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In the current paper, the effect of Cu additions to the NiAl intermetallic compound on the microstructure
and lattice parameter of the B-Ni(Al,Cu) and y’-(Ni,Cu)3Al phases was investigated. As-cast and rapidly
solidified specimens were characterized using X-ray diffractometry, scanning and transmission electron
microscopy techniques. Biphasic microstructures composed of the B2 B-Ni(Al,Cu) and L1, y’-(Ni,Cu)sAl
phases were observed in both cases, except in the alloy with 50 at.% Ni, 30 at.% Al, and 20 at.% Cu, which
exhibits a martensitic microstructure composed of needles of v'-(Ni,Cu)sAl with L1g tetragonal structure
in the as-rapidly solidified condition. Generally y’-NisAl is reported as an L1; cubic phase and there are
many documents concerning such a phase, however, there are few publications with regard to y’-
(Ni,Cu)sAl with tetragonal structure. In addition, the present experimental data confirm the Bozzolo’s
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1. Introduction

NiAl and Ni3Al intermetallic compounds have long been rec-
ognized as potentially useful structural materials for high temper-
ature applications. The great interest in these intermetallic systems
is due to their important properties for technological applications,
such as high melting temperature, comparatively low density, good
oxidation resistance, increase in yield strength with increasing
temperature and extreme hardness [1]. The main obstacle to nickel
aluminides as potential materials for use at elevated temperatures
is their low room temperature ductility and low fracture toughness,
particularly the grain boundary embrittlement in their poly-
crystalline form. In order to develop nickel aluminides for struc-
tural applications, extensive work has been focused on
improvement of their mechanical properties. Much work has been
carried out in single-phase Ni3Al alloys with the L1, structure, and
as a result, remarkable improvements in these areas have been
achieved [2].

Single-phase NiAl with the B2 structure has also been studied
[3] and it is now clear that brittleness is not an inherent feature of
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the B phase, so the resulting crystal as well as polycrystal with very
fine grain size exhibits a fair ductility [4]. However, until know
a solid remedy for room temperature brittleness has not yet been
proposed.

It has been reported [5-7] that the addition of elements such as
Cu, Fe, Co and Ti, as phase and microstructure modifiers might af-
fect the properties of the NiAl intermetallic compound in a benefi-
cial way. Many studies have found that microstructural
modifications of B-NiAl including the ductile y’-Ni3Al phase resul-
ted in remarkable enhancements of high temperature strength and
room temperature ductility [8-10]. Recently, Kainuma et al. [11]
reported a systematic examination of microstructural evolution in
B (B2)and v’ (Lly) forming alloys based on the Ni-Al-Fe system. The
formation of a microstructure consisting of internally micro-
twinned v’ (Ll;) lamellae within the B matrix of an Ni-25 at.%-Al-
15 at.%-Fe alloy was observed. This microstructure resulted in
significantly increased yield strength and ductility when compared
with specimens possessing other y' morphologies (such as Wid-
manstdtten, blocky and fine non-twinned lamellar). Kainuma pro-
posed that the internally micro-twinned y’ lamellae is formed by
the following sequence of events in quenched and aged samples:

1. Starting from an internally micro-twinned Lly type martensitic
microstructure, further ordering of the Llp martensite to NisAl3
occurs.
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2. The NisAl; phase partially disorders, forming vy’ in situ, such
that the resulting vy’ lamellae inherit the internally micro-
twinned lamellar morphology of the Lly martensite.

Furthermore, Kainuma et al. claimed that the prior formation of
the NisAlz phase is an essential prerequisite for the production of
internally micro-twinned vy’ lamellae.

The purpose of the current paper is therefore to report the ap-
pearance of a microstructure similar to that reported by Kainuma
when Cu additions are made to the NiAl intermetallic compound,
excepting that in the present case, the martensitic phase is the y’-
(Ni,Cu)sAl with a tetragonal L1g crystal structure. In addition, it is
observed that the formation mechanism of the martensitic y’ phase
is different from that reported by Kainuma in the Ni-Al-Fe system.

2. Experimental procedure

Three NiAl intermetallic alloys with Cu additions (Cu as mac-
roalloying element) were prepared by melting mixtures of Al
(99.98%), electrolytic Cu (99.98%) and Ni (99.98%), in a Leybold-
Heraeus Mod. HV-264 vacuum induction furnace and graphite
crucibles. The resulting alloys were re-melted into quartz crucibles
and rapidly solidified by the impingement of the liquid stream onto
a copper wheel rotating at 15 m/s under an Ar atmosphere. Melt-
spun ribbons of about 75 um thickness, 0.5 cm width and 30 cm
length were obtained.

The location of the alloys in the ternary Ni-Al-Cu phase diagram
and the proposed chemical composition (at.%) are shown in Fig. 1
and Table 1, respectively.

All of the alloys were characterized in both stages, as-cast and
rapid solidification using a Siemens D-500 X-ray diffractometer,
SEM Jeol JSM 6400 and TEM Jeol 2100 microscopes.

3. Results and discussion

Table 1 shows both the proposed and the real chemical com-
positions of the alloys in at.%. As it can be seen the compositional
deviation from the proposed compositions is less than 1% in the Ni
content, +4.5% for Al content and +4.7% for the Cu content. Such
deviation is considered negligible since the new compositions lie
inside the B + y’ field which is of our interest.

Cu

40 50 60 70 80
at. %

Fig. 1. Portion of the ternary Ni-Al-Cu phase diagram reported by Lipson and Bradley
[12] showing the location of the alloys under study.

Table 1
Proposed and real chemical compositions (at.%) of the alloys
Alloy Proposed Real

Ni Al Cu Ni Al Cu
Cul5s 50 35 15 49.47 35.8 14.73
Cu20 50 30 20 49.24 28.15 22.60
Cu25 50 25 25 49.28 26.29 2443

3.1. Microstructure

According to the data listed in Table 1 and the ternary Ni-Cu-Al
phase diagram, all three alloys lie in the biphasic field formed by
the B-Ni(Al,Cu) + y’-(Ni,Cu)sAl phases.

Figs. 2 and 3, show the microstructures observed in the alloys at
the different conditions, as-cast and rapid solidification. Morpho-
logical differences between them can be seen. For example, Cul5,
Cu20 and Cu25 alloys as-cast show polyphasic microstructures
being columnar dendritic type for the Cu15 alloy and like-columnar
dendritic type for the Cu25 alloy. On the other hand, the Cu20 alloy
shows a morphologically like-martensitic microstructure. SEM
observations and EDX microanalysis performed in the alloys show
that the dendrites in the Cu15 as-cast alloy, shown in Fig. 2(a), are
formed of B-Ni(Al,Cu) phase with the presence of a eutectic of the B-
Ni(AlL,Cu) + y’-(Ni,Cu)sAl type in the interdendritic spaces. In the
same way, alloy Cu20, seen in Fig. 2(b), exhibits a like-martensitic
microstructure formed by lengthened plates of y'-(Ni,Cu)3Al em-
bedded into a matrix composed of B-Ni(Al,Cu)+ y'-(Ni,Cu)sAl.
Finally, the Cu25 alloy in Fig. 2(c) possesses a dendritic micro-
structure similar to that of the alloy Cu20. However, in the Cu25
alloy, there exist dendrites of v’ surrounded by a white phase which
also was identified as y’-(Ni,Cu)sAl.

According to the X-ray diffraction patterns, the y’-(Ni,Cu)sAl
phase with cubic L1, (y/¢) and the y’-(Ni,Cu)sAl phase with tetrag-
onal L1g (y't) crystal structure exists in the Cu20 and Cu25 alloys,
however the y't phase was very difficult to detect and observe by
TEM in the Cu20 alloy, and just a bit easier in the Cu25 alloy. The
explanation is that in the Cu20 alloy the amount of y't is rather
small, whereas the amount of y'tin Cu25 alloy is higher. Fig. 4(a) and
(b) shows TEM micrographs of the tetragonal y’-(Ni,Cu)sAl phase
present in the Cu20 alloy and in the Cu25 alloy, respectively. In
Fig. 4(a) it is clear that in the Cu20 alloy, the y't phase exhibits like-
plate shapes. Otherwise, in the Cu25 alloy shown in Fig. 4(b), the
tetragonal y’-(Ni,Cu)3Al phase does not have like-plate morphology
but a like-flake one, which apparently nucleates or forms in the edge
of the dendrites, as seen in Fig. 2(c). In the same photo it can be seen
that the y't phase in some regions of the microstructure exhibits
long shapes with certain parallelism, which suggests a preferential
orientation. The presence of the B-Ni(Al,Cu) phase in the Cu25 alloy
was neither observed nor detected by SEM and EDX, however, X-ray
diffraction patterns show some peaks just as in the Cu20 alloy, in-
dicating the presence of the B-Ni(Al,Cu) phase. The appearance of
the B-Ni(Al,Cu) and y’-(Ni,Cu)sAl phases in these alloys is in good
agreement with the Ni-Cu-Al ternary diagram reported by Lipson
and Bradley [12]. However, the lack of observed or detected B-
Ni(Al,Cu) phase by SEM and EDX suggests the possible occurrence of
an extension of the solid solubility field of the y’ phase and the al-
most suppression of the B phase due to the relatively high solidifi-
cation rate. The lost heat rate was 30 °C/min in the ingot compared
to slowly cooled reported in the ternary phase diagram.

Concerning the alloys with rapid solidification (Fig. 3(a)-(c)), it
can be seen that the Cu15 alloy exhibits a microstructure formed by
polygonal grains of B-Ni(Al,Cu) as the major phase with a mean
grain size of about 15 um. The presence of traces of vyt phase was
also detected. In the same way, the Cu20 alloy shows polygonal
grains about 15 pm in size with y't martensite needles inside the
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Fig. 2. Observed microstructures and X-ray diffraction patterns obtained from the alloys under study in the as-cast condition: (a) Cu15, (b) Cu20 and (c) Cu25.

grains which are surrounded by a thin film identified as the /¢ If we look at the ternary Ni-Al-Cu phase diagram in Fig. 1,
phase, as seen in Figs. 3(b) and 4(c). Similar microstructures were it is noted that all of the alloys lie in the biphasic field of B-
observed by Cheng [13] in binary NiAl alloys but he reported that Ni(Al,Cu) plus y’-(Ni,Cu)3Al phases and must show the pres-

polygonal grains are constituted by B-NiAl martensite instead of /- ence of both phases. This is in good agreement with all the
Ni3Al as in the present case. Such difference suggests that Cu ad- studies in both as-cast and rapid solidification conditions.
ditions may suppress the martensitic transformation of the  phase However, the B-Ni(Al,Cu) phase tends to disappear and its
and induce the martensitic transformation of the y’ phase. presence is very small in Cu20 and Cu25 rapidly solidified

Finally, the microstructure of the Cu25 alloy (see Fig. 3(c)) dis- alloys. The tendency of the B-Ni(Al,Cu) phase to disappear is
plays equiaxed dendrites of y/¢ with dendrite size less than 6 pm due to the rapid solidification process in which the cooling and
besides the presence of B as secondary phase. the solidification rates are so high, ~108Ks~L. The extremely
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Fig. 3. Observed microstructures and X-ray diffraction patterns obtained from the alloys under study in the rapid solidification condition: (a) Cul15, (b) Cu20 and (c) Cu25.

high heat loss inhibits the diffusion processes limiting, and
almost suppressing, the formation of a secondary B-Ni(Al,Cu)
phase. This results in an extension of the y’-(Ni,Cu)3Al mono-
phasic field in the alloys Cu20 and Cu25, since these two alloys
are closer to the y’-(Ni,Cu)sAl field than to the B-Ni(Al,Cu)
field, as it can be seen in Fig. 1.

3.2. X-ray diffraction

The presence of the B-(Ni,Cu)Al and y’-(Ni,Cu)sAl phases
described above was confirmed by X-ray diffraction tests.
However, the last phase showed two different crystal struc-
tures, cubic and tetragonal. In order to determine changes in
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Fig. 4. TEM micrographs showing the tetragonal y’'-(Ni,Cu)3Al morphologies observed
in the alloys under study: (a) like-plates in the Cu20 as-cast alloy, (b) like-flakes in the
Cu25 as-cast alloy, and (c) fine martensite needles in the Cu20 rapidly solidified alloy.

the size of the phase’s unit cell, lattice parameter calculations
were made using the Bragg’s law and the interplanar space
values obtained in the X-ray diffraction tests. The results are
shown in Table 2.

Table 2
X-ray diffraction data obtained from the alloys under study in both as-cast and
rapidly solidified conditions

Alloy Identified phases Lattice parameter, A cla
Cu15 as-cast B-(Ni,Cu)Al a=2.8671 -
‘Yc’-(Ni,CU)3Al a=3.5777
Cul5 RS? B-(Ni,Cu)Al a=2.8608 -
yr'-(Ni,Cu);Al a=3.6753 0.89799
c=3.3004
Cu20 as-cast B-(Ni,Cu)Al a=2.8491 -
v -(Ni,Cu)3Al a=3.5865
vyr'-(Ni,Cu);Al a=4.0243 0.74561
c=3.0005
Cu20 RS? v -(Ni,Cu)sAl a=3.5984 -
vyr'-(Ni,Cu);Al a=3.8443 0.83565
c=3.2125
Cu25 as-cast B-(Ni,Cu)Al a=2.8479 -
vy -(Ni,Cu)3Al a=3.5864
yr'-(Ni,Cu)sAl a=3.7063 0.89721
c=3.3253
Cu25 RS? B-(Ni,Cu)Al a=2.8613 -
vy -(Ni,Cu)3Al a=3.5796 -

2 RS - rapidly solidified.

In the same way, to compare experimental and theoretical data,
using the parameters in Ref. [14], the concentration dependence of
the lattice parameter with Cu concentration was computed. The
results are shown in Table 3.

The B-(Ni,Cu)Al is the major phase in the Cu15 alloy as-cast and
rapidly solidified, as can be seen in Fig. 2(a). The calculated lattice
parameter for the B-(Ni,Cu)Al phase was a=2.867128 A and
a=2.860821 A for the as-cast and rapidly solidified conditions,
respectively. In the same alloy, y’-(Ni,Cu)sAl exhibits an L1, cubic
crystal structure (y'c) with lattice parameter a = 3.577724 A in the
as-cast condition. Such a phase changes its crystal structure from
cubic to tetragonal (L1, — L1g) through the rapid solidification
process with a=3.675328 A and c=3.300400 A, the lattice con-
stants for the tetragonal cell.

The Cu20 as-cast alloy shows predominance of y’-(Ni,Cu)sAl
with a=2.849126 A and the same y/-(Ni,Cu)3Al phase but of
tetragonal structure with a=4.024255A and c=3.000523 A in
a lesser quantity. Some peaks of B-(Ni,Cu)Al were also detected and
the lattice constant for such a phase is a =2.849126 A.

For the case of the rapidly solidified Cu20 alloy, the main phase
is v/t with a=3.844333 A and c¢=3.212544 A, present inside the
polygonal grains which are surrounded by a thin film of y'¢ phase
with a = 3.598430 A. One peak of B-(Ni,Cu)Al phase was detected,
indicating an almost total suppression of the formation of the B-
(Ni,Cu)Al phase due to the rapid solidification process.

Finally, y'c seems to be the main phase in the Cu25 as-cast alloy,
followed by y't. Calculated lattice parameters for the tetragonal and
the cubic phases are a=3.706284A, c=3.325327A and
a=3.580551 A, respectively.

Table 3
Computed lattice parameters (a) for the B-Ni(Al,Cu) phase as a function of the Cu
concentration in the Ni-rich alloys

Cu content, at.% a (A) for B-Ni(AlCu)

0 2.8867
5 2.8789
10 2.872

15 2.8656
20 2.8598
25 2.8545
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Fig. 5. Variation of the lattice parameter a for the cubic B-Ni(Al,Cu) and y’'-(Ni,Cu);Al phases as a function of the Cu content in the alloy.

On the other hand, in the Cu25 rapidly solidified alloy, y'Talmost
disappears and only one peak was detected by the X-ray beam. The
v'c with a=3.579642 is the main phase in this alloy according to
the X-ray diffraction patterns, followed by the B-(Ni,Cu)Al phase.
The calculated lattice parameter for the B-(Ni,Cu)Al phase is
a=2.861302 A. In a general way, it is observed that the lattice
parameter of the B-(Ni,Cu)Al phase in the as-cast alloys tends to
decrease while the concentration of Cu increases, relative to the
a=2.887 A value reported for the binary NiAl at the stochiometric
composition [15] (see Fig. 5). At this point, it is important to
mention that Bozzolo et al. [16,17] have performed extensive work
regarding the site ocupancy of ternary elements added to the NiAl
intermetallic compound. In recent papers, Bozzolo et al. [16,17]
reported that according to the BFS method, Cu atoms prefer the
occupancy of Ni sites better than Al sites in Al-rich NiAl composi-
tions. On the other hand, in Ni-rich NiAl compositions, Cu atoms
prefer the occupancy of Al sites better than Ni sites. In the present
work, the decrease of the lattice parameter mentioned above for 8-
Ni(Al,Cu) is due to the fact that with the increase in the Cu content
there is a decrease of Al in the alloy and, since the alloys are Ni-rich,
Cu atoms substitute for Al atoms occupying their sites (Cugj). Given
that the Cu atoms are about 10.75% smaller than the Al atoms
(Fatcu = 1.278 A; raa1 = 1432 A), a decrease in the lattice parameter
is observed confirming the theoretical information reported by
Bozzolo et al. [18], see Fig. 5, B-Ni(Al,Cu).

In the same alloys, cubic y’-(Ni,Cu)3Al exhibits an increase in the
lattice parameter, as seen in Fig. 5, due to the substitution of Cu
atoms in Ni sites (Cuy;j), since the Cu atom is slightly (2.74%) bigger
than Ni (ratcu=1.278 A; rani=1.243 A). In this case, the lattice
parameters of the cubic y’-(Ni,Cu)sAl in the macroalloyed alloys are
bigger than that of a = 3.572 A reported for the binary y’-NisAl [19].

Regarding the tetragonal y’-(Ni,Cu)sAl, there are no reports in
the literature concerning this ternary phase except for the 21-8

.AI

=

iy

&

Fig. 6. Allotropic forms for the NisAl intermetallic compound.

JCPDS card of the binary tetragonal y’-NizAl Such a binary phase is
the result of a tetragonal distortion L1, — L1y produced by
quenching the cubic y’-Ni3Al phase from 1300 °C. It has been
reported [20,21] that such distortion can be produced by a point
defect such as a vacancy or an antisite atom in the top and bottom
faces of the cube, shown in Fig. 6. At this point, the cubic y’-NisAl
posseses an L1, type unit cell in which the Ni atoms are located in
the faces of the cube and the Al atoms in the corners. If two Al
atoms substitute for two Ni atoms located in opposite faces of this
cell, a tetragonal distortion as the one shown in Fig. 6 will occur. In
the present case, given that Cu atoms prefer substitution for Ni
better than Al in the Ni3Al intermetallic phase [22], the addition of
Cu produces the formation of tetragonal martensite by the sub-
stitution of Cu atoms in Ni sites (Cuy;) located in opposite faces of
the cube.

In the Cu20 and Cu25 alloys as-cast and rapidly solidified, the
tetragonal y’-(Ni,Cu)sAl was formed, being the major phase in the
rapidly solidified Cu20 alloy. This indicates that at least in the alloys
as-cast, Cu can induce a partial transformation of cubic y'-(Ni,
Cu)sAl into a tetragonal y’-(Ni,Cu)sAl, and it can be obtained from
the casting without the need for a subsequent tempering treatment
to produce the martensitic structure as reported for the binary y’-
NisAl In addition, the rapid solidification process produces a mar-
tensitic transformation of y/-(Ni,Cu)sAl refining the martensite
from plates observed in the as-cast state to fine needles observed in
the rapidly solidified alloys.

An anomalous behaviour of binary y’-NisAl, which consists of an
increase of the stress flow as the temperature rises from room
temperature up to 700 °C, has been reported. Several researchers
[23] have explained the phenomenon in terms of lattice defects
such as splitting of screw dislocations and antiphase boundary
energies. However, Numakura et al. [20] proposed an alternative
mechanism for the mentioned anomalous phenomenon, in which
the stress-induced redistribution of point defects on the Ni sub-
lattice sites is responsible for this so-called “anelastic relaxation
effect”. Since a point defect on an Ni sublattice site constitutes
a tetragonal defect in the NisAl system, a substitutional atom or
vacancy can induce an anelastic relaxation.

In the present work we assume that Cu atoms substitute for Ni
atoms observing a tetragonal distortion which we attribute mainly
to an abrupt cooling, instead of a stress-induced mechanism, as
proposed by Numakura.

4. Conclusions

Cu additions to the Ni-rich NiAl intermetallic compound pro-
duce abrupt changes in the microstructural morphology of the as-
cast alloys, from columnar dendrites in alloys with Cu contents
lower than 15 at.%, to plate microstructures in alloys with Cu con-
tents higher than 15 at.%. Furthermore, Cu additions would
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suppress the martensitic transformation of the g phase and induce
an almost total martensitic transformation of the ' phase through
a rapid solidification process.

The y/'-(Ni,Cu)3Al martensitic phase observed in the current
work, is the result of a tetragonal distortion produced by the ad-
dition of Cu atoms replacing and occupying Ni sites in the y’-NisAl
crystal lattice.

v'-Ni3Al intermetallic compound exhibits a flow stress anoma-
lous temperature dependence which according to Numakura, is
related to an “anelastic relaxation effect” produced by a tetragonal
distortion of the y’-Ni3Al phase. Numakura suggests that the ARE is
caused by the stress-induced redistribution of point defects i.e.
substitution of Al atoms in Ni sites. In the present work the sub-
stitutional atoms are Cu instead of Al, and the mechanism is not
stress-induced but an abrupt cooling.

Cu addition decreases the lattice parameter values of B-Ni(Al,Cu)
which is due to the occupancy of Cu atoms in Al sites. These experi-
mental results confirm the theoretical data reported by Bozzolo et al.
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