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Abstract

Using the graph method the analysis of the phase equilibria in 35 quaternary systems, 21 quinary systems, seven six-component
systems and the seven-component system Ni—V—Nb-Ta—Cr—Mo-W have been realised at 1375 K. The phase equilibria of the quaternary
systems have been experimentally established. On the basis of the results obtained the phase equilibria in the Ni-V—-Nb—Ta—Cr—-Mo-W
system at 1375 K have been determined. O 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

The phase diagrams are the basis of many investigations
in solid state chemistry and material science. Advanced
materials, as arule, have many phases and consist of many
components. Therefore, for the investigation of processes,
that take place during the creation and use of these
materials, it is necessary to have information about the
multi-component phase diagrams. However, when adding
only one component, the experimental work significantly
increases. The experimental investigation of any muilti-
component system is a very labour-consuming task. One of
the methods that allow the establishment of a prognosticat-
ing scheme of the phase equilibria and to optimise the
experiments, is the graph method [1-3].

The analysis of the information about the binary systems
of nickel and transition metals of the V group shows, that
five intermetallic compounds present on the phase dia
grams at 1375 K. In the Ni-V system the o-phase (FeCr-
type) forms. There are two phases: a-phase Ni;Nb (Cu,Ti-
type) and p-phase NiNb (Fe,Wg-phase) in the Ni—Nb
system. In the Ni—Ta system four intermetallic compounds
exist: a-phase Ni;Ta (Cu,Ti-type), Ni,Ta (MoSi,-type),
p-phase NiTa (Fe,W,-type) and NiTa, (CuAl,-type).

In the binary systems of nickel and transition metals of

*Corresponding author.
E-mail address. slusarenko@laincom.chem.msu.ru (E.M. Slyusarenko).

the VI-group at 1375 K only one intermetallic compound
d-NiMo (own structure type) forms at 1375 K.

In the binary systems of the refractory metals [4—20]
three Laves +y,-phases (MgCu,-type) V,Ta, Cr,Nb and
Cr,Ta exist at 1375 K. In the Cr-W system at 1375 K
there is stratification of the bcc solid solution.

In the ternary systems V—Nb—Mo, V-Nb-W, Nb-Ta—
Mo, Nb-Ta-W, V-Cr-Mo, V-Mo-W, Nb—-Mo-W and
Ta—Mo-W at 1375 K the continuous sequence of the bcc
solid solutions exists [3,21-25]. The isothermal cross-
sections of the phase diagrams of these systems and their
graphs are given in Fig. 1.

In the V-Nb-Ta, V-Ta—Mo and V-Ta-W systems at
1375 K one two-phase equilibrium y,—p exists at 1375 K
[26-28]. In the systemsV—Nb—Cr, V—Ta—Cr and Nb—Ta-—
Cr there are regions of the y,+B, and y,+B, equilibria
(Fig. 1) [29-31]. The B-phase also stratifies in the systems
V—-Cr-W and Mo—Cr-W (Fig. 1) [32-36].

In the systems Nb—Cr—Mo, Ta—Cr—Mo, Nb—Cr-W and
Ta—Cr—W the three-phase equilibrium v, +3,+B, is real-
ised (Fig. 1) [37-43].

The data on the phase equilibria of the ternary systems
on the basis of nickel and transition metals of the V-VI
groups are given in Table 1. The isothermal cross-sections
of these systems and their graphs are shown in Fig. 1.

The single investigated quaternary system among 35
guaternary systems of nickel and refractory metals of the
V-VI groups is the Ni-V—-Cr—Mo system. In this system
the ternary o-phase of the Ni—-Cr—Mo system and the
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Fig. 1. Isothermal cross-sections of the phase diagrams on the basis of nickel and transition metals of the V-VI groups and their graphs.
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Table 1
Phase equilibria of the ternary systems of nickel and transition metals of the V-VI groups
No. System Phase Phase equilibria Ref.
1 Ni-V-Nb a, B, 7, k. v, -ternary a—=y—N;, Y=0—N\;, a—p—Ay, B—p—\,, B—0—\,, [44—47]
Laves phase
(MgZn,-type)
2 Ni—V-Ta o, By, oy, a—y—0, a—0—\, a—p—N,, a—p—TaNi,, B—p-Ta,Ni, [48,49]
Ta,Ni, TaNi, BOV)=A, =, B(TA-N,~N, B(V)—0-X,, B(TA—p-\,
3 Ni—Ta—Nb o, By, w0, 9,0y, B—Ta,Ni—w; p—TaNi,—a [49]
Ta,Ni, TaNi,
4 Ni—Cr—Mo B, v, o, d B—y-o, y—P-0, B—P-0, B—P-3, y—3—P [50-61]
P - ternary phase
5 Ni—Cr-wW B, v, o-ternary phase o—=Y—B1, 0=y—B,, c—B,—B, [60-69]
6 Ni-Mo-W B, v, 3, B—y—d [70,71]
7 Ni-V—Cr B, v, o, B—y—o [72-78]
8 Ni-V-Mo B, v, o, 3, B—y—o, B—y-d [44,79,80]
9 Ni—V-W B, v, o, B—y—o [44,49]
10 Ni—Nb-Cr o By Yy B Yo Y2 Y1—Bi—ot Aj—p—o, Ny—Bo—p, A=A, —B,, [48,81,82]
AN =Bo a—y—B,
11 Ni—-Nb-Mo o B,y by O a—B—p, a—B-d, a—y-3d [83-85]
12 Ni—Nb-W o B,y 1 B—a—y, B—a—w [85,86]
13 Ni—Ta—Cr o By, Y, a—B—y; a—P-\; a—Ni,Ta—\,; p—\,—Ni,Tg; [87-89]
TazNi' TaNiz H_xl_NiTaz; B_"h_NiTaz; N=Ao—B1 AN =B,
14 Ni-Ta—Mo o, B, v, 1 O, a—y—d; a—-9; a—B—-Ni,Ta; p—u—Ni,Ta [84,90,91]
Ta,Ni, TaNi, B—u—NiTa,
15 Ni-Ta—W o, B, v, W, B—NiTa,—w, B—p—Ni,Ta, B-Ni,Ta—a, B—a—y [91,92]
Ta,Ni, TaNi,

binary o-phase of the Ni-V system forms mutually con-
tinuous sequence of solid solutions. Using the graph
method the present authors have prognosticated and then
experimentally confirmed the existence of two four-phase
equilibria (c—P—B—y and &—P—B—y) in this system.
Besides, the ternary equilibrium o—B—y of the Ni-Cr—Mo
and Ni—-V-Cr systems forms a continuous region in the
guaternary Ni-V—Cr—Mo system.

In the present paper the phase equilibria in the Ni—V—
Nb—Ta—Cr—Mo-W system at 1375 K have been estab-
lished.

2. Experimental details

In the present experiments we used electrolytic nickel
and chromium, vacuum-melted molybdenum and tungsten
and induction-melted vanadium, niobium and tantalum.

The alloys were melted in an arc furnace with an argon
atmosphere using a non-consumable tungsten electrode.
The ingots were induction remelted five times in suspen-
sion and homogenised in vacuum for 650 h at the
temperature of investigation. The alloy compositions and
the homogeneity were checked by microprobe analysis
(Table 2).

The diffusion couples were obtained by diffusion weld-
ing of mono-, two- and three-phase aloys with mono-,
two-phase aloys and metals for 20 min at 1200 K under
pressure of 20 MPa. Obtained couples were thermal treated
for 75 h at 1375 K.

The structure and the concentration distribution of the
elements in the phases of the equilibrium alloys and the
diffusion zones were investigated by scanning electron
microscopy, microprobe analysis techniques with a
CAMEBAX-microBEAM instrument and by X-ray analy-
sis. The thermal treatment was carried out in a resistance
furnace in silica capsules under an argon atmosphere. The
temperature was controlled within =5 K.

DTA-anaysis was provided on a VDTA-8M2 (OKTB
IMF AN UKSSR) under high purity helium (p=2100 kPa)
at the heating velocity 80 K min~". Precision of the
method is =5 K.

3. Results and discussion

There are two reasons for choosing 1375 K as the
temperature of the investigation. Firstly, the temperature of
the formation of the liquid phase has been established
using DTA-anaysis. The lowest temperature in the Ni—-V—
Nb-Cr system is 1393 K. Secondly, many ternary systems
were investigated at the temperature near 1375 K. In this
case the identification of the phases is significantly sim-
plified because in these systems the solubility of the
elements in the phases practically does not change.

Thirty five quaternary systems on the basis of nickel and
metals of the VB, VIB groups can be separated on two
groups: (1) the systems, which consist only from transi-
tional metals of the V, VI groups and (2) the systems,
which include nickel.
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Table 2

Global composition of the aloys
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System Concentration of the elements, at.%

Ni—-V-Nb-Ta Ni \% Nb Ta
1 51.2 29.8 8.6 10.4
Ni—V—Nb-Cr Ni \Y Nb Cr

2 151 21.4 42.0 215
3 46.0 214 8.8 238
Ni-V—-Nb-Mo Ni \Y, Nb Mo
4 53.3 12.1 16.6 18.0
5 35.2 119 44.0 8.9
6 24.4 424 10.1 231
7 10.2 251 16.4 483
Ni—V-Nb-W Ni \Y Nb w

8 40.2 113 20.1 284
9 35.1 26.0 34.6 10.3
10 4.4 139 29.2 125
Ni-V-Ta—Cr Ni \ Ta Cr

11 60.3 10.1 11.2 18.4
12 32.8 40.1 154 117
13 55.3 8.6 29.0 7.1
14 12.7 15.1 55.4 16..8
Ni-V-Ta-Mo Ni \ Ta Mo
15 219 7.7 10.3 60.1
16 174 16.1 40.2 26.3
17 14.6 15.1 421 28.2
18 36.6 447 6.9 118
19 419 85 325 171
Ni—-V-Ta-W Ni \% Ta W

20 29.9 16.8 51.1 22
21 45.4 30.5 10.2 134
22 411 18.2 36.7 4.0
23 50.3 8.4 322 9.1
Ni—Nb-Ta-Cr Ni Nb Ta Cr
24 49.2 18.2 24.1 85
25 10.0 39.0 16.3 34.7
Ni-Nb-Ta-Mo Ni Nb Ta Mo
26 55.3 16.4 20.9 7.4
Ni—Nb-Ta-W Ni Nb Ta w

27 51.1 22,6 17.7 8.6
Ni—Nb—-Cr-Mo Ni Nb Cr Mo
28 21.4 345 18.2 259
29 233 17.0 20.1 39.6
30 61.4 15.7 8.6 14.3
31 52.1 19.4 115 17.0
32 54.9 83 24.2 12.6
33 61.2 10.7 255 2.6
Ni—Nb-Cr-W Ni Nb Cr W
34 20.9 16.9 31.2 31
Ni—Nb—Mo-W Ni Nb Mo w
35 54.1 5.9 31.0 9.0
Ni—-Ta-Cr—Mo Ni Ta Cr Mo
36 49.9 36.1 4.4 9.6
37 254 34.2 22.7 17.7
38 11.2 51.4 8.2 29.2
39 355 7.8 12.2 44.5
40 55.4 4.7 254 145
41 35.0 113 233 30.4
12 57.9 12.0 111 19.0
43 15.2 25.4 29.6 29.8
Ni—-Ta—Cr-W Ni Ta Cr w
14 30.2 255 20.0 24.3
45 20.4 41.2 153 231
46 50.3 12.0 254 12.3
Ni—-Cr—-Mo-W Ni Cr Mo W
47 41.1 22.0 31.4 55
48 16.6 224 26.7 343

3.1. Prognosis of the phase equilibria of the quaternary
systems of the metals of the VB and VIB groups

All ternary systems (supposedly also quaternary sys
tems) of refractory metals contain only two phases; the
bee-solid solution (B-phase), which consist of the metals of
VB and VIB groups, and Laves \,-phase, which exists in
the V-Ta, Cr—Nb and Cr—Ta systems. It follows, in the
multi-component systems of the refractory metals only
two-phase equilibria can exist. The Nb—Cr—Mo, Nb-Cr—
W, Ta-Cr—-Mo and Ta—Cr-W systems are exceptions,
because they contain the three-phase equilibria N,+3,+
B,. In spite of the existence of only two phases in this
system three-phase equilibria are present because of the
stratification of the B-solid solution. At addition of the
fourth component these regions form the three-phase field
in the quaternary systems (in the Nb—Ta—Cr—W systems)
or degenerate to the region of the two-phase equilibrium
(in the rest of the systems). The review of the quaternary
systems of the metas of the VB and VIB groups is given
in Table 3.

3.2 Prognosis of the phase equilibria of the quaternary
systems of nickel and metals of the VB and VIB groups

In the systems on the basis of nickel and transition
metals there are many intermetallic compounds. Schemes
of al isothermal cross-sections of the ternary systems and
their graphs are given in Fig 1. Analysing the total graph
received by summarising the graphs of the ternary systems,
it is possible to make the polyhedration of the isothermal
cross-sections of the quaternary phase diagrams.

3.3. The Ni-V—Nb-Ta system

The scheme of phase equilibria of the Ni-V—Nb-Ta
system at 1375 K was investigated by means of the graph
method. The total graph of this system is given in Fig. 2a.
After separation of five recombined three-phase equilibria
(a—p—Ni,Ta, B—p—NiTa,, B—o—N;, B-N—\,, B—p—A,
and a—p—\,) from the total graph only one graph of the
four-phase equilibrium a—y—o—\,(Fig. 2b) remains. Fur-
ther we will name such the remaining graphs as the
remaining graph of the zero rank. If the remaining graphs
consist of six phases we have the remaining graph of the
first rank and so on. There are no other variants of the
decomposition of this system.

The attempt to prepare the four-phase aloy were
unsuccessful. The investigation of the aloy 1 (Table 2) of
this system has shown that the phases vy, o and \; (Table
4) form a three-phase equilibrium y—o—A,,which takes
part in the formation of the four-phase equilibrium o+vy+
A\ to.
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Table 3

The equilibria in the quaternary systems of the metals of the VB and VIB groups

Systems

V-Nb-Mo-W, Nb-Ta—Mo-W
V-Nb-Ta—Cr,V-Nb-Ta—Mo,V-Nb-Ta-W,
V-Ta-Cr-Mo, V-Ta-Mo-W

V-Cr—Mo-W

V-Nb-Cr-W, V-Ta—Cr-W, V-Nb-Cr-Mo,
Nb-Ta—Cr—-Mo,

Nb—-Cr—Mo-W

Phases Phase equilibrium

)\2' B )\2_8
Region of the stratification of B-phase

N, B Degeneration of the three-phase
equilibrium X ,—f,—B,, to the two-phase
equilibrium \,—B

N, B Region of the three-phase equilibria

N,—B,—B,, crossing from the Nb—Cr-W
system to the Ta—Cr—W system

34. The Ni-V—Nb—Cr system

The scheme of phase equilibria of the Ni—V—Nb—Cr
system at 1375 K was investigated by means of the graph
method. After separation from the total graph (Fig 38 of
three recombined three-phase equilibria (a—p—y,, B—p—\,
and B—\,—\,) we have the remaining graph of the first
rank (Fig. 3c). The experimental investigations are neces-
sary for decomposition of the remaining graph.

The decomposition of the remaining graph has been
fulfilled by means of equilibrium alloys. The phase com-
position of the aloy 2 (Table 5) leads to inclusion about
the existence of the three-phase equilibrium B—y—\,,
which is inside the four-component phase diagram and has
no field in the ternary isothermal cross-sections. We will
use the word ‘unprojected’ label in this text for the
designation of such n-phase equilibria in the n+1 com-
ponent system, which have no fields (projections) on the
n-component isothermal cross-sections.

The remaining graph can be decomposed on two graphs

Table 4
Phase composition and concentration of elements in the phases of the
equilibrium aloys in the Ni-V—Nb-Ta system at 1375 K

AlloyNo. C,,a% C,, a% Cg, a.% Cra @.% Phase

1 59.0 35.7 22 31 Y
48.3 46.6 34 21 o
51.0 25.7 11.0 12.3 N,

of the four-phase equilibria a—p—y—\,and o—B—y—\;
(Fig. 3d—f) by adding the three-phase equilibrium B—y—\;
which is inside the four-component phase diagram and has
no field in the ternary isothermal cross-sections. The phase
composition of the alloy 3 corresponds to the existence of
the four-phase equilibrium B—y—\, in this system.

3.5. The Ni-V—Nb—Mo system

The scheme of phase equilibria of the Ni-V—Nb-Mo
system at 1375 K was investigated by means of the graph
method (Fig. 4).

There are no recombined three-phase equilibria in the
total graph of the Ni-V—-Nb—Mo system. In this case the
total graph is aremaining graph of the third rank (Fig. 5a).
The investigation of the four alloys (4—7) of the Ni—V—
Nb—Mo system (Table 6) was realized. The composition
of the aloy 4 points to the existence four-phase equilib-
rium between a—B—y—\, phases. The tetrahedron of this
four-phase equilibrium is central in common block of the
four-phase equilibria. 1t consists of one well known
equilibrium (a—y—\,) and three unprojected three-phase
equilibria (a—B—y, B—y—\;, a—f—\,). These unprojected
three-phase equilibria are common sides with three other
four-phase equilibria of the Ni-V—-Nb—Mo system. In this
case the remaining graph can be divided on four following
graphs: a—3—-8—y, a—B—p—\;, a—B—y—\,and c—B—y—\,
(Fig. 5f). Alloys 5-7 do not give new information for
decomposition of the remaining graph.

Fig. 2. Total graph (8 of the Ni-V—Nb—Ta system, six recombined three-phase equilibria (b) and remaining graph of the zero rank (c) — four-phase

equilibrium a+vy+\+o.
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Fig. 3. The total graph (a) of the Ni-vV—Nb—Cr system, recombined three-phase equilibria (b), the remaining graph of the first rank (c), its decomposition
on the four-phase equilibria (d,e) and the graph of four-phase equilibria Ni-V—Nb—Cr system (f).

3.6. The Ni-V-Nb-W system

The scheme of phase equilibria of the Ni—V—Nb-W
system at 1375 K was investigated by means of the graph
method. There are no recombined three-phase equilibriain
this system. In this case the total graph is a remaining
graph of the second rank (Fig. 5a).

The decomposition of the remaining graph by means of
alloys 8-10 has been redlized. The results of the in-
vestigation of the alloys 8-10 are given in Table 7. The
four-phase equilibrium a—pB—p—\; forming in the alloy 9
contains two unprojected three-phase equilibria («—B—\;
and B—y—\,). These three-phase equilibria is realized in
the alloys 8 and 10 also. It shows that three four-phase
equilibria take place (Fig. 5b—d). The central equilibrium
(a—B—y—N\,) has the common sides with the a—B—p—\;
equilibrium — (a—B—\,) and with the o—B—y—\, equilib-
rium — (B—y—\,).

3.7. The Ni-V-Ta—-Cr system

The scheme of the phase equilibria of the Ni-V—-Ta—Cr
system at 1375 K was investigated by means of the graph
method. There are two of the same recombined three-phase
equilibria N;—\,—B, and \;—\,—B, in the total graph of
the Ni-V-Ta—Cr system (Fig. 6b and c). After separation
these three-phase equilibria graph decompose in the three
remaining graphs. two remaining graphs of the zero rank
(Fig. 6d and € and one remaining graph the first rank.
(Fig. 6f). The last graph may decompose only by the
experimental investigations.

The results of the investigation of the alloys 11-14 are
given in Table 8. The decomposition of the remaining
graph of the first rank by means of aloy 11 has been
realized. The aloy 11 contains the o, B and o-phases.
There is no equilibrium (a—B—o) in ternary systems that is
unprojected equilibrium. Thus, the remaining graph of the

Table 5

Phase composition and concentration of the elements in the phases of equilibrium alloys for the Ni-V—Nb—Cr system at 1375 K

Alloy No. Cyi» a.% C,, a.% Cypy &% C.,, a.% Phase

2 6.5 255 50.0 18.0 B
55.5 12.8 13.9 17.8 Y
333 25.1 30.2 11.4 N\,

3 9.8 34.7 0.7 54.8 B
70.5 16.6 4.0 8.9 Y
32.0 34.1 4.8 29.1 Iy
29.8 315 311 7.6 A

e
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Fig. 4. The total (remaining graph of the third rank) graph three-phase equilibria (8) of the Ni-V—Nb—Mo system, its experimental decomposition on the
four-phase equilibria (b—€) and the graph of the four-phase equilibria of the Ni-V—-Nb—Mo system (f).

first rank can be decomposed on two four-phase equilibria:
a—B—y—o and a—B—o-\, (Fig. 6g and h). The three-
phase equilibrium a—B—o is their common side. The
existence of the equilibrium a—u—\;—Ni,Ta has been
confirmed by the phase composition of the aloy 13 (Table
8).

Thus, there are four four-phase equilibriain this system:

a—p—y—o, a—p—-o-\;, a—p—\,;—Ni,Ta and B—p—\;—
NiTa, (Fig. 6i).

3.8. The Ni-V-Ta—Mo system

The scheme of phase equilibria of the Ni-V-Ta—Mo
system at 1375 K was investigated by means of the graph

Fig. 5. The tota (remaining graph of the second rank) graph (a) of the Ni-V—Nb-W system, its experimental decomposition on the four-phase equilibria

(b—d) and the graph of the four-phase equilibria Ni-V—-Nb-W system (g).
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Table 6

Phase composition and concentration of the elements in the phases of the equilibrium aloys for the Ni-V-Nb—Mo system at 1375 K

Alloy No. Cyi» @.% C,, a.% Cyp a.% Cyo» a.% Phase

4 76.1 19 21.0 10 a
73.6 16.4 42 58 Y

1.8 12.3 133 72.6 B

49.0 9.6 237 17.7 N

5 4.8 10.6 38.5 46.1 B
33.2 135 50.0 33 "
40.7 14.2 38.1 7.0 A

6 3.8 48.8 54 42.0 B
33.2 488 7.0 11.0 Iy
385 349 18.1 85 \

7 4.4 26.4 121 57.1 b
4.1 20.4 22.8 12.7 n

method received after exclusion of the recombined equilib-
ria (B—w—NiTa, and B—\,;—\,) from the total graph (Fig.
78) The decomposition of the remaining graph can be
carried out only experimentally.

Five aloys were melted and in this system (Table 2).
Besides, two diffusion couples were obtained: (1) the
three-phase («+p+8) aloy with gross composition
Ni,Ta,Mo,, + vanadium, (2) the two-phase (a+v)
aloy with gross composition NigTa,; + the mono-phase
(B) dloy with gross composition V,,Mo,,. The phase
composition and concentration of the elements in the
phases of the aloys are given in Table 9. The unprojected
three-phase equilibria (a—B—o and a—B—y) have been
established by the consequence of the phase layers in the
diffusion couple 1 and in the diffusion couple 2.

| a+B+38 Tfmﬁ | o+p ||3 | (1)

aty | By [ B ] )

It proves the existence of two four-phase equilibria a—3—
vy—o and a—B—y-3 (Fig. 7d and €). The phase composition
of the alloys 15-18 does not give new information for us.
Four-phase equilibrium a—B—p—Ni,Ta (alloy 19) contains
the unprojected equilibrium a—B—p. It indicates the exist-

ence of the block of four-phase equilibria consisting of five
phases. a—B—pn—y and o. There is such a block in the
Ni-V-Ta-W system and consists of two four-phase
equilibriac. a—B—\;—o and a—B—\;—w. The first equilib-
rium exists in the Ni-V-Ta-Cr system and the last
equilibrium exists in the Ni—-V—-Nb—Mo, Ni—V-Nb-W,
Ni—Nb—Cr—Mo and Ni—Nb—Cr—W systems. It has aroused
speculation that the unprojected three-phase equilibrium
a—f—\, existsin the Ni-V-Ta-W system. Thus, the chain
from five four-phase equilibria is realised in the system by
adding four three-phase equilibriac a—B—p., a—B—y, a—B—
o and a—f—\, as shown in Fig. 7i.

3.9. The Ni-V-Ta-W system

The scheme of phase equilibria of the Ni—-V-Ta—W
system at 1375 K was investigated by means of the graph
method. At comparing the total graph of this system (Fig.
8a) and the total graph of the Ni-V-Ta—Mo system (Fig
78) it is obvious that they are almost similar to each other.
The recombined three-phase equilibria are similar: B—u—
NiTa, and B—\;—\, (Fig. 8b). Only the 3-phase is absent
on the graph of the Ni-W-Ta—W system, therefore the
four-phase equilibrium including this phase is not realised.
As results we have the remaining graph of the third rank

Table 7
Phase composition and concentration of the elements in the phases of the equilibrium alloys for the Ni-V—-Nb-W system at 1375 K
Alloy No. Cyi» @.% C,, a.% Cypr a@.% Cy, @.% Phase
8 735 54 20.9 0.2 a
7.7 14.6 51 725 B
51.5 20.3 255 25 N\,
9 2.7 54 219 0.2 a
29 125 12.6 72.1 B
329 22.9 38.3 59 n
51.8 195 26.2 27 N,
10 124 114 27.2 49.1 B
66.3 15.2 6.6 119 Y
475 14.9 34.9 27 A

e
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A

Fig. 6. Thetotal graph three-phase equilibria (8) of the Ni-V—Ta—Cr system, recombined equilibria (b, c), the remaining graphs of the zero rank (d, €), the
remaining graphs of the first rank (f), its decomposition on the four-phase eguilibria (g, h) and the graph of the four-phase equilibria Ni-V—Ta—Cr system

(.

(Fig. 8c). Thus, in this system four four-phase equilibria
a—B—p—Ni,Ta, a—B—y-0, a—B—pn—\, and a—B-\,—c
can exist. The phase composition of the aloys (Table 10)
confirms the existence of the chain of the four four-phase
equilibria a—B—o—\;, a—p—y—0o, a—B—p—\; and a—p—
w—Ni,Ta. The existence of two unprojected three-phase

equilibria a—pf—o and a—B—\, have been confirmed by
phase composition of the alloy 21. The alloy 23 contains
another unprojected three-phase equilibrium a—B—w. The
alloy 20 contains the recombined three-phase equilibrium
B—wn—NiTa,. Phase equilibrium B—u—\; (alloy 22) corre-
lates to the existence of the equilibrium a—B—p—A\;.

Table 8

Phase composition and concentration of the elements in the phases of the equilibrium aloys for the Ni-V-Ta—Cr system at 1375 K

Alloy No. Cyi» a.% C,, a.% Cin &% C.. a.% Phase

11 74.2 38 20.1 19 a
16.8 19.3 11.3 52.6 B
36.0 44.2 37 171 I

12 32.6 48.7 5.0 13.0 o
33.2 135 50.0 33 A

13 75.7 0.9 22.7 0.7 a
57.4 6.1 30.9 5.6 n
475 11.0 311 104 N,
65.5 3.0 31.0 15 Ni,Ta

14 29 14.7 77.3 51 B
235 16.2 48.7 11.6 n
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Fig. 7. The total graph (a) of the Ni-V-Ta—Mo system, recombined three-phase equilibria (b), the remaining graph of the fourth rank (), its
decomposition on the four-phase equilibria (d—h) and the graph of the four-phase equilibria Ni-V-Ta—Mo system (i).

3.10. The Ni-V-Cr—Mo system

The scheme of phase equilibria of the Ni—V-Cr—Mo
system at 1375 K was investigated earlier by means of the

graph method and experimentally [1,3,93]. The total graph
(Fig. 98) decomposes into one recombined graph three-
phase equilibrium B—y—o (Fig. 9b) and remaining graph of
the first rank (Fig. 9¢). This graph can be divided on two

Table 9
Phase composition and concentration of the elements in the phase of the aloys for the Ni-V-Ta—Mo system at 1375 K
Alloy No. Cyi» @.% C,, a.% C,. a.% Cuor a.% Phase
15 745 33 20.1 21 a
8.8 9.2 7.3 74.7 B
39.9 8.2. 10.7 41.2 d
16 46.7 323 17.8 3.2 B
37 59.9 4.6 318 N,
17 35 13.7 51.2 299 B
417 18.3 35.1 4.9 n
18 31 383 5.6 53.0 B
40.0 42.4 54 12.2 [
45.0 30.2 14.4 105 N,
19 75.9 14 224 0.3 a
55 7.8 311 55.6 B
35.7 116 488 39 "
50.8 11.2 284 9.6 Ni,Ta
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Fig. 8. The tota graph (8 of the Ni-V-Ta—W system, recombined three-phase equilibria (b), its the remaining graph of the fourth rank (c), its formal
decomposition on the graphs of the four-phase equilibria (d—g) and the graph of the four-phase equilibria Ni-V—Ta—-Cr system (h).

graphs of the four-phase equilibrium B—y—o—P and B—y— 3.11. The Ni—V—Cr—-W system
d—P (Fig. 9d and €) by adding the three-phase equilibrium
B—y—P (Fig. 9f). The existence of these equilibria has been The scheme of phase equilibria of the Ni—-V—-Ta—Cr
experimentally confirmed [93]. system at 1375 K was investigated by means of the graph
Table 10
Phase composition and concentration of the elements in the phases of the aloys of the Ni-V-Ta-W system at 1375 K
Alloy No. Cpir 8% C,, a.% Crn &% C,, &% Phase
20 13 13.6 50.7 34.4 B
37.0 259 363 0.8 "
29.6 14.9 56.1 0.4 NiTa,
21 73.3 16.3 8.8 16 a
18 301 39 64.4 B
47.1 44.9 5.4 2.7 o
487 285 20.5 2.3 A,
2 1.3 8.8 341 55.8 B
34.9 134 516 0.2 "
4538 20.6 332 05 A,
23 724 6.2 19.6 1.8 a
2.2 11.6 20.0 66.8 B

385 125 48.0 1.0 B
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Fig. 9. Thetotal graph (a) of the Ni-V—Cr—Mo system, recombined three-phase equilibrium (b), the remaining graph of the first rank (c), its decomposition
on the graphs of the four-phase equilibria 9 (d, €) and the graph of the four-phase equilibria Ni-vV-Cr—Mo system (f).

method. There are only three recombined three-phase
equilibria in this system (Fig. 10b and c¢). These phases
form the continuous region of the three-phase equilibrium
B—y—o (from the Ni-V-Cr system to the Ni-V-W
system). The four-phase equilibria are absent in the system.

3.12. The Ni-V-Mo-W system

The scheme of phase equilibria of the Ni-V—-Mo-W
system at 1375 K was investigated by means of the graph
method There is also no four-phase equilibrium in the
system Ni-V-Mo-W (Fig. 11), despite the fact that here
four phases exist. Two recombined three-phase equilibria
(B—y—o and B—y—3) form two three-phase regions in the
quaternary system.

3.13. The Ni-Nb-Ta-Cr system

The scheme of phase equilibria of the Ni—Nb—Ta—Cr
system at 1375 K was investigated by means of the graph
method. The total graph of this system (Fig. 128 contains
four recombined three-phase equilibriac a—B—y (Fig. 12b),
a—B-\; (Fig. 12c), A;—N\,—B; and N;—\,—B, (Fig. 12d)
and two remaining graphs of the zero rank (four-phase
equilibriaz. a—p—\;—NiTa, and B—p—\;—NiTa,). Al-
though this variant of decomposition is the only one and
does not demand any experimental evidence, two alloys
investigated in this system (Table 2). The phases ., p, \;
and Ni,Ta are in equilibrium (Table 11) in the aloy 24
that reaffirm the obtained variant of decomposition. Alloy
25 does not gave any new information about multiphases
equilibria in this system.

J
) o o
Po oNigTa
c op
o
o o NiTa
Ao A1
<)

Fig. 10. The total graph of the Ni-V-Cr—W system and three recombined three-phase equilibria (b, c).
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Fig. 12. The total graph (8) of the Ni—-Nb—Ta—Cr system, recombined three-phase equilibrium (b—d) and two remaining graphs of the zero rank (e, f).

3.14. The Ni-Nb-Ta—Mo system rium a—B—pn—Ni,Ta (Fig. 13c). There is no other variant
of the decomposition.
The scheme of phase equilibria of the Ni-Nb-Ta—Mo The results of polyhedration of the Ni—Nb-Ta—Mo

system at 1375 K was investigated by of the graph method. system have been checked by means of equilibrium aloys.
After the separation of three three-phase equilibria a—y—9, The alloy 26 of this system contains all phases, which take
a—3-8 and B—n—NiTa, (Fig. 13b) from the total graph part in the formation of the equilibrium a——p—Ni,Ta
(Fig. 138) we abtain the graph of the four-phase equilib- (Table 12).

Table 11

Phase composition of the alloys and concentration of the elements in the phases of the Ni-Nb—Ta—Cr system at 1375 K

Alloys No. Cyi» &% Cyp» a.% Cin &% C., a.% Phase

24 75.1 13.6 10.2 11 a
317 253 39.5 35 n
50.7 16.8 189 136 N,
60.5 125 225 4.5 Ni,Ta

25 33 40.2 52.9 35 B

18.4 37.9 12.3 315 W
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Fig. 13. The tota graph () of the Ni-Nb—-Ta—Mo system, three recombined three-phase equilibria (b) and the remaining graph of the zero rank (c).

Table 12
Phase composition and concentration of the elements in the phases of the aloys in the Ni-Nb—Ta—Mo system at 1375 K
Alloy No. Cui» @.% Cyp» a.% Cip &% Cyo» a.% Phase
26 73.6 10.8 15.2 0.4 a
5.9 212 238 49.1 B
52.9 22.7 17.7 6.7 n
66.1 14.9 16.3 26 Ni,Ta

3.15. The Ni-Nb-Ta-W system

The scheme of phase equilibria of the Ni—-Nb-Ta-W
system at 1375 K was investigated by means of the graph
method. The polyhedration of this system is similar to
polyhedration of the Ni—-Nb—-Ta-—Mo system.

After the separation of two three-phase equilibria (a—p—
v and B—n—NiTa,) we obtain the graph of the zero rank
corresponding to four-phase equilibrium a—B—pn—Ni,Ta
There is no other variant of the decomposition (Fig. 14).
The results of the polyhedration of the Ni—Nb-Ta-W

system have been checked by means of equilibrium aloys.
As in the case for the system Ni—Nb—Ta-Mo, the phase
composition of the alloy 27 (Table 13) proves the exist-
ence of the single four-phase equilibrium a—B—u—Ni,Ta
in this system.

3.16. The Ni-Nb—Cr—-Mo system
The scheme of phase equilibria of the Ni-Nb—Cr—Mo

system at 1375 K was investigated by means of the graph
method. We can separate the total graph (Fig. 158) of this

0 ; 4
®
° a 60 o
Po NiJTa Po NijTa
g o v go ].1
p i o
o o NiTa p o o NiTa;
Ay Aq Ay Aq A2 A
a) ©)
Fig. 14. The total graph (a) of the Ni-Nb—Ta—W system, two recombined three-phase equilibria (b) and the remaining graph of the zero rank (c).
Table 13
Phase composition and concentration of the elements in the phases of the aloys of the Ni-Nb—Ta-W system at 1375 K
Alloy No. Cyi» @.% Cypy &% Cia @.% Cy, a.% Phase
27 74.4 9.7 157 0.2 «
114 10.9 233 54.5 B
51.3 241 20.3 43 "
65.5 319 23 0.3 Ni,Ta
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Fig. 15. The total graph (8 of the Ni-Nb—Cr—Mo system, two remaining graphs of the second rank (b, c), decomposition of the remaining graph (b) on
the graphs of the four-phase equilibria (d, e, g—I) and graph of the four-phase equilibria (b—€) in the Ni-Nb—Cr—Mo system (m).

system on two remaining graphs. the graph of the second
rank (Fig. 15b) and very surprisingly the graph of the
second rank including three edges between N, and X\,
phases (Fig. 15¢). This case is connected with degeneration
of the B-phase. There is unprojected three-phase equilib-
rium B,—f,—\, degenerating into two-phase equilibrium
B—\,. Adding this eqguilibrium to the graph Fig. 15c we
can divide it into two remaining graphs of the zero rank
(Fig. 15d and €). The remaining graph Fig. 15b may

decompose only by the experimental investigations. The
results of polyhedration of the Ni—Nb—Cr—Mo system
have been checked by means of equilibrium alloys (Table
14) and one diffusion couples.

According to data given in Table 14 there are two
unprojected two-phase equilibriac a—P and a—o (Fig. 15f).
The unprojected equilibria: a—y—P, a—y—0, a—B—0, a—0—
P were determined by means of aloys (aloys 30-33).
Besides, the consegquence of the phase layers formed in the
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Table 14

Phase composition and concentration of the elements in the phases of the aloys of Ni-Nb—Cr—Mo system at 1375 K

Alloy No. Cyi» @.% Cyp» 8% C.,, a.% Cyo a.% Phase

28 6.9 485 7.6 37.0 B
37.2 40.3 14.8 7.7 n
42.0 12.4 26.4 19.2 N\,

29 5.7 16.1 16.2 62.0 B
414 18.2 28.7 11.7 N,

30 775 18.9 17 18 a
474 12.0 16.1 24.4 P
60.3 19.7 7.2 12.8 Y
74.9 21.7 14 20 a

31 4.4 10.5 6.7 78.4 B
39.7 13.3 35.3 11.7 Iy

32 71.9 17.3 8.4 24 a
40.6 35 40.5 154 o
45.3 50 14.8 34.9 P

33 72.2 21.7 4.3 18 a
62.6 41 249 85 Y
40.5 7.2 32.7 19.6 (o]

diffusion couples composed of Ni,,Mo,, two-phase (3+
v) aloy and Nbg,Cr,, mono-phase (b) aloy is the
following:

[ &ty | P [ aP [ P+p [ Bra | p | Bin | B |

Hence it appears that the equilibrium «—B—P exists in this
system. After addition this five unprojected three-phase
equilibria to the remaining graph we have three four-phase
equilibriaa a—P—y—9, a—P—B—0, a—B—y—oc (Fig. 15g-i)
and the remaining graph of the first rank consisting of «,
B, v, & and P This graph decomposes into two four-phase
equilibria a—B—8—P and a—y—8—P (Fig. 15k and I). The
other variant of the decomposition demands the existence
of the equilibrium B—y. It is impossible that is explained
by geometric ban.

Thus, it is single variant is decomposition of the total
graph on seven graphs of four-phase equilibriaz a—y—o—P,
a—B—y—P, a—B—y-3, a—P—y—0, a—P—B—0, —B,—B,—\,—
N, and a—B—p—A, (Fig. 15m).

3.17. The Ni-Nb—Cr—-W system

The scheme of phase equilibria of the Ni—Nb—Cr—-wW
system at 1375 K was investigated by means of the graph
method. There are the same equilibria in this system as in
the Ni—Nb—Cr—Mo system with the exception of equilibria
consisting of P- and 8-phase (Fig. 16a). There is the same
equilibrium between the - and o-phase (Fig. 16b). The
recombined three-phase equilibria does not form, so as
equilibrium B, —B, of system Nb—Cr—W not degeneratesin
four system. Two regions B-phase form in the system
Ni—Nb—Cr-W—-@, (Cr) and 3, (Nb, W). As results, three-
phase equilibrium a—f,—\; from system Ni—Nb—Cr does

not take part in the formation of the four-phase equilibrium
a—f,—p—\,;. The four-phase equilibrium a—f,—p—\;
excludes from the total graph by addition of the unproject-
ed three-phase equilibrium o—p,—\, (Fig. 16c). The
second four-phase equilibrium ;—B,—\;—\, excludes
from the total graph by addition of the unprojected three-
phase equilibrium 3,—B,—\, to the total graph (Fig. 16d).
In contrast to the Ni—Nb—Cr—Mo system the equilibrium
B,—B,—\, does not degenerate into the two-phase equilib-
rium B,—\,. The remaining graph of the first rank (Fig
16€) decomposes in the following way. The equilibrium
a—3;—\,; from system Ni—Nb—Cr and two unprojected
three-phase equilibria 8,—f,—\,and a—B,—\, after addi-
tion of the unprojected three-phase equilibrium a—p,—3,
form the four-phase equilibrium a—\,—p,—B, (Fig. 16f).
The equilibrium o—f,—p, from system Ni-W-Cr and
unprojected three-phase equilibrium a—3,—3, after addi-
tion of the two unprojected three-phase equilibria ao—o—3;
and a—o—f3, form the four-phase equilibrium a—o—,—,
(Fig. 169). Equilibria o—y—p, and o—y—f, in the system
Ni—Cr-W as well as the equilibrium a—y—3, (system
Ni—Nb—Cr) and the equilibrium a—y—f, (system Ni—Nb—
W) with unprojected three-phase equilibria a—o—, and
a—o—f, form two four-phase equilibria (c—a—y—3, and
og—a—y—f3,) as shown in Fig. 16h and i.

The results of polyhedration of the Ni—Nb-Cr-W
system have been checked by means of alloys and diffu-
sion couples. In the diffusion couple composed of the
NigNb,.Cr,, three-phase (a+pn+\,) aloy and tungsten
the following sequence of the diffusion layers exists:

Lotpir, | B ]

The formation of a new phase in the diffusion zone is not
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Fig. 16. Thetotal (remaining) graph (a) of the Ni—-Nb—Cr—W system, remaining graphs of the zero rank (b, c), remaining graph of the first rank (d) and its

decomposition into graphs of the four-phase equilibria (f—i).

observed. Therefore, the equilibrium a—B—p—\, presents
in this system. The phase composition of the alloy 34
(Table 15) does not give new information.

Decomposition of the remaining graph was not checked,
so as the four-phase equilibria from this graph in the more
complex systems recombine and degenerate, with the
exception of the equilibrium o—a—y—p.

318 The Ni-Nb—Mo-W system

The scheme of phase equilibria of the Ni-Nb—Mo-W
system at 1375 K was investigated by means of the graph
method. The analysis of the total-graph (Fig. 17a) of this
system shows that only one variant of the polyhedration is

possible. As a result there are three-phase recombined
equilibrium a—B—p (Fig. 17b) and four-phase equilibrium
a—B—y-d (Fig. 17¢).

The results of polyhedration of the Ni—Nb—-Mo-W
system have been checked by means of equilibrium alloys
and diffusion couples. The four-phase equilibrium (a—B—
v—3) has been completely defined by the sequence of the
diffusion layers after the annealing of the diffusion couple
composed of the Ni,,Nb,;Mo, two-phase (a«+vy) aloy
and tungsten:

Laty | atyts | B |

The phase composition of the aloy 35 (Table 16) does not
give new information.

Table 15

Phase composition and concentration of the elements in the phases of the aloys of the Ni-Nb—Cr-W system at 1375 K

Alloy No. Cyi» &% Cypy &% C a.% C,, a.% Phase

34 22 6.6 26.8 66.4 B
41.4 47.4 10.1 11 v
211 239 42.8 12.2 N
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Fig. 17. The total graph (a) of the Ni-Nb—Mo-W system, recombined three-phase equilibrium (b) and the graph of the four-phase equilibrium (c).

Table 16

Phase composition and concentration of the elements in the phases of the aloy of the Ni-Nb—Mo-W system at 1375 K

Alloy No. Cyi» @.% Cyp» a.9% Cyo 8% C,, a.% Phase

35 4.0 59 255 64.6 B
70.9 6.6 14.3 8.2 v
44.6 53 47.2 2.9 d

3.19. The Ni-Ta—Cr—Mo system

The scheme of phase equilibria of the Ni-Ta—Cr—Mo
system at 1375 K was investigated by means of the graph
method. From the total graph (Fig. 18a) received three
remaining graphs (Fig. 18b—d) by addition of the unpro-

Table 17
Phase composition and concentration of the elements in the phases of the
aloys of the Ni-Ta—Cr—Mo system at 1375 K

AlloyNo. C;, &% C,, a% C., a% C,, a% Phase
36 725 232 31 13 a
35.8 41.7 155 7.0 N
67.2 323 0.3 0.2 Ni,Ta
37 3.9 56.8 71 322 B
411 42.3 118 438 "
40.0 218 32.2 6.0 N,
38 311 65.2 35 0.2 NiTa,
6.2 45.3 103 38.2 18
39 733 19.2 4.8 2.7 a
42.2 6.2 204 312 P
40 73.6 20.2 20 41736 a
24 39 7.3 86.3 B
42.3 6.2 158 35.7 P
41 74.9 171 4.9 51 a
63.3 14 29.6 5.7 Y
39.0 11 42.1 18.8 a
42 74.1 20.0 2.8 35 a
63.8 138 8.3 14.0 7
41.2 6.1 199 329 P
43 54 65.1 28.2 13 B
40.7 176 271 147 o
42.0 6.4 222 29.4 P

jected three-phase equilibrium \;—3,—3, as in the system
Ni—Nb—Cr—Mo.

Means equilibrium alloys have checked the results of
polyhedration of the Ni—Ta—Cr—Mo system. The phase
composition of the alloys of this system is given in Table
17.

The remaining graphs (Fig. 18c and d) are completely
similar to the same graphs in the Ni-Nb-Cr—Mo system.
Also there is unprojected three-phase equilibrium g,-8,—
N\, degenerating into two-phase equilibrium B—\,. The
remaining graph (Fig. 18d) consists of five four-phase
equilibria (@—B—8—-P, a—y—8—P, a—y—0—P, a—p—o—P and
a—B—y—0). The same solution follows from the inves-
tigation of the aloys 39-42. Alloy 43 does not give new
information. Alloys 36—38 do not give new information
about equilibria in the remaining graph Fig. 18b. However,
the remaining graph Fig. 18b is completely similar to the
same graphs in the Ni—Ta—Cr-W system (Fig. 19f). From
here we have, the chain of three four-phase equilibria

Table 18
Phase composition and concentration of the elements in the phases of the
aloys of the Ni—-Ta—Cr-W system at 1375 K

Alloy No. C,;, a.% C,na% Cg, a% Cy, a.% Phase
a4 2.2 265 19.0 53.3 B
345 21.2 37.8 6.5 N,
66.3 326 12 0.2 Ni,Ta
45 1.9 10.6 30.3 67.2 B
35.4 50.1 12.4 21 "
26.9 16.9 48.4 7.8 A,
311 64.2 4.4 0.3 NiTa,
46 722 19.0 7.2 16 a
19.2 272 370 16.6 A,
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Fig. 18. Thetotal graph (a) of the Ni-Ta—Cr—Mo system, remaining graphs of the second rank (b), zero rank (c), first rank (d) and decomposition of these

graphs in the graphs of the four-phase equilibria (e-m).

a—B—-N\;—Ni,Ta, B—u—\;—Ni,Ta and B—p—\,—NiTa, in
the system Ni—Ta—Cr—Mo (Fig. 18k—m).

Thus, the polyhedration of this total graph gives the
single variant of the decomposition on nine four-phase
equilibriac B,—B,—\;—\,, a—B—3-PF a—y—3-B a—y—o—
P, a—p—o-P, a—B—y—0o, a—f—-\,;—Ni,Ta, f—u—\,—Ni,Ta
and B—u—\,;—NiTa,.

3.20. The Ni-Ta—Cr—-W system

The scheme of phase equilibria of the Ni—-Ta—Cr-W

system at 1375 K was investigated by means of the graph
method. The total graph (Fig. 19a) has to contain equilib-
rium a—o (Fig. 19b) and decomposes into three remaining
graphs as in the system Ni—Nb-Cr-W. The four-phase
equilibrium B,—B,—\;—\,, (Fig. 19¢) excludes from the
total graph by addition of the unprojected three-phase
equilibrium B,—p,—\; to the total graph.

The remaining graph of the second rank (Fig. 19d)
excludes from the total graph by addition of the unproject-
ed three-phase equilibrium a—@,—\;. The third remaining
graph is the same as in the system Ni—Nb-Cr-W and
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Fig. 19. The total graph of the Ni—-Ta—Cr—W system (a, b), remaining graphs of the zero (c), second (d) and first rank (€), decomposition remaining graph
(d) into four-phase equilibria (f—i) and decomposition of the remaining graph of the first rank (k—m).

contains four equilibria (Fig. 19e—h). The remaining graph
of the second rank (Fig. 19d) may be decomposed only
experimentally.

The results of polyhedration of the Ni—-Ta—Cr-W
system have been checked by means of equilibrium aloys.
The phase composition of the alloys of this system is given
in Table 18. The aloy 45 contains the four-phase equilib-
rium B—p—\,—NiTa, and the aloy 44 — unprojected
equilibrium B—\;—Ni,Ta The unprojected equilibrium p—
\,—Ni,Ta (aloy 44) is common to the two tetrahedrons of
the four-phase equilibria aa—3—A,—-Ni,Ta and B—p—\,—

Ni,Ta It shows that the chain of the four-phase equilib-
rium exists in this system: a—p—A,—-Ni,Ta, B—pu—\,—
Ni,Ta and B—p—\;—NiTa, (Fig. 19k—m).

3.21. The Ni-Ta—Mo—-W system

The scheme of phase equilibria of the Ni-Ta—Mo-W
system at 1375 K was investigated by means of the graph
method. After the separation the three recombined three-
phase equilibria f—a—Ni,Ta, B—pu—NiTa and B—u—NiTa,
(Fig. 20b) from the total graph (Fig. 208 of this system
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Fig. 20. The total graph (a) of the Ni-Ta—Mo-W system, three recombined three-phase equilibria (b) and the remaining graph of the zero rank (c).

one graph of the zero rank corresponding to a—B—y—3
equilibrium remains (Fig. 20c).

The results of polyhedration of the Ni-Ta—Mo-W
system have been checked by means of diffusion couples.
After annealing of the diffusion couple composed of the
Ni,;Ta,:Mo,, three-phase (a—y-3) alloy and tungsten, the
following sequence of the layers of phases is formed:

Loty+d [p+8 | B |

This sequence of the phase layers points to the existence of
the four-phase equilibrium a—B—y—3 in this system.

3.22. The Ni-Cr—Mo—-W system

The scheme of phase equilibria of the Ni-Cr—Mo-W
system at 1375 K was investigated by means of the graph

)
°
Pe
c
p
)
A2
i
P
g ou cge
(¢}
B , CNiTa CRE
Az Aq A2

-~

method. In this system two ternary o-phases of the systems
Cr—Mo-Ni and Cr-W-Ni exist. These phases form the
mutually continuous sequence of the solid solutions in the
quaternary system.

At the decomposition of the total graph (Fig. 21a) we
have recombined three-phase equilibrium: B—y—o (Fig.
21b) and three-phase equilibrium B,—-B,—o degenerating
into two-phase equilibrium B—o, (Fig. 21c) and aso the
remaining graph of the first rank (Fig. 21d). The results of
polyhedration of the Ni—-Cr—Mo-W system have been
checked by means of equilibrium alloys. The phase
composition of the alloys of this system is given in Table
19.

The phase composition of the aloy 47 confirms the
existence of the unprojected three-phase equilibrium g—y—
P, which is genera for the tetrahedrons g—y—5—P and
B—y—o—P. At the decomposition of the remaining graph

5 9
oa [ ] Oa
oNisTa Pe oNisTa
oun o oun
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Oa Oa
~ oNigTa oNizla
oun opun
° 1
NiTa, o NiTa;
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Fig. 21. The total graph (a) of the Ni—Cr—Mo—W system, recombined three-phase equilibrium (b), degenerating three-phase equilibrium (c), remaining
graph (d) and its decomposition on the graphs of the four-phase equilibria (e, f).
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Table 19
Phase composition and concentration of the elements in the phases of the
aloys of the Ni-Cr—Mo-W system at 1375 K

AlloysNo. C, a% C.,a% C,,a% C,, a% Phase

47 6.2 11.2 56.3 26.3 B
62.1 30.1 7.0 0.8 Y
405 201 345 4.9 P

48 1.7 10.6 55.1 26.6 B
331 39.9 8.8 18.2 o
31.3 255 40.1 31 P

the unprojected three-phase equilibrium B—y—P has been
added (Fig. 21e and f). The phase composition of the alloy
48 does not give new results.

The established four-phase equilibria of the quaternary

Table 20

systems on the basis of nickel and transition metals of the
V-VI groups are given in Table 20.

3.23. The phase equilibria in the Ni-V—Nb—Ta—Cr—
Mo—-W system

The five-phase equilibria in quinary systems that form
the seven-component system Ni—V—-Nb-Ta-Cr—Mo—-W,
can be obtained on the basis of the analysis of the blocks
of the experimentally established four-phase equilibria of
the quaternary systems. The single variant of the five-
phase equilibria and the recombined four-phase equilibria
in the quinary systems is given in Table 21.

The results of polyhedration of the six-component
systems on the basis of nickel and transition metals of the
V-VI groups at 1375 K are given in Table 22.

The results of the experimental polyhedration of the quaternary systems on the basis of nickel and transition metals of the V-VI groups

No. System Phase Established four-phase equilibria
1 Ni—-V-Nb-Ta o, B, Y, 0, 1y Ay Ay, a—0—y—\,;
Ni,Ta, NiTa,
2 Ni—V—-Nb-Cr o, B, ¥, 0y Wy ANy, a—=B=y=Ny, 0By,
3 Ni-V-Nb-Mo o, B, v, 8, 0w Ay, a—B—y-3, a=P-p-A;, B—y—0-A,, Oa—B—y-\,
4 Ni—V-Nb-W o, B, Y, 0, 1, Ny, a—B—y—\,, a—PB—pu—\,, a—B—y-\,;
5 Ni-V-Ta-Cr o, B, Y, 0,y A, a—B—y—0, a—B—o—\,, a—pu—\,—Ni,Ta,
Ni,Ta, NiTa, B—p—\,—NiTa,
6 Ni—-V-Ta-Mo a, B, 7y, 8, 0, ki, A\, a—B—y-d, a—P—0—-\,, a—P—p—\,,
Ni,Ta, NiTa, a—B—y—o, a—B—p—Ni,Ta
7 Ni—V-Ta-W o, B, Y, 0, Wy Ap, N, a—B—y—0, a—B—0—-\,, a—B—p—A,,
Ni,Ta, NiTa, a—B—p—Ni,Ta
8 Ni—-V-Cr-Mo B, v, o, P B—y—c—P, B—y—5-P
9 Ni-V-Cr-wW B, v, o -
10 Ni—V-Mo-W B, v, d ¢ -
11 Ni—Nb-Ta—Cr o, By, AN, a—p—A,—Ni,Ta, B—pu—\,—NiTa,
Ni,Ta, NiTa,
12 Ni—Nb-Ta—Mo a, B, v, 8, p, Ni,Ta, NiTa, a—B—pu—Ni,Ta
13 Ni—Nb-Ta-W a, B, v, i, Ni,Ta NiTa, a—B—p—Ni,Ta
14 Ni—Nb—-Cr—Mo o, By, 8 0, .k, A\, P oa—B—p—\,;, a—B—-8-P, a—y—-d-P, a—B—0-R,
a—y-0-F a—B—y-0, A, -\ ,—B,-B,
15 Ni—Nb-Cr-wW o, 3, v, 0, , N\, a—B—p—=Ay, N=N—B B, a—N BB,
a-0-B, By a-0—y—By, a-0—y-B,
16 Ni—Nb—Mo-W o, B, v, d a—B—y—d
17 Ni—Ta—Cr-Mo o, B, Y, 8, 0, i, Ay, Ny, P a—B—-8-P, a—y—8-P, a—p—0-P, a—y—0-P,
Ni,Ta NiTa, a—B—y—a, a—B—\,—Ni,Ta, B—pn—\,—Ni,Ta,
B—p—A,—NiTa,, A;—\,—B,—B,
18 Ni—-Ta—Cr-W a, BV, 0, 1y Ay Ny, a—B-N\,—Ni,Ta B—p—\,—Ni,Ta, B—pn—\,—NiTa,,
Ni,Ta NiTa, AN=A,=B =B, =N BB, a—0—B,—B,,
a—0—y—f,, a—o—y-P,
19 Ni—-Ta—Mo-W a, B,7v, 9, pu, Ni,Ta, NiTa, a—B—y—d
20 Ni—Cr—Mo-W B, v, 8 a, P B—y—8-P, B—y—c—-P
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The five-phase equilibria and the recombined four-phase equilibria in the quinary systems on the basis of nickel and transition metals of the V-VI groups

No. System The five-phase equilibria The recombined and degenerated (with
underlining) four-phase equilibria

1 Ni—-V—Nb-Ta-Cr a—B—y—0—\, a—p—N\;—Ni,Ta, B—pu—\,—NiTa,

2 Ni-V-Nb-Ta—Mo a—B—y—0—\, a—B—y-d, a—B—pn—\,, a—B—p—Ni,Ta

3 Ni-V-Nb -Ta-W a—f—y—0—-\, a—f—p—\;, a—B—p—Ni,Ta

4 Ni—-V-Nb-Cr-Mo a—B—y—3-P, a—PB—y—0—P B—y—o—\;, a—B—=y—\,, a—B—p—\,,
)\1_)\2_[31_[32

5 Ni—V-Nb -Cr-W - B—y—o—-N\;, a—B—=y—\,, a—B—p—\,,
a=0—P—y, ;=N ,—B,—B,, a—N—B,—B,,
a—0—3,-B,

6 Ni—-V-Nb—-Mo-W - B—y—a—\;, a—B—y—\,, a—B—p—\,, a—P—y-d

7 Ni-V-Ta-Cr-Mo a—B—y—d-P, a—B—y—c-P oa—B—-o-\,, a—p—y-0,

a—B-p-\,—Ni,Ta A=A —B.—B,

8 Ni-V-Ta-Cr-W a—B—p—A,—Ni,Ta a—B—y—0, a—B—o—\,, B—pu—\,—NiTa,
a—0—B—y, N;=A,=B,—B,, o=\ BB,
)‘1_)\2_81_82

9 Ni-V-Ta—Mo-W — oa—B—y-9, a—B—-0—-\,, a—B—p—A,,
a—B—y—o, a—B—p—Ni,Ta

10 Ni—V-Cr-Mo-W - B—y—o-P, B—y—d3-P

11 Ni—Nb-Ta-Cr-Mo a—B—p—A,—Ni,Ta B—p—N\,—NiTa,, a—y—3—-P, a—p—-3-P,
a—y—0-R a—p-0-PF, a—p-y-0,
)‘1_)‘2_81_82

12 Ni—Nb-Ta—Cr-W a—B—p—A,—Ni,Ta B—p—N,—NiTa,, a—o—B,—y, a—o—B,—,
)\1_)\2_[31_[32' 0"_>\1_B1_Bzv 0‘_0—_81_82

13 Ni—Nb-Ta-Mo-W - a—B—p—Ni,Ta, a—B—y—d

14 Ni—Nb—-Cr—-Mo-W a—B—y-3-P, a—B—y—o—-P a—B—p—N;, A=A ,—B B, a—o—P—y,
a=N—B,—B,, a—0—B,-B,

15 Ni-Ta—Cr—-Mo-W a—B—y—d—-P, a—B—y—0c—P a—B-N\,—Ni,Ta, B—p—\,—Ni,Ta,

OL—B—’Y—S, )\1_)\2_81_821 a_G_B_'Y’
a=N—B,—B,, a—0—B,-B,

The number systems, in which the five-phase equilibria
are realised, is equal to 10. However, the number of types
of five-phase equilibria is equal to four. For the formation

Table 22

Multi-phase equilibria in the six-component systems on the basis of nickel

of the six-phase equilibrium it is necessary to have six
different types of the five-phase equilibria. Consequently,
in the Ni-V-Nb-Ta—Cr—Mo-W system at 1375 K the

and transition metals of the V-VI groups

No. System Six-phase Recombined five-phase equilibria
equilibria
1 Ni-V-Nb-Ta—Cr-Mo - a—B—y—8-P, a—B—y—o—P,
a—B—p—\,;-Ni,Ta, a—f—y—0—\,
2 Ni-V-Nb-Ta—Cr-W - a—B—p—A,—Ni,Ta, a—pB—y—a—\,;
3 Ni-V-Nb-Ta—Mo-W - a—B—y—3-P, a—B—y—o—P,
a—B—p—A,—Ni,Ta, a—B—y—0-\,
4 Ni—V-Nb-Cr—Mo-W - a—B—y—3-P, a—B—y—0—P, a—B—y—0-\,
5 Ni—-V-Ta—-Cr—Mo-W - a—B—y—5—P, a—p—y—c—P,
a—B—p—A\,—Ni,Ta, a—pB—y—0-\,;
6 Ni—Nb-Ta—Cr—Mo-W - a—B—y—3—P, a—p—y—o-P,

a—B—p—A,—Ni,Ta, a—pB—y—0-\;
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formation of the six-phase equilibria is not possible.
Accordingly, the seven-phase equilibrium also does not
exist.

4. Conclusion

The polyhedration of the Ni—V-Nb-Ta-Cr-Mo-W
system at 1375 K using graphs has been released.

1. The seven- and six-phase equilibria are absent in this
system.

2. The following five-phase equilibria have been estab-
lished in the system: a—B—y—3—P, a—B—y—0—-P, a—p—
p—A,—Ni,Ta and a—B—y—o—\,.

3. The four-phase equilibria established in the system are
given in Table 21.

Acknowledgements

This work was financially supported by the Russian
Science Foundation, No. 99-01-01197.

References

[1] EM. Slyusarenko, V.A. Borisov, MV. Sofin, EYu. Kerimov, A.E.
Chastukhin, J. Alloys Comp. 284 (1999) 171-189.
[2] E.M. Slyusarenko, M V. Sofin, EYu. Kerimov, J. Mendeleev Comm.
2 (1999) 56-59.
[3] V.A. Borisov, E.M. Slyusarenko, S.F. Dunaev, A.P. Babkin, Vestnik
MGU, Serija Khiniija 36 (6) (1995) 564.
[4] M. Hansen, K. Anderko, Constitution of Binary Alloy, McGraw Hill
Book Company, Inc, New York, Toronto, London, 1958.
[5] R.P. Elliot, Constitution of binary alloy, M. Metalurgiya, 1970.
[6] F.A. Shank, Constitution of binary aloy, M. Metalurgiya, 1973.
[7] E.R. Stevens, O.N. Carison, Met. Trans. 1 (5) (1970) 1267-1271.
[8] 1.J. Duerden, W. Hume-Rothery, J. Less=Common Metals 11 (6)
(1966) 381-387.
[9] P. Nash, A. Nash, Bull. Alloy Phase Diagr. 5 (3) (1984) 259-265.
[20] P. Nash, Bull. Alloy Phase Diagr. 7 (5) (1986) 446-476.
[11] R.EW. Cassdlton, W. Hume-Rothery, J. Less-Common Metals 7 (3)
(1964) 213-221.
[12] C.P. Heijvegen, G.D. Rick, Z. Metallk. 64 (6) (1973) 450-453.
[13] A. Gabriel, H. Lukas, C.H. Allibert, Z. Metalk. 76 (9) (1985)
589-595.
[14] Yu.A. Kocherzhinskij, V.1. Vashlenko, Izv. AN USSR. Ser. Metally 4
(1979) 205-207.
[15] D.l. Prokofjev, Izv. AN USSR. Ser. Metally 4 (1975) 222—225.
[16] Yu.A. Kocherzhinskij, VV. Petkov, E.A. Shishkin, Metallofizika 46
(1973) 75-80.
[17] B.I. Krimer, lzv. vyssh. uchebn. zavedenij. Chern. metallurgija. 5
(1968) 143-145.
[18] VV. Baron, YuV. Efimov, E.M. Savitskij, lzv. AN USSR. Otd. texn.
nauk. 4 (1958) 36-40.
[19] A.P. Nefedov, E.M. Sokolovskgja, A.T. Grogorjev et a., J. Inorg.
Chem. 9 (4) (1964) 883—889.
[20] S. Komajathy, J. Less-Common Metals. 3 (1961) 468—488.
[21] VV. Baron, K.N. lvanova, E.M. Savitskij, lzv. AN USSR. Otd. tehn.
n. metallurgii i topliva 4 (1960) 143-149.

[22] L.T. Prahina, R.S. Polakova, V.G. Gromova, K.P. Mjasnikova, OV.
Ozhimkova (Eds.), Metallovedenije Tsvetnih Metalov i Splavov,
Nauka, Moscow, 1972, pp. 27-31.

[23] L.I. Prahina, R.S. Polakova, V.G. Gromova, K.P. Mjasnikova, OV.
Ozhimkova, 1zv. AN USSR. Metaly 6 (1971) 175-178.

[24] E.M. Savitskij, VV. Baron, K.N. Ivanova, Izv. AN USSR. Otd. tehn.
n. metallurgii i topliva 2 (1962) 119-125.

[25] L.l. Prahing, R.S. Polakova, V.G. Gromova, K.P. Mjasnikova, OV.
Ozhimkova, 1zv. AN USSR. Metally 2 (1971) 180-182.

[26] A.T. Grigorjev, E.M. Sokolovskaja, A.P. Nefedov, |.G. Sokolova,
Izv. AN USSR. Metally 3 (1966) 183-192.

[27] A.P. Nefedov, E.M. Sokolovskaja, A.T. Grigorjev, I.G. Sokolova,
Izv. AN USSR. Neorg. Mat. 1 (5) (1965) 715-720.

[28] L.S. Guzey, E.M. Sokolovskgja, 1.G. Sokolova, GV. Vysotskaja,
G.N. Ronami, SM. Kuznetsova, Vestn. Mosk. Univ. Khimija 3
(1968) 62—65.

[29] V.N. Svechnikov, Yu. A. Kocherzhinskij, V.M. Pan, A.K. Shurin.
Issled. po zharoprochn. Splavam, Moscow, AN USSR, (1958) 168—
177.

[30] A.K. Fedotov, lzv. AN USSR. Metally 4 (1974) 207-212.

[31] DV. Fedorov, L.L. Meshkov, Vestn. MGU. Khimija 25 (6) (1984)
579-583.

[32] NY. Grum-Grzhimgjlo, D.I. Prokofjev, Russ. J. Inorg. Chem. 3 (4)
(1958) 889-895.

[33] NV. Grum-Grzhimgjlo, D.I. Prokofjev, Russ. J. Inorg. Chem. 3 (5)
(1958) 1220-1226.

[34] N.Y. Grum-Grzhimajlo, D.I. Prokofjev, Russ. J. Inorg. Chern. 6 (5)
(1961) 1151-1164.

[35] N.Y. Grum-Grzhimgjlo, D.I. Prokofjev, Russ. J. Inorg. Chem. 7 (3)
(1962) 596—-604.

[36] K. Frisk, P. Gustafson, CALPHAD 12 (3) (1988) 247-254.

[37] N.N. Kurnakov, M. Ya Troniva, Russ. J. Inorg. Chem. 5 (11) (1960)
2403-2409.

[38] M.l. Zaharova, D.A. Prokoshkin, Izv. AN USSR. Otd. tehn. nauk. 4
(1961) 59-67.

[39] H.J. Goldschmidt, J.A. Brand, J. Less-Common Metals 3 (1) (1961)
44-61.

[40] D.A. Proshkin, M.l. Zaharova. Issled. po zharoproch. Splavam, 8,
Moscow, AN USSR (1962) 70-74.

[41] V.N. Svechnikov, G.F. Gobzenko. Fazovoje prevrasch. v met. i
splavah, Kiev, Naukova dumka, (1965) 147-158.

[42] A.S. Adamova, A.T. Grigorjev, lzv. AN USSR. Metally 3 (1969)
176-180.

[43] D.l. Prokofjev, Izv. AN USSR. Metally 1 (1975) 206—-210.

[44] SB. Prima, L.A. Tretjachenko. Stabil. i metastabil. ravnovesija v
met. sistemah, Moscow, Nauka, (1985) 19-24.

[45] V.N. Erernenko, S.B. Prima, L.A. Tretjachenko, lzv. AN USSR.
Metally 6 (1990) 184—190.

[46] V.N. Eremenko, S.B. Prima, L.A. Tretjachenko, PA. Verhovodtsev,
Porosh. metallurgija, Kiev 12 (1986) 39-44.

[47] V.N. Eremenko, Physical Chemistry of Inorganic Materials, Kiev,
Naukova. dumka, 1988, pp. 138-147.

[48] A.A. Kodentsov, Thesis, MSU, Moscow, 1985.

[49] V. Ametov, Thesis, MSU, Moscow, 1987.

[50] U. Pirson, Kistallohznnja ifizika metallov, part 1,2, Moscow, Mir,
1977, p. 477.

[51] A.Ya Potemkin. Faz. ravnoves. v metallah i splavah, Moscow, 1981,
pp. 262—266.

[52] M. Raghavan, R.R. Mueller, G.A. Yanghn, Met. Trans. A15 (1-6)
(1984) 783-792.

[53] A.T. Grigorjev, VV. Kuprina, Russ. J. Inorg. Chem. 7 (4) (1962)
942-945.

[54] L. Kaufman, H. Nesor, Calculation of superalloy phase diagrams.
Part 1, Met. Trans. 5 (7) (1974) 1617-1621.

[55] C. Morizov, A. Vignes, Met. Sci. Rev. Met. 70 (12) (1973) 857—
873.

[56] A.A. Kodenzov, S.F. Dunaev, E.M. Slyusarenko, J. Less-=Common
Metals. 141 (1988) 225-234.



MV. Sofin et al. / Journal of Alloys and Compounds 321 (2001) 102-131 131

[57] V.A. Borisov, Thesis, MSU, Moscow, 1991.

[58] R. Ayer, Mater. Probi. Solv. Transmiss. Electron Microsc.: Symp.,
Boston, Mass., Des. 2—4, 1986 pp. 1993-1999.

[59] E. Gozian, M. Bamberger, S.F. Dirnfeld, B. Prinz, J. Klodt, Mater.
Sci. Enf. A. 141 (1) (1991) 85-95.

[60] Ya Nemets, Fiziko—khimija tverdogo tela, Moscow, Khimija, 1972,
pp. 7-11.

[61] D.K. Das, J. Inst. Met. 4 (1952) 1071.

[62] K. Yoshikuni, J. Iron Steel Inst. Jpn. 67 (13) (1981) 1253-1254.

[63] I.I. Kornilov, PR. Budberg, Russ. J. Inorg. Chem. 2 (4) (1957)
860—-867.

[64] T. Suiti, K. Masanori, K. Makoto, T. Josihara, J. Iron Steel Inst. Jpn.
64 (11) (1978) 493.

[65] K. Yoshikynie et al., J. Iron Stedl Inst. Jpn. 66 (11) (1980) 1321.

[66] K. Yoshikynie et a., J. Iron Steel Inst. Jpn. 67 (13) (1981) 1253.

[67] M. Kajihara, K. Yoshikynie et al., J. Iron Steel Inst. Jpon. 71 (15)
(1985) 1773-1779.

[68] M. Kajihara, M. Kikuchi, K. Yoshikynie et al., J. Iron Steel Inst. Jpn.
72 (7) (1986) 862—869.

[69] P. Gustafson, CALPHAD 12 (3) (1988) 277-292.

[70] L.S. Guzg, L.L. Meshkov, V.A. Kozakov, E.M. Sokolovskaa,
Obschije zakonomernosti strojenija diagramm sostojanija metal.
sistem, Moscow, Nauka, 1973 pp. 160-162.

[71] S.B. Maslenkov, B.A. Nikandrova, Izv. AN USSR, Metally 2 (1980)
220-223.

[72] A.A. Kodentsov, S.F. Dunaev, E.M. Slyusarenko, E.M. Sokolovska-
ja, Dep. VINITI, No. 7522—-B86, 3.11.86, 1-13.

[73] A.A. Kodentsov, S.F. Dunaev, E.M. Slyusarenko, E.M. Sokolovska-
ja. Dep. VINITI, No. 7521-B86, 3.11.86, 1-13.

[74] A.A. Kodentsov, S.F. Dunaev, E.M. Slysarenko. Pjatoje vsesojuzno-
je soveschanije po khimii, tehnologii, i primeneniju vanadievyh
soedinenij, Sverdlovsk, 1987, pp. 153-154.

[75] A.A. Kodentsov, S.F. Dunaev, E.M. Slysarenko, J. Less-Common
Metals 135 (1987) 15-24.

[76] AV. Peristij, E.M. Slyusarenko, S.F. Dunaev, Vestnik MGU, Khimija
33 (1) (1992) 95-99.

[77] SB. Prima, V.N. Eremenko, T.N. Zhigunova, Stabil. i metastabil.
fazy v mater., Kiev, 1987 pp. 115-120.

[78] A.A. Kodenzov, S.F. Dunaev, E.M. Slyusarenko, J. Less-Common
Metals 135 (1) (1987) 15-24.

[79] S.B. Prima, L.A. Tretjachenko, G.I. Kostrygina, Doki. AN USSR A
3 (1979) 230-233.

[80] A.A. Kodenzov, E.M. Slyusarenko, J. Lesss=Common Metals 153
(1989) 15-26.

[81] V.N. Svechnikov, V.M. Pan, Isded po zharoprochnim splavam,
Moscow, AN USSR 6 (1960) 240—250.

[82] G.A. Sveshnikova, A.M. Borzdyka, lzv. An USSR, Metaly 6
(1966) 137-141.

[83] R.S. Mints, V.M. Toropov, Yu.A. Bondarenko. Inst. Metallurgii AN
USSR, Moscow, 1969, pp. 246—249.

[84] V.Virkar Anil, A. Raman, Z. Metallk. 60 (7) (1969) 594—600.

[85] L. Kaufman, H. Nesor, Met. Trans. 5 (7) (1974) 1617-1621.

[86] G.A. Tihankin, L.L. Meshkov, E.M. Sokolovskaja, Vestnik MGU,
Khimija 17 (1) (1976) 113-117.

[87] V.N. Kuznetsov, L.S. Guzej, E.M. Sokolovskaja, 1zv. AN USSR,
Metally 21 (1) (1980) 150-151.

[88] S.U. Schittny, E. Lugscheider, O. Knotek, Termochim. Acta 85
(1985) 167-170.

[89] P Nash, PR.T. Met. Sci. 14 (7) (1980) 273-276.

[90] S. Chakravorty, D.R.F. West, J. Mater. Sci. Lett. 2 (10) (1983)
583-586.

[91] N. Asrar, L.L. Meshkov, E.M. Sokolovskaya, J. Less-Common
Metals 144 (1) (1988) 41-52.

[92] N. Asrar, SN. Nesterenko, L.L. Meshkov et a., Vestnik MGU,
Khimija 29 (1) (1988) 101.



