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In this paper, NiAl-33Cr-4.5Ta (at. pct) near-eutectic alloy consisting of NiAl, «-Cr and Laves
is successfully designed by JMatPro software and verified by experiments. TEM result reveals
that it exists an orientation relationship between each two phases. Directionally solidified (DS)
alloy has a well-aligned microstructure and possesses a fracture toughness (9.8 MPam'/?).
Moreover, the DS alloy has a tensile ductility (1.4 pct) at room temperature. Fracture behavior

is analyzed by the crack propagation and fracture surface.
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ATTRACTIVE combinations of high melting point,
low density, excellent oxidation resistance, and high
thermal conductivity make NiAl a potential candidate
for replacing superalloys in aircraft engine.!'* However,
its practical application is limited because of low room
temperature fracture toughness (4 to 6 MPa-m'?) and
poor elevated-temperature strength (~ 50 MPa at 1027
°C).P! Alloying (Cr, Mo, V, Ta, Nb, W) NiAl to form
NiAl-based eutectic alloys is a common way to improve
the property, like two-phase eutectic alloys: NiAl-Cr
S 20.38MPa'm'?).*  NiAl-Mo  (~ 19.36MPa'm"/
), NiAL-Cr(Mo) (= 21.6 MPa'm'/?),*!1211 NjiAL-V
(28.6 to 32.0MPa'm'?),** > NiAl-Ta (5.IMPa-m'/?),l**]
NiAI-Nb (4.0 MPam'/?)?24 and NiAI-W.? Among
these alloys, the former four alloys possess higher
fracture toughness compared to NiAl-Ta and NiAl-Nb
eutectic alloys; however, NiAl-Ta and NiAI-Nb eutectic
alloys possesses higher -elevated-temperature creep
strength. According to the previous comparison
results, NiAl-Cr(Mo) eutectic alloy possesses the
better combining properties. However, it still does not
meet the requirement of application.
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In order to further improve the properties, many
investigations are conducted in NiAl-Cr(Mo) eutectic
alloy, like alloying Hf or rare earth elements.”® % The
elevated-temperature strength can be improved; how-
ever, the fracture toughness significantly decreases
(about 6.24 MPa'm'? for NiAl-Cr(Mo)-Hf'**)). Then,
some investigations in our group are conducted to
improve the above-mentioned properties. Firstly, the
investigation object is adjusted for NiAl-36Cr-6Mo
hypereutectic alloy. The fracture toughness is enhanced
to 26.15 MPa'm'/” by increasing the volume fraction of
Cr(Mo) strengthening-toughness phase.** The ele-
vated-temperature tensile strength is also improved
(513 MPa at 1000 °CP*) compared to NiAl-28Cr-6Mo
eutectic alloy (374 MPa at 1000 °CP** or 348 MPa at
1093 °CBly. Secondly, alloying (like Hf, Dy, and Fe)
based on NiAl-Cr(Mo) hypereutectic alloy is con-
ducted.B®*" It is worth mentioning that the NiAl-Cr(-
Mo)-(Hf,Dy)-4Fe alloy possesses high fracture
toughness (18.4 MPa'm'?%l) compared to the previous
Hf-containing NiAI-Cr(Mo) eutectic alloy (about 6.24
MPa-m'/??%). Thirdly, the microstructural stability of
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NiAl-Cr(Mo) eutectic allo?/ at high temperatures
(900-1100 °C) is investigated.!'”'¥) Moreover, the design
of NiAl-based eutectic allo s are conducted to improve
the mechanical properties.***! However, up to now, it
is difficult to achieve the balance of fracture toughness
and strength for NiAl-based two-phase eutectic alloys.

Previous studies reported that a-Cr(Mo), a-Cr, a-Mo,
or a-V can improve the fracture toughness,* 2] dnd
Laves phase (NiAl-Ta and NiAl-Nb) can efﬁc1ently
enhance the high temperature strength.**** Thus,
may be a good way that adding several proper elements
is to form a three-phase eutectic composite which is
composed of NiAl, o phase, and Laves phase. Three-
phase eutectic composite will possess the good fracture
toughness and high temperature strength. It is well
known that Cr is an element of excellent oxidation
resistance, and Ta is a typical refractory element. Also,
the above discussion implies that the addition of Cr and
Ta to NiAl may result in the formation of «-Cr and
Laves phase. Therefore, in this paper, we try to design
the eutectic composition of NiAl-Cr-Ta three-phase
alloys by adjusting Cr and Ta content. In addition,
previous studies reported that directional solidification
(DS) is an excellent way to improve the mechanical
property of NiAl-based eutectic alloy compared to the
conventional casting,[#6:14:4443] Generdlly, in the direc-
tional solidification process, no grain boundary or a
small amount of grain boundaries occur, and the
unidirectional well-aligned microstructures can be
obtained, thus improving the mechanical properties.
Thus, we will primarily investigate the microstructure
and room temperature mechanical property of DS
NiAl-Cr-Ta three-phase eutectic alloy in this paper. It
needs to be mentioned that, compared to our previous
studies (two-phase eutectic mentioned in the second
paragraph), the biggest difference is the design of novel
NiAl-Cr-Ta three-phase eutectic alloy in this paper.

The eutectic composition was primarily predicted by
calculating solidification paths of alloys using JMat-
Pro7.0 software (Ni-based database) and then verified
by experiments (arc melting). Correspondingly, the
near-eutectic composition (NiAl-33Cr-4.5Ta, at. pct) is
determined. The ingots of NiAl-33Cr-4.5Ta near-eutec-
tic alloy were prepared using a vacuum induction
melting. The rods with 7mm in diameter, cut from the
ingots by electro-discharge machining (EDM), were
directionally solidified at the withdrawal rate of 6 um/s.
The furnace temperature was kept at 1660 + 10 °C. The
descrlptlon of mlcrostructural observation is similar to
our previous study.*¥ Three-point bending specimens
with the nominal dimensions of 3 mmx6 mmx28 mm
were performed in an Instron 3382 universal test
machine with a cross-head speed of 0.05 mm/min.
Tensile tests were performed at room temperature and a
cross-head speed of 0.025 mm/min (3x107 s') in an
Instron 3382 universal test machine. The tensile speci-
men has a gauge length of 13.8 mm. The tensile direction
is parallel to the growth direction.

Figure 1(a) gives the solidification path and phase
composition of NiAl-33Cr-4Ta (at. pct) alloy using
JMatPro software. It can be seen that two phases can
simultaneously forms at 1450 °C. Although the
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constituent phases are only two phases in the calculation
results which are different from the experiment results
(three-phase eutectic), it does not hinder us to deduce
that NiAl-33Cr-4Ta (at. pct) may be a near-eutectic
composition. However, from the experimental results, a
number of primary dendrite (9.9 pct) is still observed in
the NiAl-33Cr-4Ta alloy, as shown in Figure 1(b).
Although some differences exist, it is deduced that
NiAl-33Cr-4Ta (at. pct) may be deviated from the
eutectic composition to a small degree. Then, the close
composition alloys [like NiAl-33Cr-xTa (x = 4.5, 5
at. pct)] are prepared, as illustrated in Figures 1(c) and
(d). It is found that the volume fraction of primary
dendrite is low (~3.5 pct) in NiAlI-33Cr-4.5Ta alloy.
Thus, it is determined that NiAl-33Cr-4.5Ta (at. pct) is
a near-cutectic alloy. Also, it implies that it is a good
strategy to design NiAl-Cr-Ta eutectic alloy (even
NiAl-based eutectic alloys) by calculating solidification
paths using JMatPro software.

Figure 2 shows the longitudinal and transverse
microstructures of DS NiAl-33Cr-4.5Ta near-eutectic
alloy. Firstly, it can be seen that the complete eutectic
structures are obtained by directional solidification.
Secondly, the longitudinal microstructure shows that the
alternate three phases are unidirectional and well
aligned, as displayed in Figures 2(a) and (b). From the
transverse microstructure, it consists of eutectic colonies
which are composed of black phase, lamellar gray phase,
and rod-like/lath-like white phase (three-phase eutectic).
The three phases are identified as NiAl, ¢-Cr, and Cr,Ta
[Laves phase, which is further identified by TEM
(Figure 3)], respectively. The specific compositions of
three phases are given in Table 1.

Furthermore, to closely examine the three phases and
determine the relationship between each two phases, we
have conducted a TEM analysis. Figure 3(b) shows the
complex select area electron-beam diffraction patterns
(SAEDs) of NiAl and «-Cr phase, and it establishes a
cube-on-cube orientation relationship between them,
i.e., [T11] niat//TT11] e and (101) niay // (101) 5. This
is similar to the orientation relationship between NiAl
and Cr(Mo) phases in NiAl-Cr(Mo) eutectic alloy!?®-7..
Figure 3(c), (d) shows the complex SAEDs of NiAl and
Laves phase, o-Cr and Laves phase, respectively. It
reveals a semi-coherent relationship of NiAl and Laves
phase, i'e" [111] NiAl // [1216] Laves and (110) NiAl //
(2201) paves, and also reveals a semi-coherent relation-
ship of «-Cr and Laves phase, i.e., [111] ,.c // [1216]
Laves and (ﬁO) wcr /] (2201) Laves. The lattice mismatch
parameter is 2.8 pct, and the small parameter favors the
stability of microstructure at high temperature.*® In
addition, we also determine the crystal structure of
Laves with hep, as shown in Figure 3(e), (f).

Subsequently, the room temperature fracture tough-
ness of DS NiAl-33Cr-4.5Ta near-eutectic alloy is
evaluated. The DS alloy possesses a fracture toughness
(9.8 MPa'm'/?) which is mgmﬁcantly higher than that of
as-cast NiAl alloy (4-6 MPa-m!/?>#%l). Furthermore, the
deflection of side surface crack of DS alloy implies that
the crack propagation suffers from some resistances, as
displayed in Figure 4(a). The «-Cr phase and the

VOLUME 53A, APRIL 2022—1481



Ni-31.5A1-33.0Cr-4.0Ta at(%)

100

90

80

70

(@

s

60

50

Wt % Phase

®uquiD
@sce
AL

900

1000

1100

1200 1300 1400
Temperature(C)

1500 1600 1700 1800

Fig. 1-—(a) Solidification path and phase composition of NiAl-33Cr-4Ta (at. pct) alloy by JMatPro, and microstructures of NiAl-Cr-Ta alloys
with different compositions prepared by arc melting: (b) NiAl-33Cr-4Ta, (c¢) NiAl-33Cr-4.5Ta, and (d) NiAl-33Cr-5Ta (at. pct).
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Fig. 2—BSE images of longitudinal (¢ and b) and transverse (¢ and d) microstructures of DS NiAl-33Cr-4.5Ta near-eutectic alloy.
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Fig. 3—(a) Bright-field TEM images of NiAl, o-Cr and Laves phases, (b) complex SAEDs of NiAl and o-Cr phase, (¢) complex SAEDs of NiAl
and Laves phase, (d) complex SAEDs of o-Cr and Laves phase, and (e, f) SAEDs of Laves phase.

Table I. Compositions of Constituent Phases of DS NiAl-33Cr-4.5Ta Near-Eutectic Alloy

Phase Ni (At. Pct) Al (At. Pct) Cr (At. Pct) Ta (At. Pct)
Black 45.86+0.39 44.80+0.29 8.58+0.13 0.7110.07
Gray 5.304+0.29 10.26+0.30 82.75+0.15 1.6+0.18
White 10.31+0.15 6.2040.20 52.5540.67 31.06+£0.44

interface between each two phases have some resistances
to crack propagation, like crack bridging and interface
debonding, as displayed in Figure 4(b). It reveals that
the introduction of «-Cr and Lave phases can bring a
certain contribution to the fracture toughness. However,
the fracture toughness of present alloy is lower than that
of DS NiAl-Cr(Mo) eutectic alloy (21.6 MPa-m'/?%).
This should be attributed to the intrinsic brittleness of
Laves phase in present alloy. The planar fracture surface
and the cleavage of NiAl phase demonstrate the brittle
characteristic. In addition, to our best knowledge,
aerospace applications generally require the fracture
toughness of at least 15 MPa-m'*”! or 20 MPa'm'/2.[*¥!
Therefore, the fracture toughness (9.8 MPam'?) of
present alloy is still unable to meet the requirements of
aerospace applications. The fracture toughness of pre-
sent alloy needs to be further improved in future.
Correspondingly, the room temperature tensile prop-
erty of the DS NiAl-33Cr-4.5Ta near-cutectic alloy is
evaluated. Figure 5(a) gives the tensile engineering
stress—strain curve of the alloy. The result shows that
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the alloy broke without prior yielding. The tensile
strength is 254 MPa, and the ductility is 1.4 pct. The
tensile strength of the alloy is higher than that of NiAl
(229 MPa*!) and close to that of NiAl-Cr(Mo)-Hf
(255MPat*%) and is lower than that of NiAl-Cr(Mo)
(680MPal™). Tts ductility is close to that of NiAl,
NiAl-CrﬁMo), NiAI-Cr(Mo)-Hf, and NiAl-Mo
(2.2 petl33444649) © That is, NiAl and NiAl-based
eutectic alloys possess poor ductility. Figures 5(b)
through (f) shows the fracture characteristics of
NiAl-Cr-Ta near-eutectic alloy. The whole fracture
surface is almost planar [similar to the above fracture
surface of toughness specimen (see Figure 4), and no
necking and dimples occur during the fracture process,
as shown in Figures 5(b) through (e). It implies that the
alloy breaks in a brittle manner. From the magnified
image [Figure 5(c)], the river-like cleavage pattern
further reveals the brittle fracture characteristic. More-
over, the highly magnified image reveals the fracture
characteristic of the constituent phases, as shown in
Figure 5(f). In particular, the NiAl phase also shows a

VOLUME 53A, APRIL 2022—1483



e
W

Growth direction
—_—_—

Fig. 4—(a, ¢) Lowly and (b, d) highly magnified images of crack propagation in the side surface and fracture surfaces of DS alloy after the
three-point bending tests.
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Fig. 5—(a) Tensile engineering stress—strain curve of DS NiAl-Cr-Ta near-eutectic alloy (6 pum/s) at room temperature, (b) the whole fracture
surface image, and (¢, d, e, and f) the magnified images of the closed rectangle area in (b, ¢, d, and e), respectively.
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cleavage fracture characteristic, which is similar to that
of toughness specimen (see Figure 4). The fracture
characteristic also demonstrates its poor ductility.

In summary, it is a good strategy to design
NiAl-Cr-Ta eutectic alloy (even NiAl-based eutectic
alloy) by calculating solidification paths using JMatPro
software. Directionally solidified NiAI-33Cr-4.5Ta
(at. pct) three-phase near-eutectic alloy exhibits the
well-aligned microstructure, and possesses a fracture
toughness (9.8 MPa'm'/?) which is higher than that of
NiAl (4-6 MPa'm'/?). The DS alloy possesses low room
temperature tensile strength (254 MPa) which is slightly
higher than NiAl (229 MPa) and close to that of
NiAl-Cr(Mo)-Hf (255 MPa) and is lower than that of
NiAl-Cr(Mo) eutectic alloy (680 MPa). Moreover, the
DS alloy has a ductility (1.4 pct) which is similar to
NiAl, NiAl-Cr(Mo), and NiAl-Mo eutectic alloy
(£2.2 pet).
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