm, respectively. It is easy to
understand that larger amounts of the smaller Fe
atoms, together with reduced amounts of the larger Al
atoms, results in the reduction of the lattice parameter.
The average crystalline grain sizes of the Ni(Al, Fe)
(s.s.s.) are measured to be 5nm, 6 nm and 7 nm, re-
spectively (see Table I).

3.2.2. The morphology of the resultant
products

The morphology of the as-milled final products of the

Ni-Al-Fe ternary alloys is also significantly affected by

the various Fe additions (Fig. 6).

The explosively formed NiAl(Fe) compounds of
NisoAlysFes and NisgAlyoFeyo show very fine and
homogeneous particles with an average size of 1-2 pm
and 3-4 um, respectively, which is very close to that of
the NiAl particles without Fe addition [15], denoting



the absence of plastic deformation. When Fe addition
increases to 15 at %, the particle of the amorphous-
like phase becomes a little larger, 4-10 um, with
decreasing uniformity.

The morphology of the Ni(Al, Fe) (s.s.s.) powders is
very different. The particle size is much larger than
that of the explosively formed NiAl compound. Ni(Al,

Al 60 at % Fe 60 at %

Isothermal section at 1323 K

Ni

Al 60 at % Fe 60 at %

Solid phases in alloys cooled at 10 K h™'

Figure 5 The phase diagram of the Ni-Al-Fe ternary alloy [26]. The
open circles indicate the alloy composition in the text.

TABLE I Analysis of the as-milled NisoAlsoxFe, powders

Fe) (s.s.s.) of 20,25 and 30at% Fe addition
show particle sizes of 2060, 50 and 60-70 um, respec-
tively. On the other hand, the surface characteristic
of the powder particles is also changed. The Ni(Al, Fe)
(s.s.s.) powder particles reveal much more plastic
deformation during mechanical milling, which is
indicated by the obvious pullout burrs and/or
push-down hollows on the surface of the particles.
Both the increase in particle size with increasing
Fe addition and the obvious characteristics of plastic
deformation of the solid solution particles imply
that the addition of Fe actually improves the ductility
of the samples. Therefore, the addition of Fe facili-
ties cold-welding and hinders fracture during mechan-
ical milling, resulting in larger powder particles.
These results are in agreement with the viewpoint
that Fe is a ductilizing element for NiAl intermetallics
[25].

The composition of the samples was also analysed
by EDAX (see Table I). The analytical compositions of
the final products are all very close to the starting
nominal values. A slightly higher Fe content was due
to milling media debris (mainly Fe) mixed into the
alloys during milling.

3.2.3. Microhardness measurement of the
final products

The microhardness was measured to characterize the
mechanical properties of the resultant powders. The
measurements reveal that the addition of Fe decreases
the microhardness of the alloys (Fig. 7, also see
Table I). Addition of 5at% Fe sharply decreases
the microhardness of the NiAl(Fe) compound to
741 Hv, from 846 Hv for NiAl The NiAl(Fe) com-
pound containing 10 at % Fe shows a microhardness
of 736 Hv, almost the same as that of a NiAl(Fe)
compound with 5at% Fe. The “amorphous-like”
phase with 15at% Fe addition gives a value of
707 Hyv, a little lower than that of the NiAl(Fe) com-
pound. The microhardness decreases further with in-
creasing Fe, to 650-677 Hv for Ni(Al, Fe) (s.s.s.). It is
clear that increasing Fe decreases the hardness of the
alloys whereas it improves their ability to plastically
deform. This is in good agreement with the morpho-
logy observations.

Sample NisoAlysFes NisoAlgoFe;o NisoAlssFe;s NisoAlsoFesq NisoAl,sFe,s NisoAl,oFesq
End Products NiAl(Fe) NiAl(Fe) Ni(AlLFe)Jam Ni(ALFe) Ni(ALFe) Ni(ALFe)
Composition

(at %)

Ni 51.8 51.9 51.5 49.7 48.3 48.0

Al 423 36.8 31.2 27.1 239 19.5

Fe 5.9 11.3 17.3 232 27.8 325
Total 100 100 100 100 100 100
Microhardness, 741 736 707 675 650 677

(Hv)

Average crystal 15 13 — 5 6 7

size, (nm)

*am- “amorphous-like” phase.
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Figure 6 SEM micrographs of the final products of NisoAlsy_xFex, when X = (a) 5, (b) 10, (c) 15, (d) 20, (e) 25, and (f) 30. The change in
particle sizes and the characteristics of the particle surface is indicative of the increase of the deformability of the powder particles.
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Fe content (at %)

Figure 7 Microhardness of the as-milled NisoAlso-xFex powders
as a function of composition. This clearly shows the decrease of
the hardness with increasing Fe addition and the change of the
products.

3.2.4. Thermal analysis of the as-milled
Ni-Al-Fe powders

Thermal analysis was conducted to test the thermal

stability of the as-milled Ni-Al-Fe products. The re-

sults show a slow heat release during heating of the
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Figure 8 XRD patterns of the final products of NisoAlso-_xFex
after heating to 973 K, when X = (a) 5, (b) 10, (c) 15, (d) 20, (e) 25,
and (f) 30. O-B (Ni, Fe) (Al, Fe), @-y'(Ni, Fe);Al

samples up to 973 K, without any other exo- or endo-
thermal effects. Fig. 8 shows the XRD patterns of the
samples after heating. The Ni(Al, Fe) compounds with
5 and 10 at % Fe addition remain unchanged (Fig. 8a
and b), while the “amorphous-like” phase with
15at% Fe also transformed into the Ni(Al, Fe)



TABLE II Characterization of the Ni, Al

Fe, powders after heating to 973 K

50-X
Sample Ni, Al Fe, Nig Al Fe,,  Nig Al Fe o Nig Al Fe,,  Nij Al Fe,;  Nij Al Fe,,
B-Ni(ALFe) 0.2880 0.2879 0.2871 0.2870 0.2871 0.2872
Lattice
parameter Y'-(Ni,Fe),Al — — — 0.3597 0.3595 0.3591
(nm)
Average B-Ni(ALFe) 18 14 1 15 13 10
crystal
size v'-(Ni,Fe);Al — — — 12 18 22
(nm)
3 € reasonable to deduce that the ¥’ phase is the (Ni, Fe);
c 0.290 0.360 ¢ Al
£ —. < compound.
«a ~. = Both the B and Y’ phases after heating keep the
% 0.289 B H0.359 5 o
= / = crystallite size at the nanometer scale (see Table II).
E 0.288 - o, \)/o Y J0.358 g For the dual phase samples, the crystallite size of the
] \ S B phase decreases while the crystallite size of the v
8 0.287 F —o o ° s phase increases with increasing Fe addition. This
3 8 should benefit the ductility of the samples, and further
T 0286 — L ; : : ! ; & work on this aspect is underway.
0 5 10 15 20 25 30 -

Fe content (at %)

Figure 9 Lattice parameter of B and ' phases of NisoAlso_xFex
after heating to 973 K.

compound. This is different from the as-milled
“amorphous-like” Ni-Al-Ti alloys [28], which showed
a two-step transition into the Ni,AlTi compound
upon heating. According to the previous study on the
small amount of Fe added into stoichiometric NiAl,
the Fe atoms prefer to occupy the Al sites in the lattice
of NiAl [29]. However, the larger amount of Fe addi-
tion will cause the Fe atoms to occupy the Ni sites
because of the similar properties of Fe and Ni. Thus,
the compound should be B-(Ni, Fe) (Al, Fe). The
measurements of lattice parameters of these NiAl(Fe)
compounds show that increasing Fe reduces the lat-
tice parameter of the NiAl(Fe) compounds, which are
0.2879, 0.2878 and 0.2871 nm, respectively, for 5, 10
and 15 at % Fe addition, all of which are smaller than
that of NiAl (anja; = 0.2886 nm). The degree of order-
ing of the NiAl(Fe) compounds was also found to
decrease with increasing Fe addition according to the
XRD analysis.

The higher Fe addition disordered Ni(Al, Fe) (s.s.s.)
decomposed into a mixture of p and y" NizAl-type
phases during heating. The proportions of the Y’ phase
in the decomposed products increase with increasing
Fe (Fig. 9). Precise measurement shows that with
increasing Fe, the lattice parameters of the B phase in
the mixture appear to remain almost unchanged (see
Table II), while the lattice parameter of the y" phase
decreases sharply, but is still larger than that of the
NizAl compound (ay;,a; = 0.3561 nm).

Further Fe addition is beneficial to the formation of
the v’ phase. The measurement of the lattice parameter
indicates that more Fe atoms are used to substitute for
Ni atoms to form the y’ phase and reduces the lattice
parameter of the vy’ phase, therefore inducing a slight
increase of the lattice parameter of the  phase. It is

4. Summary

Systematic investigations on the mechanical alloying
of the ternary Ni-Al-Fe system indicate that the addi-
tion of Fe, substituting for Al in NiAl, exerts a great
influence on the mechanical alloying process and the
final products. The addition of Fe improves the ability
of the alloys to plastically deform, reduces the tend-
ency of fracture during milling, and results in the
formation of larger alloy particles with crystals in the
nanometer range. The Ni(Al, Fe) supersaturated solid
solution with higher Fe addition decomposed into
a dual-phase mixture of B-(Ni, Fe) (Al, Fe) + y'-(Ni,
Fe);Al, upon heating. By selecting an appropri-
ate composition and treatment, the appropriate
microstructure (i.e., the dual phase of B+ y) and
properties can be achieved. More intensive work
on consolidation and improvement of properties is
being conducted.
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