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Abstract

Based on the NiAl-Cr pseudo-binary phase diagram, ranging from hypo- to hyper-eutectic areas, alloys with various
compositions were produced by arc melting. The microstructures were compared with the theoretical predictions of
Tang et al. (Chem Chem Phys 18(29):19773-19786, 2016) and they were proved to be in agreement. The partial substitu-
tion of Cr by Mo in three different compositions revealed eutectic and hypo-eutectic microstructures with the eutectic
micro-constituent modified from fibrous to lamellar. The importance of T0-A2 and T0-B2 temperatures [the maximum
temperatures under which, partitionless solidification of A2 and B2 phases respectively happens (Laughlin and Hono in
Physical metallurgy, Elsevier, Amsterdam, 2014)] and their relation to Te (eutectic temperature) proved to be the dominant

factor that shifts the microstructures to off equilibrium morphologies in the case of NiAlI-Cr alloys.
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1 Introduction

During the last decade, significant research effort has
been conducted in the field of NiAl based alloy and
composite systems. NiAl having a density of 5.9 g/cm?
(stoichiometric NiAl), a coefficient of thermal expan-
sion comparable to that of Ni-base superalloys [3] and
a high degree of thermodynamic stability as evident
from its very large negative enthalpy of mixing —22 kJ/
mol [3] (thus easy to fabricate in various forms), made
NiAl alloys potential and attractive candidates for high
temperature applications in an effort to substitute
various categories of existed super-alloys [1, 4, 5]. The
NiAl-Cr system, as part of this effort, has attracted spe-
cial interest [6]. Apart from, nevertheless, this specific
field of super-alloy potential substitution, the appear-
ance of high entropy alloys at the metallurgical research
fronts, revealed another dimension of the importance
of the Ni-Al-Cr elemental combination. A significant

amount of these new class alloys has been developed
and assessed based on this Ni-Al-Cr core [7-12]. These
research efforts made clear the necessity for a thorough
understanding of the microstructural features—and the
related to them formation mechanisms and phenom-
ena—of the NiAl-Cr systems. Even more, the addition of
other elements and the adoption of special techniques
aiming to the strength increase, has also been recorded.
At previous works, Cline and Walter [13] showed that
the Mo addition to the NiAl-Cr eutectic alloy modifies
the microstructure from Cr fibers to Cr(Mo) lamellae.
Demirtas and Gungor [14] presented in their work on
the NiAl-28Cr-6Mo, the mechanical properties after
adding small quantities of Fe, Nb, Ti and heat treat-
ment of the produced alloys. Shang et al. [15] studied
the microstructure and the room fracture toughness
of NiAl-32Cr-6Mo and Yang et al. [16] have produced
similar alloys. They used directional solidification tech-
niques to control the solidification rate. Zang et al. [17]
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produced near eutectic NiAl-Cr-Mo alloys with Ti, Hf,
Nb and W additions. This work aimed to create condi-
tions of no fibrous solidification of Cr in the NiAl-Cr-Mo
system and, by this approach, to increase the strength
of the NiAl-Cr-Mo eutectic or near eutectic alloys. Wang
et al. produced NiAl-Cr(Mo) hyper-eutectic alloys using
directional solidification techniques aiming to lamellar
solidification of Cr(Mo) in the eutectic micro-constituent
[18]. Additionally, Zheng et al. [19] and Sheng et al. [20]
has extensively investigated the effect of elemental addi-
tions, such as Ho and Hf in the first case and Hf and Dy in
the second, on the microstructure and the mechanical
properties of the basic NiAl-Cr(Mo) core. In the case of
Ho and Hf addition [19] the researchers distinguished
their synergetic action which caused multiple interme-
tallic phase precipitation sequences, morphological
alterations of the eutectic structures and primary phases
and improvement in micro-hardness and strength. In
the case of Hf and Dy additions [20] the authors showed
apart formation of various precipitates, a possibility of
microstructural refinement and tuning leading to a sig-
nificant improvement of the mechanical response.

Tang et al. [1] presented an exceptional research effort
on clarifying the possible microstructural configurations
of the NiAl-Cr system at various compositions, based on
thermodynamic and kinetic calculations. This is exactly
where this current report aims to contribute: The authors
attempted an experimental verification of the theoreti-
cal predictions proposed by Tang et al. [1] at off equilib-
rium conditions. They produced the alloys by arc melt-
ing technique where the solidification rate is high as
it takes place on a water-cooled cooper-base crucible.
The novelty of the present effort is exactly associated
with the use of solidification considerations to explain
the obtained microstructures: at the best of the authors
knowledge no such systematic approach based on the
recalescence, undercooling, partitioning/partitionless
growth temperatures TO is reported in the literature for
the NiAI-Cr based systems.

They also produced three more alloys in eutectic or near
eutectic composition by partially substituting Cr with Mo.
The microstructure evolution under fast solidification
conditions of these alloys is one of the aims of the pre-
sent work. This effort and the described results, are part
of an ambitious wide project currently being undertaken,
which aims to expand the initial NiAl-Cr core to a step by
step building of medium- and high-entropy alloy systems
towards two different directions: (a) a systematic approach
of designing refractory-transition metals medium and
high entropy alloy systems through the addition of vari-
ous refractory metals (Mo, W etc.) to the basic NiAl-Cr core
and (b) a systematic approach of designing medium and
high entropy alloy systems of controllable ductility and
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strength by the additions of various elements such as Fe,
Mn, Co, Ti etc.

2 Experimental procedure

High purity elemental powders were mixed in the
intended atomic ratio in order to produce the various
Ni-Al-Cr alloys and Ni-Al-Cr-Mo alloys. Approximately
5 g of raw materials, with purities higher than 99.5%,
were subjected to uniaxial compression in order to
make green pellets with targeted composition accord-
ing to Tables 1 and 2. The produced green pellets were
arc melted at least 5 times in order to ensure that all raw
materials were well mixed in liquid prior to solidifica-
tion. The melting was performed on a specially formed
cavity on the surface of a water-cooled copper base.
The shape of the samples was that of a meniscus. The
samples were flipped for each melting cycle in order
to improve chemical homogeneity. The arc current was
kept constant at 120 A in all melting and remelting

Table 1 The different alloy systems produced in the present effort
along with their nominal, actual overall (EDS mapping) and phase
(EDS point identification) compositions

Atomic percentage at.%

Al Ni Cr
Alloy A NOMINAL 375 375 25
AINi-25Cr ACTUAL 3253 4154 2593
(Hypo-eutectic) LIGHT (PRIMARY)  41.74  49.52 8.73
DARK 1113 6294 2592
Al Ni Cr
Alloy B NOMINAL 335 335 33
AINi-33Cr ACTUAL 2856  37.82 33.62
(Eutectic) LIGHT (PRIMARY) 379 50.51 11.58
DARK 9.68 2892 6140
Al Ni Cr
Alloy C NOMINAL 27.5 27.5 45
AINi-45Cr ACTUAL 22.55 3137  46.09
(Hyper-eutectic) DARK 8.8 9.7 81.5
LIGHT 33.41 47.99 18.6
Al Ni Cr
Alloy D NOMINAL 20 20 60
AINi-60Cr ACTUAL 16.72 23.07  60.21
(Hyper-eutectic) LIGHT 30.5 48.95 20.55
DARK 8.81 9.22 81.97
Al Ni Cr
Alloy E NOMINAL 10 10 80
AINi-80Cr ACTUAL 6.87 10.58 82.54
(Hyper-eutectic) DARK 30.7 55.87 13.43
LIGHT 4.08 4.27 91.65
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Table 2 The different alloy systems with Mo added produced in the
present effort along with their nominal, actual overall (EDS map-
ping) and phase (EDS point identification) compositions

Atomic percentage at.%

Al Ni Cr Mo

Alloy F NOMINAL 37 37 20 6
AINi-20Cr-6Mo ACTUAL 32.86 40.59 19.98 6.57
(Hypo-eutectic) DARK (PRIMARY) 41.7 5095 6.77 0.8
LIGHT 11.86 9.19 56.29 22.64

Al Ni Cr Mo

Alloy G NOMINAL 335 335 2875 5
AINi-28.75Cr-5Mo ACTUAL 29.1 3589 29.57 544
(Near eutectic) DARK 38.14 4825 1238 1.22
LIGHT 11.07 11.8 67.07 10.05

Al Ni Cr Mo

Alloy H NOMINAL 33 33 28 6
AINi-28Cr-6Mo ACTUAL 2841 358 2935 644
(Near eutectic) DARK 39.7 4958 99 0.55
LIGHT 8.43 10.48 68.33 13.05

steps. Argon (industrial purity) was used as protective
atmosphere and a Ti gutter was in all cases melted first
in order to further reduce oxygen contamination phe-
nomena. This manufacturing process is considered to be
a standard practice for production HEAs and has been
widely used in other research efforts as for example in
[20]. The actual composition was checked using EDS
mapping in the SEM in at least 3 different locations of
lower magnification and all fell within the measured
compositions presented in Tables 1 and 2.

The relative ratio of Ni and Al, in alloy systems, was
kept constant and atomically equal. All alloy composi-
tions are in at.%. The presentation of both nominal and
actual compositions is a common practice as in many
cases a divergence between them is met, as in the case
of the work of Sheng et al. [21].

The microstructure of the alloys were studied in
their as cast condition. Crystal structure of the HEA
was examined with an X-ray diffractometer (Bruker, D8
Advance) using a scanning rate of 0.01°/s. The metallo-
graphic specimens were mounted in bakelite, abraded
on SiC papers up to 2400 grit and then polished with
a 3 um diamond suspension. The polished specimens
were etched using aqua regia. Alloy’s microstructure
was analyzed with the use of a Scanning Electron Micro-
scope (JEOL 6510 LV) equipped with both backscatter
electron (BSE) and energy dispersive spectroscopy (EDS)
detector of X-Act type by Oxford Instruments.
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Fig. 1 Graphical representation of Tang'’s et al. [1] pseudo-binary
phase diagram

3 Results and discussion
3.1 Microstructure

Prior to any attempt for the explanation of the received
microstructures and since the work is based on the work
of Tang et al. [1], a graphical representation of their NiAl-Cr
pseudo-binary phase diagram is graphically presented in
Fig. 1.

Figure 2a-e shows the panoramic view of the micro-
structure of the different Ni-Al-Cr alloys produced in
the present effort and Table 1 presents the results of
the EDS point analysis on the various phases formed for
each individual alloy system. Figure 2a-e and Table 2
present the microstructure and EDS point analysis of the
Ni-Al-Cr-Mo alloys, respectively. Figures 3 and 4 present
the XRD patterns of the alloys A (NiAl-25Cr), B (NiAI-33Cr)
D (NiAI-60Cr) and F (AINi-20Cr-6Mo), G (NiAl-28.75-5Mo),
H (NiAl-28Cr-6Mo) respectively. Clearly, a variety of
phases and morphological features can be distinguished
for each case.

3.1.1 AlloyA

According to the equilibrium NiAlI-Cr pseudo-binary
phase diagram [1], alloy A is of hypo-eutectic composi-
tion and as such, primary NiAl phase followed by the for-
mation of eutectic micro-constituent should be observed.
Indeed, as shown in Fig. 2a, the microstructure consists
of primary dendrites with dark spots dispersed and fine
fibrous eutectic phase. Between the light primary and the
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Fig.2 The microstructures of the different systems produced in the
present effort under SEM-EDS examination: a Alloy A (NiAl-25Cr
hypo-eutectic alloy), b Alloy B (NiAl-33Cr eutectic alloy), ¢ Alloy C

eutectic phases a thin dark phase is present and it seems
that the eutectic constituent nucleates on this. EDS analy-
sis of the primary phase (Table 1) revealed that this phase
is enriched in Ni and Al, with a great amount of Cr being
dissolved within. On the contrary, the dark spots into the
primary dendrites are rich in Cr. The dark fibrous phase
of the eutectic micro-constituent as well as the halo like
dark phase around the primary, is Cr rich with a signifi-
cant quantity of Ni (mostly) and Al (less) dissolved. The
presence of two phases, one BCC with lattice parameter
a=2.8832 A that corresponds to Cr and a second BCC(B2)
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(NiAI-45Cr hyper-eutectic alloy), d Alloy D (NiAlI-60Cr hyper-eutec-
tic alloy) and e Alloy E (NiAI-80Cr hyper-eutectic alloy)

with lattice parameter a=2.8888 A that corresponds to
NiAl, is confirmed by the XRD patterns presented on Fig. 4.

3.1.2 Alloy B

Alloy B is of slightly hypo-eutectic composition accord-
ing to Peng et al. [22] calculated liquidus surface pro-
jection of the Al-Cr-Ni system and, as shown in Fig. 2b,
consists of light primary dendrites and fine fibrous
eutectic structure. EDS analysis showed that the primary
phase is rich in Ni, Al with greater amounts (than the
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Fig.3 The microstructures of the different Ni-Al-Cr-Mo systems produced in the present effort under SEM-EDS examination: a, b Alloy F
(AINi-20Cr-6Mo), ¢, d Alloy G (NiAl-28.75-5Mo), e, f Alloy H (NiAl-28Cr-6Mo alloy)

alloy A) of dissolved Cr. The eutectic structure is also fine
with fibrous Cr rich phase and becomes a little coarser
at the end of the solidification (at grain boundaries).
It is obvious in Fig. 1b that the thin dark phase (also
rich in Cr) exists also in this alloy around the primary
NiAl dendrites. As in the case of alloy A the dark Cr rich
spot like phase is present into the primary dendrites.
The XRD pattern, as in the previous case, confirms the
Cr and NiAl phases (Fig. 4).

3.1.3 Alloy C

Alloy C (Fig. 1c) is of composition that corresponds to the
hyper-eutectic side of the pseudo-binary NiAl-Cr equilib-
rium phase diagram. It consists of altering light and dark
phases in the primary dendrites and of eutectic structure
where the Cr rich phase is solidified in a rod like mode
at the center of the eutectic grain, becoming coarser and
lamellar at the grain boundaries. The dark primary phase
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Fig.4 The XRD patterns of the alloys A (NiAl-25Cr), B (NiAl-33Cr)
and D (NiAl-60Cr)

consists also of secondary light and dark altering phases.
The EDS analysis revealed that the primary altering light
and dark phases as well as the secondary ones into the
primary dendrites are rich in Ni, Al (light) and Cr (dark)
(Table 1).

3.1.4 AlloyD

Dark primary dendrites is the main microstructural fea-
ture of this hyper-eutectic alloy shown in Fig. 2d with
light inter-dendritic areas. The primary dendrites are rich
in Cr and the light are rich in Ni, Al. Between these primary
phases, small eutectic grains exist. As in the case of alloy C,
altering light and dark phases into the primary dark phase
are also observed. The XRD pattern confirms also in this
case the Cr and NiAl phases (Fig. 4).

3.1.5 Alloy E

The last NiAl-Cr alloy is also a hyper-eutectic one, with Cr
content up to 80%. This alloy (Fig. 2e) shows a microstruc-
ture where the light primary dendrites are rich in Cr, and
the inter-dendritic small areas are rich in NiAl. The Cr con-
tent into the NiAl constituent is as high as 9%. Dark spots
are dispersed into the primary dendrites and EDS analysis
showed that these dark spots are NiAl (Fig. 3).

3.1.6 AlloyF

The alloy F is of hypo-eutectic composition according to
Peng et al. [22]. The microstructure is shown in Fig. 3a and
b, and consists of primary dark dendrites. A light halo-
like phase around the primary dendrites and finally a
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Fig.5 The XRD patterns of the alloys F (AINi-20Cr-6Mo), G (NiAl-
28.75-5Mo), H (NiAl-28Cr-6Mo)

lamellar eutectic microstructure are identified. EDS anal-
ysis depicted that the dark phase is rich in NiAl and the
light rich in Cr, Mo. Cr and Mo are dissolved in contents
of 6.77% and 0.58%, respectively, into the NiAl phase and
NiAl in content of about 10% into the Cr-Mo rich phase.
The XRD patterns (Fig. 5) revealed the presence of another
phase of orthorhombic structure corresponding to MoNi
intermetallic.

3.1.7 Alloys G, H

For G and H alloys, it is obvious in Fig. 3c, d and in Fig. 3e, f
respectively, that the microstructure is identified as eutec-
tic with very fine lamellas at the center of the grains that
become coarser at the grain boundaries. EDS analysis of
the light and dark phases are shown in Table 2. The pres-
ence of the MoNi intermetallic is also evident in both G
and H alloys.

4 Solidification sequence and remarks
4.1 Ni-Al-Cr alloys
4.1.1 AlloyA

As mentioned previously, Alloy A is of hypo-eutectic com-
position and as such, primary NiAl phase followed by the
formation of eutectic micro-constituent is observed. The
evolution of this microstructure, nevertheless, should
also be approached in terms of important factors such
as undercooling and recalescence and not only on
equilibrium condition considerations. In this effort, the
authors used a fast solidification technique to investi-
gate how undercooling and recalescence affect the final
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microstructure. The big amounts of Cr into B2 (NiAl) phase
(approximately 9%) and respectively of Ni and Al into Cr
rich phase are remarkable. According to Tang et al. [1],
for the composition of Alloy A, the TO-B2 (practically the
maximum temperature necessary for the onset of the B2
(NiAl) phase nucleation in a partitionless way) is much
higher than that of the T0-A2 (Cr phase) corresponding
one. As the primary dendrites grow, heat is released, due
to recalescence, ahead of their front, which alters the
solidification kinetics. The temperature gradient is altered
and conditions where partitionless growth becomes par-
titioning are established. This slower growth mode leads
to the rejection of Cr around the dendrite core forming a
Cr rich layer (dark phase) outside the dendrite bounda-
ries. This Cr rich phase in turns, rejects the NiAl phase and
eutectic solidification conditions are established for the
rest of the liquid phase. High undercooling conditions at
the areas where the formation of the eutectic structure
begins, in conjunction with the cooling rates experienced
upon manufacturing, lead to the formation of fibrous like
eutectic morphologies. As the solidification comes to the
end, recalescence and heat release, in a second instance,
raise the remaining liquid temperature, the solidification
velocity slows down and conditions of more effective dif-
fusion are established, leading to coarser structures.

The Cr content into the primary NiAl dendrites is as high
as roughly 9-10%, which is much higher than the equi-
librium one. These supersaturated (in Cr) NiAl dendrites,
as the alloy is cooled, undergo a spinodal decomposition,
transforming into a more stable condition where fine (with
a size of 1 um or less) Cr rich spot like phases are created.
Tang et al. [1] have predicted and Guo et al. [23] and Ana-
niades et al. [24] have reported similar decomposition
sequences.

4.1.2 AlloyB

The case of alloy B is similar to that of the alloy A. Accord-
ing to the equilibrium diagram, as shown by Tang et al.
[1], Alloy B is of hypo-eutectic composition and as such
a NiAl primary phase takes place. EDS analysis of these
primary dendrites showed enrichment in Ni and Al with
Cr being present in a reasonable amount. The obtained
microstructure shows that the expressed undercooling is
lower than T0-B2 which implies that B2 with an amount
of dissolved Cr is primarily formed. It is worth noticing
that, as Table 1 additionally shows, the primary B2 phase
contains higher amounts of dissolved Cr which is a result
of more intensive solute trapping effect. As in the case
of alloy A, at the end of the dendrite solidification, due
to the partitioning mode, a thin Cr rich phase appears
around the primary dendrites. Upon the formation of the
primary B2 phase, heat is released due to recalescence in

the remaining liquid, temperature is raised upon the T0-B2
value and conditions for eutectic undercooling are estab-
lished leading to the formation and growth of eutectic
constituent. Alterations of the eutectic morphology from
fibrous to coarser configurations, are also evident with the
mechanism of such modification being similar to that pre-
sented in the previous paragraph. As in the Alloy A case,
at low temperatures the supersaturated primary dendrites
decompose and create the dark rich in Cr spots.

4.1.3 Alloy C

Alloy C has a composition that corresponds to the hyper-
eutectic side of the pseudo-binary NiAl-Cr equilibrium
phase diagram [1]. In this case, primary Cr dendrites
should be expected to form. The microstructure, neverthe-
less (Fig. 2¢), is by far more complicated. As Fig. 2c depicts,
large dendritic like morphologies can be observed con-
sisting of alternating B2 and A2 phases and being devel-
oped almost perpendicular to the dendritic primary axis. A
eutectic structure is also evident. Despite the obscurity of
the microstructure, Tang et al. [1] predictions can provide
avital information on this characteristic feature. According
to their work, for this composition, the T0-B2 is still higher
than that of T0-A2 but their difference is significantly
reduced. Both T0-B2 and T0-A2 persist to be lower than
the Te temperature. Based on this observation the most
credible solidification scenario could be as follows: The
undercooling upon the onset of solidification falls below
the T0-A2 point and as such primary A2 phase starts to
form trapping Ni and Al. However, since the T0-B2 and
T0-A2 gap is considerably narrow, local release of heat of
recalescence ahead of the growing A2 phase, establishes
undercooling conditions for the development of B2 phase
that also traps Cr. In such manner, alternating A2-B2 phase
configurations are formed. Similar phenomena have been
observed in various research efforts dealing with regular
and anomalous eutectic solidification [25-31]. Further
recalescence causes temperature increase in the remain-
ing liquid phase and eutectic growth commences. The
eutectic structure follows similar patterns as described in
the previous cases. As Table 1 shows, both the dark and
the light phases are supersaturated. As the temperature
falls they undergo a spinodal decomposition. In the light
phase it appears like spots (as in the A and B alloys) but in
the case of the dark phase it is more intense, the altering
light and dark phases being greater (a size of about 2 um).

4.1.4 AlloyD

The vital importance of the T0-B2 and T0-A2 relation
with the eutectic temperature Te, is depicted in the
case of Alloy D. This system is a hyper-eutectic alloy and
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as such a primary A2 phase and a eutectic constituent
should be expected. However, as Fig. 2d shows, this is
not the case. The microstructure consists of A2 and B2
phases with the eutectic phase being practically van-
ished. The predictions of Tang et al. [1] are also appli-
cable in this case. According to them, T0-B2, T0-A2 and
Te almost coincide. This coincidence brings the system
at maximum confusion upon the onset of solidification.
Undercooling causes a parallel de-coupled growth of the
A2 and B2 phases allowing no time and space for the
development of a eutectic constituent. In the case of this
alloy, the spinodal decomposition can also be observed.
The altering light and dark phases into the primary dark
dendrites, as well as the dark spots into the light primary
phase, are more intensively present.

4.1.5 Alloy E

Similar, as in the previous cases, trends seem to have been
followed for Alloy E, which is also a hyper-eutectic alloy.
T0-A2 and T0-B2, according to Tang et al. [1] coincide and
are far above the Te. As such, during solidification and up
to its completion, even in small undercooling, a parallel
growth of both B2 and A2 phase takes place leading to
the microstructural configuration observed in Fig. 2e with
no trace of eutectic constituent. EDS analysis showed that
the dendrites are rich in Cr and the inter-dendritic area rich
in NiAl. The dark spots observed in the primary dendritic
areas are NiAl spinodaly decomposed of the Cr rich matrix
at lower temperatures.

Prior to the presentation of the Mo containing alloys,
a general remark should be addressed concerning the
microstructures of alloys A-to-G. A closer examination of
the XRD diagrams shows the existence of lower intensity
peaks the nature of which is difficult to be ascertained.
Similar peaks have also been reported in the works of
Sheng et al. [32, 33] where have been identified as o, p or
even Ni;Al phases. In the present effort local segregation of
Cr, as proposed by Sheng et al. [32, 33], may indeed cause
the formation of o and u phases which however cannot
be clearly identified due to the lack of TEM examination.
According to Sheng et al. [32, 33], another potential source
of these lower intensity peaks could be the formation of
Ni;Al lathes when the Ni-Al ratio diverges form the equi-
atomic proportion and in favor of the Ni content. Indeed
the actual alloy compositions (Table 1) do reveal this type
of divergence, however the characteristic morphology of
Ni;Al lathes as clearly presented in the Sheng et al. [32]
cannot be spotted in the present microstructures. It is thus
logical to assume that if Ni;Al is formed it must be at such
restricted amounts that, at least microstructurally, cannot
be distinguished.
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4.2 Ni-Al-Cr-Mo alloys
4.2.1 AlloyF

The microstructure of alloy F as shown in Fig. 3a and b,
consists of primary B2 dendrites as it is depicted by the
EDS analysis shown in Table 2, Cr is dissolved in about
6.7 at.% into the primary B2 phase. A white Cr, Mo rich
phase around the primary NiAl phase and finally a eutec-
tic microstructure are identified. Obviously, NiAl has the
first role in the solidification that takes place at an under-
cooling temperature a little lower than that of T0-B2. The
small quantities of the trapped Cr verify this assumption.
Even though Mo is the element with the higher melting
temperature, it is present in a very small quantity. As the
primary dendrites have been solidified, the liquid gets to
a hyper-eutectic composition and a Cr, Mo rich primary
phase is solidified either around the primary NiAl or inter-
dendritically. This CrMo rich phase is located there where
the eutectic structure nucleates. The recalescence on the
front is high (Mo has a great value of latent heat of fusion)
and creates conditions for eutectic solidification in the rest
of the liquid phase. The eutectic microstructure appears
with fine lamellas. The microstructure is in complete agree-
ment with the calculated liquidus surface projection of the
NiAl-Cr—Mo system proposed by Peng et al. [22] that gives
primary NiAl phase for the given composition. Regarding
the MoNi intermetallic existence, the authors believe that
there are two different paths for its formation. On the first
case as the primary NiAl dendrites solidification is about
to be completed, the excessive Ni (see Table 2) concen-
tration reacts with Mo in a peritectic way and the MoNi
intermetallic is the reaction’s product, as the binary Mo-Ni
phase diagram also depicts [34]. It should be noticed that
the peritectic reaction between Mo and Ni can happen
in Mo-Ni proportions from Mo 97 at.%-Ni 3 at.% up to
about Mo 50 at.%-Ni 50 at.%. The second path for MoNi
formation is during the eutectic solidification: The eutec-
tic phases are supersaturated (CrMo in NiAl and NiAl in
CrMo) as it has been mentioned before, due to fast solidi-
fication conditions. Ni is also in excessive proportion than
the required for NiAl intermetallic formation. Ni and Mo
exist in both phases and react directly to give MoNi inter-
metallic phase.

4.2.2 AlloysGandH

For G and H alloys, as it can be seen in Fig. 3¢, d and Fig. 3e,
f, the microstructure is identified as eutectic with very fine
lamellas at the center of the grain. The solidification takes
place at small undercooling at temperature over the TO
B2, TO A2 in eutectic conditions. As the growth velocity
slows, due to recalescence released heat in front of the
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solid-liquid interface, the lamellar spacing increases and
the fine lamellas become coarser at the end of solidifica-
tion. Similar coarsening has been reported by other works
as well [28, 35, 36]. For the alloys F, G and H, no rod or
fibrous like Cr solidification has been observed. The Mo
addition in the G and H alloys caused a liquidus tempera-
ture raise as it is obvious by the Cr-Mo binary phase dia-
gram [37]. The melting conditions were the same for all the
alloys and the temperature over the melting temperature
that was achieved was the same. As the melting tempera-
ture is raised, the overheating temperature is smaller and
the respective undercooling lower. Similar conditions of
overheating and corresponding undercooling have been
reported by Mei et al. [38] and Yang et al. [39].

As a consequence of the previous observations, the
T0-B2 and TO-A2 temperatures also raise. This temperature
increase in conjunction with the lower achieved under-
cooling, leads to the establishment of a nucleation tem-
perature over T0-B2 and T0-A2 and eutectic solidification is
evident. For both the G and H alloys the MoNi intermetallic
is formed in a manner similar to the second path of the
previous case.

As in the previous systems (no Mo additions), potential
formation of o, p and Ni;Al lathes at small extent can also
be formed, as described in previous paragraphs.

A general comment on the solidification behavior of the
produced alloys in the present effort, is associated with the
influence of the cooling rate experienced upon solidifica-
tion. As Sheng et al. [40-43] correctively mention in their
efforts, rapid cooling can cause to a significant degree of
microstructural alterations when compared to conven-
tional casting conditions. Despite the fact that such type
of comparison did not conducted in the present work, it
is quite reasonable to assume that some of the structural
refinement and primary phase formation and preservation
observed in the microstructures of the produced alloys, are
exactly due to the fast solidification conditions as Sheng
et al. [40-43] also reported.

5 Concluding remarks

o The predictions of Tang et al. [1] concerning the NiAl-Cr
system, seem to be micro-structurally verified, for all
the different alloy compositions, varying from hypo- to
hyper-eutectic elemental ratios.

e TOtemperatures, undercooling and recalescence phe-
nomena are responsible for the primary NiAl phase
establishment, observed in alloys A and B (hypo-eutec-
tic alloys)

e The significance of the TO temperatures is especially
noticed in the case of alloy C which as an hyper-eutec-
tic alloy, does not reveal a sole Cr based primary phase,

but an alteration of A2 and B2 primary phases along
with eutectic micro-constituent

e TheroleTO temperature in restricting the formation of
eutectic morphologies, is revealed in the case of alloys
DandE.

e The Crsubstitution by Mo at the F, G and H alloys causes
T0-B2 and T0O-A2 temperatures to increase. The lower
undercooling conditions as well as the recalescence
and the heat release during the CrMo rich phase solid-
ification, establish conditions of temperature higher
than T0-A2 and TO-B2 and normal eutectic solidification
takes place. This heat release is also responsible for the
lamellar solidification of Cr in the eutectic microstruc-
ture.
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