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Ni-Al-Re phase diagram has been studied and rhenium influence on the structure and
phase equilibriums of Ni-Al-Re system alloys has been investigated. Concentration restric-
tions have been found for optimum compositions having the maximum melting tempera-
ture (about 1665 °C). Such alloys consist of a NiAl metal matrix and y-Re fibers arranged
within the main matrix at a high ordering degree.

Hccnemosana puarpamma cocrosuua Ni-Al-Re, ompegmeneHo BiusiHMe peHUs HA CTPYKTYPY
u ¢asosble paBHoBecua B ciiaBax cucreMmbl Ni-Al-Re. VeramoBiieHBI KOHIIEHTPAIMOHHBIE
[mpefesbl AJd ONTUMAJLHBIX COCTABOB CILIABOB, KOTOPble MMEKT MAKCHUMAJbHYIO TeMIIepaTy-
py maasiaerHus (1665 ‘C). Crpykrypa sTHUX CILIABOB 00pasoBaHa METAJAMYECKOU Marpuleil
NiAl u Bosmoxmamu y-Re, KOoTOphle PAaCIOJOMKEHBI ¢ BBICOKOU CTEIEHBLIO YIIOPALOUYECHUA B

OCHOBHOII MaTpuIie.

High physical and mechanical properties
intrinsic in nickel-aluminum materials make
them rather promising in manufacturing
the heat-loaded parts of gas turbines and a
number of other articles used in modern
engineering. The intermetallic NIiAl com-
pound has a number of advantages impor-
tant for aerospace engineering due to its
high melting point (1640 °C), high electric
conductivity and high resistance to oxida-
tion [1]. Improvement of its mechanical
properties may be achieved by doping,
which affects the level of structure perfec-
tion and morphology of eutectic composi-
tions and allows to develop a number of
composite eutectic alloyed materials with
high mechanical characteristics. However,
increase of ductility and high-temperature
strength of nickel aluminides still remains a
topical problem [2-6]. Ternary Ni-Al-Re al-
loys that form eutectic two-phase B-NiAl+y-Re
systems are of interest, because they make
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it possible to achieve a favorable combina-
tion of strength properties characteristic
both for intermetallic NiAl compound and
rhenium [1]. The Ni-Al-Re system was stud-
ied in part before. The phase equilibrium
states in the rhenium content range from
0.1 to 33 at.% were studied and the
liquidus surface of the Ni-Al-Re system
phase diagram was built in the plane of the
concentration triangle. It has been shown
that introduction of rhenium into nickel
super-alloys allows to provide increased
ductility and high-temperature creep resis-
tance.

The area under consideration is peculiar
for its rather wide range of (-NiAl homoge-
neity, which allows to vary the Ni-Al concen-
tration ratio without any change in phase
composition of the alloys. In this connec-
tion, the purpose of this work aimed at de-
termination of the region where two-phase
(B-NiAl+y-Re) alloys do exist at crystal-
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Fig. 1. Diffraction pattern of the 43 at.%
Ni-48 at.% Al-14 at.% Re alloy.

lization, and at finding location of the
quasi-binary sectional view within the said
region, seems to be quite topical. Besides,
the precise location of the said region at the
state diagram was not found by far.

The Ni-Al-Re alloys were studied using
the differential thermal analysis and metal-
lographic examination. 99.999% pure alu-
minum, at least 99.9% pure nickel and
99.85% pure powdered rhenium were used
as starting materials. The alloys were pre-
pared in the arc furnace with a tungsten
nonconsumable electrode placed at a brass
water-cooled bottom, in the atmosphere of
purified argon. The differential thermal
analysis was carried out in corundum Al,O3
crucibles using a VDTA-3 thermal analyzer
with symmetrical arrangement of thermo-
couples. Such construction allowed to re-
ceive high-quality thermograms at heating
up to 2500 °C. The heating and cooling rate
was 60 K/min. The X-ray phase analysis
was done in Cu K, emission using a DRON
2.0 diffractometer. The structures of alloys
were studied by optical and electronic spec-
troscopy using Nejphot-32 and JSXA-733
microscopes.

The chemical composition of phases was
determined using the electron probe X-ray
analysis. The metallographic examination of
the alloys falling in the equiatomic NiAl-Re
section of the ternary fusibility curve of
Ni-Al-Re system has shown that the alloy
structure successively changes with Re con-
tent increase from a typical solid solution
to a pre-eutectic-eutectic and eutectic strue-
ture. The metallographic examination has
shown that metal matrix in the eutectic
state is a solid NiAl solution containing
0.2 at.% of rhenium, where rhenium pro-
vides eutectic crystallization and forms a
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Fig. 2. Temperature and concentration pa-
rameters of L<196>p+y eutectic equilibrium
in Ni-Al-Re system: 1 — temperature began of
melting monovariant eutectic L"b-NiAl+g-Re;
2 — temperature of the ending melting
monovariant eutectic L"b-NiAl+g-Re

matrix with about 0.2 at.% of NiAl dis-
solved therein. These results were con-
firmed by X-ray phase analysis of alloys with
equiatomic Ni/Al ratio and Re content exceed-
ing 14 at.%. Fig. 1 shows a diffraction pat-
tern for 43 at.% Ni — 43 at.% Al — 14 at.%
Re alloy. The lattice parameter of the NiAl
lattice having a ScCl type structure is a =
0.2880+0.003 nm. Parameters of the rhe-
nium lattice having a hexagonal close-
packed structure of Mg type, are
a = 0.27609 nm and ¢ = 0.4458 nm, thus
coincident, within the error limits, with lit-
erature data for pure rhenium [10]. This
evidences the rather low Ni and Al solubility
in Re, which does not exceed 0.2 at.%.
The eutectic region of the alloy increases
with Re concentration. At Re content of
2 at.% first crystals of refractory rhenium
v-phase appear. Here, rings created by NiAl
may be seen around the y-phase grains. Ex-
istence of such rings is typical of eutectics
of faceted-nonfaceted class. According to
DTA data, eutectics in all the alloys of
NiAl-Re section are melted at the constant
temperature 1665 °C. Fig. 2 can be inter-
preted as an evidence of the quasi-binary
character of this NiAl-Re section. As it fol-
lows from this Fig. 3, the melting point is
maximum at the Ni/Al concentration ratio
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Fig. 3. Quasi-binary NiAl-Re section of the
phase diagram of Ni-Al-Re system: 1, starting
melting temperature of the monovariant eu-
tectic L — (B-NiAl + v-Re); 2, end melting
temperature of the monovariant eutectic L —
B-NiAl + y-Re.

equal to 1. The relevant NiAl-Re section is
shown in Fig. 3.

Results of metallographic examination
allow to discern the range of alloy composi-
tions (2-2.5 at.% Re) where the eutectic
should exist. The eutectic structure of
(NiAl+Re) alloys may be classified as an
anomalous. The detailed morphology study
of the eutectic colony using the scanning
electron microscope allowed to find out that
it has a fibrous structure. Further studies
of the alloy microstructure at various val-
ues of Re/Al ratio allowed to determine the
width (from 46 at.% to 53 at.% of NiAl) of
the two-phase equilibrium region between
the solid solution formed by Intel-metallic
NiAl compound (B-phase) and Re (y-phase),
as well as to construct a fragment of projec-
tion of the monovariant eutectic NiAl-Re on
the concentration triangular of a ternary
system (Fig. 4). It should be noted that any
deviation from Ni/Al = 1 towards any side
results in decrease of the eutectic equilib-
rium temperature and is accompanied by an
extension of its melting range.

Thus, near the area of intermetallic NiAl
compound, there exists a binary monovari-
ant eutectic formed by nickel aluminide (jB-
phase) and Re (y-phase). The starting melt-
ing temperature point of the monovariant

514

60 s

L= B+(Re)

< =
S
L
p+Repy S —=
40 1 1 T - -
0 4 8 12 16 20
Ni Re, % (at.%) —=

Fig. 4. A fragment of projection of the mono-
variant eutectic NiAl-Re on the concentration
triangle for ternary NiAl-Re system: 1, loca-
tion of the quasi-binary section; 2, monovari-
ant eutectic transformation line.

(NiAl+Re) eutectic has a maximum at
Ni/Al = 1. The zero eutectic melting range
corresponds to Re content about 2%, i.e.,
the saddle point at the quasi-binary NiAl-Re
section corresponds to the following compo-
sition: 99 at.% Ni, 99 at.% Al, 2 at.% Re.

In this work, the indention of a rigid
Vickers indenter has been used to measure
the microhardness and characterize the me-
chanical properties. Such indenter allows to
determine mechanical properties of brittle
materials, including especially hard and su-
perhard ones, in a wide range of loadings.
At mierohardness measurements, the intro-
duction of the indenter into a flat sample
surface has viscoelastic character. Using
the local loading method (MLL), the micro-
hardness of cast alloys NiAl-Re was studied.
In the method, an indentor shaped as a tet-
rahedral pyramid with the dihedral angle
20 = 136° is pressed into the sample. Exposure
time ¢ = 20 sec. Loading made P, = 100 cN.
The loading rate v = 20 ¢N/sec. The maximal
depth of indention 2 = 25 pm. The data ob-
tained are presented in the Table 1.

The Young modulus was calculated using
the ratio

E = Ll

he
0.13N*
P

where H is hardness determined on size of a
diagonal d of the indenter trace; 4, hp,
traces of the elastic and plastic indenters,
respectively; N parameter varying from
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Table 1. Main mechanical properties of Ni-Al-Rel alloys

Alloy H, GPa E,GPa |A;,, 10°% Dgl4,, 10°% Dg|a , 1076, Dg CFL
Nig, Algg 3.12 212 2.05 0.68 1.37 25
NiAIRe, , 4.01 353 1.89 0.75 1.18 30
NiAIRe, 4.83 226 2.41 0.98 1.43 35
NiAIRe; 5.40 270 2.18 1.04 1.14 35

0.74 for fully plastic deformation up to 1.0
for only elastic indentor.

With the computerized test machine
"CERAMTEST", equipped with automatic
registration of experimental data, the me-
chanical tests on four-point flexure were
carried out on the NiAl-Re system alloys.
The values of the elasticity module and fail-
ure stress are given in the Table 2.

The mechanical tests of NiAl-Re system
samples under compression were carried out
using an U2-10-5212 universal test machine
(NIKIMP, Moscow). Yield stresses o 5, fail-

ure stresses, and plastic strains are given in
Table 3. The alloys of the nearly eutectic
structure, with 2.5-8.0 ar. % rhenium con-
tents, show the highest values of plastic
strain (3.9 to 6.1%).

To conclude, the part of plastic strain
8, in the overall elastic-plastic strain under
indenter characterizes ability of a material
to change its form during deformation. Bas-
ing on the researches carried out, it is pos-
sible to note influence of the doping ele-

ment on the plasticity parameter of §, in

Ni-Al-Re system. From Table 1, it is seen
that the doping changes the Young modulus
and microhardness. This change has a com-
plex character and is defined by the type of
atomic interaction and strength of atomic
bonding. Generally, the doping in solid so-
lution results in a decrease of various metal
plasticity characteristics, as is seen from
the reduction of the plasticity parameter §,,.

Table 2. Measurement of NiAl-Re alloy me-
chanical properties at four-point flexure

Alloy | Linear dimensions E, o,
(BCC) |of cast samples, mm| MPa MPa
a b
NiAIRe, ,| 3.21 5.85 131 60
NiAIRe, ;| 2.86 5.29 151 56.5
NiAIRe, ;| 3.24 5.48 148 102
NiAIRe; 5| 3.17 5.41 157 80

As the solubility limit is attained and the
compound phase changes, there is a sharp
change of microhardness Hy. The same is
true for the Young modulus. Therefore, the
plasticity characteristic §, is a sensitive in-

dicator to chemical and phase state of the
alloys and thus can be used in physico-
chemical analysis for phase diagrams con-
struction. It was found that polythermal
NiAl-Re section of the ternary system is
quasi-binary. Any deviation of compositions
of the monovariant eutectic alloys from this
section results in decrease of the eutectic
equilibrium temperature. The existence re-
gion of the two-phase alloys (B-NiAl + y-Re)
has been found for crystallization of the
ternary Ni-Al-Re system.
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CTpyKTypa i MexaHMYHi BJIACTHBOCTI €éBTEKTHYHHMX
craBiB NiAl 3 perniem

M.I0.Bapabaw, E.JI. Mapmunuyk

Hocaimxeno giarpamy crany cucrtemu Ni-Al-Re Ta BCTaHOBIEHO BILIMB PEHiO HA CTPYK-
Typy 1 dasosi piBHoBaru y cmiaasax cucremu Ni-Al-Re. Beranosieno koumenTparniiini oGme-
JKeHHS IJA ONTUMAJNbHUX CKJALIB CIIaBiB, AKi MalTh MAKCHMAJIbHY TEMIEPATYDPY ILIABJIEH-
Ha (1665 °C). Crpykrypy nux ciiasiB yrBopeHo meraaiunow marpunerno NiAl i Bomoxmamu
v-Re, 110 posramroBani 8 BUCOKMM CTyIleHeM YIOPSIKYBAHHS B OCHOBHiM marpwuii.
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