An Experimental and Theoretical Study of
the Phase Equilibria in the Fe-Mo-Ni System

KARIN FRISK

New experimental data on the Fe-Mo-Ni phase diagram have been obtained at 1223, 1273,
1373, 1473, and 1543 K using a diffusion couple technique. A number of tie lines were de-
termined using a scanning electron microscope with energy-dispersive X-ray analysis equip-
ment. In a few cases, the phases were identified by X-ray diffraction. The experimental data
obfained in the present work, and previously published data, were analyzed by the use of
thermodynamic models describing the Gibbs energy of the various phases. The model param-
eters were calculated using a computerized optimization procedure. The intermetallic phases
stable at temperatures above 1223 K were included in the calculations using a three-sublattice
model. Experimental data on solidus and liquidus temperatures were used to evaluate properties
for the liquid phase. A number of calculated isothermal sections are presented and compared
with experimental data. The calculations satisfactorily describe the available experimental data.

I. INTRODUCTION

THE phase equilibria in the Fe-Mo-Ni system have
been assessed by Raynor and Rivlin.!! There are several
intermetallic phases in this system. In the Fe-Mo system,
the o, u, R, and A phases are present, and in the Mo-Ni
system, there are three intermetallic phases, 8, 8, and
v. In addition to the intermetallic phases extending from
the binary sides, the Fe-Mo-Ni system contains a ternary
compound, called the P phase. The approximate com-
positions of the u, 8, and P phases are known from pre-
vious experimental studies. However, there is some
disagreement on the types of equilibria between the dif-
ferent phases, and the extension of the o and R phases
in the ternary system is not known, since the system has
not previously been studied at temperatures above
1473 K. The purpose of the present work was to perform
a thermodynamic analysis of the Fe-Mo-Ni system, and
new information in some parts of the system was needed
for a complete analysis. It was therefore decided to first
perform an experimental study of the phase equilibria at
1223, 1273, 1373, 1473, and 1543 K using a diffusion
couple technique. Measured compositions of phases in
equilibrium at different temperatures were thereafter used
for the thermodynamic analysis, together with results from
previous experimental studies. The analysis of the ex-
perimental data involves thermodynamic models de-
scribing the Gibbs energy of the individual phases, where
the model parameters are determined by a computer op-
timization procedure. The binary Fe-Mo, Mo-Ni, and Fe-
Ni systems have previously been evaluated®>4, and the
present study was based upon these assessments. The
present description was limited to temperatures above
1223 K, and the A, B, and y phases were therefore omit-
ted from the analysis.
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II. THE EXPERIMENTAL STUDY

A short description of previous experimental studies
on the Fe-Mo-Ni system is given in Section A. The bi-
nary systems Fe-Mo, Fe-Ni, and Mo-Ni are seen in
Figures 1 through 3. The available experimental data on
these binary systems have been assessed and analyzed
using thermodynamic models in previous studies. Both
phase diagram data and thermochemical data were used.
The Fe-Mo system was evaluated by Fernandez-
Guillermet,'?! the Mo-Ni system by Frisk,?! and the
Fe-Ni system by Xing et al.'! These assessed binary sys-
tems were used in the present study, as a basis for the
experimental investigations and for the thermodynamic
calculations. The calculated Fe-Mo phase diagram from
Reference 2 is shown in Figure 1, the Mo-Ni phase dia-
gram from Reference 3 is shown in Figure 2, and the
Fe-Ni phase diagram from Reference 4 is shown in
Figure 3. The present experimental study is presented in
Section B.

A. Previous Work

Raynor and Rivlin!!! assessed the experimental infor-
mation in the Fe-Mo-Ni system. They discussed the pro-
jection of the liquidus surface reported by Koster.!®! We
accept their conclusion that the real liquidus surface has
no relation to that proposed by Koster and that it there-
fore would be misleading to try to reproduce their re-
sults. For the solid-state equilibria, Raynor and Rivlin
also concluded that the results by Koster could not be
used. Instead, th€y relied on more recent data by Das
et al.” and van Loo et al.'® and presented hand-drawn
diagrams based upon these data. Das er al. investigated
the 1473-K isothermal section of the Fe-Mo-Ni system.
They examined ternary alloys microscopically, by chem-
ical analysis, and by X-ray diffraction. They found that
the u phase extends approximately half-way across the
ternary system and that the P phase is interposed be-
tween w and 8, so that u and 6 do not coexist. They did
not determine any equilibria between Mo and the
intermetallic phases. Van Loo er al.'® investigated the
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Fig. 1-—The calculated Fe-Mo phase diagram according to the ther-
modynamic evaluation by Fernandez Guillermet. "

Fe-Ni-Mo isotherm at 1373 K using a diffusion couple
technique and equilibrated ternary alloys. The samples
were investigated by use of optical microscopy, micro-
probe analysis, and X-ray diffraction. They found that
the u phase dissolves 40 at. pct Ni, which is twice as
much as Das et al. found at 1473 K. In their experi-
mentally determined isothermal section, the P phase is
not interposed between u and 6; instead, they found a
three-phase equilibrium between ., 6, and P. Gan and
Jin®™ recently investigated the isothermal section at
1273 K by a diffusion couple technique, and the com-
positions of the phases were measured by electron
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Fig. 2—The calculated Mo-Ni phase diagram according to the
thermodynamic evaluation by Frisk.?
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Fig. 3—The calculated Fe-Ni phase diagram according to the
thermodynamic evaluation by Xing et al.1¥)

microprobe analysis. They did not find the ternary com-
pound P at this temperature. The Fe-Mo-Ni system was
also recently studied by Gozlan ez al.’™ They measured
tie lines between the face-centered cubic (fcc) phase and
the intermetallic phases and identified the phases by X-ray
diffraction at 973, 1123, 1273, and 1473 K. They ob-
served the ternary P phase at 1123, 1273, and 1473 K.

B. The Present Work

1. Experimental technique

In the present work, a diffusion couple technique was
used. The advantage of such a technique is that an entire
isothermal section in a ternary system can be investi-
gated using one sample or few samples. In a first series
of experiments, diffusion couple samples were prepared
using the pure elements Fe, Mo, and Ni. The compo-
sitions of the raw materials are given in Table I. A cy-
lindrical capsule of Fe or Ni, 10 mm in diameter and
20 mm in length with a 3-mm-diameter hole in the cen-
ter, was filled with discs of Mo and Ni or Fe, 3 mm in
diameter and 1 mm in thickness, and closed with a rod
of the capsule material. To ensure good contact, the
specimen was thereafter compressed parallel to the length
axis of the cylindrical capsule. Before the heat treat-
ment, the specimen was sealed in a silica capsule under
vacuum. The time and temperatures for the various heat
treatments are given in Table II. After heat treatment,

- the specimen was quenched in brine and the cylinder was

cut in half so that the center hole with the metals con-
tained herein were visible. Each part of the diffusion
couple can be considered as semi-infinite. The samples
were examined by optical microscopy and by scanning
electron microscope. The intermetallic phases formed in
layers between the different metals. The compositions of
the phases were measured using a scanning electron
microscope equipped with an energy-dispersive X-ray
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Table I. Composition of the Raw Materials Used
Impurity Contents
Material in Weight Percent
Electrolytic 0.003 pct Al, <0.01 pct Mn,

iron <0.005 pct S, 0.01 pct C,
0.001 pct Si, 0.003 pct P

Ni (99.98 pct)  <0.01 pet C, <0.0001 pet Al

Mo 0.002 pct W, 0.010 pct Fe, 0.005 pct C,
0.005 pct O, 0.001 pct H,
~ 0.001 pct N

Table II. Heat Treatments of the Diffusion Couples

First Series of Experiments Using Pure Fe, Mo, and Ni
Temperature Time

Capsule Inset (K) (h)
Fe Ni, Mo 1223 700
Fe Ni, Mo 1373 100
Fe Ni, Mo 1473 50

Second Series of Experiments
Using Binary Alloys Defined in Table III*

Fe alloy C, Mo 1373 97
Ni alloys D and F 1373 169
Fe alloy C, Mo 1473 48
Ni alloy F, Mo 1473 65
Ni alloy F, Mo 1373 926
Ni alloy F, Mo 1543 48
Ni Mo, alloy F, Mo 1373 96
Ni Mo, alloys F, D, Mo 1543 72
Ni Mo, alloy F, Mo 1473 72

*The alloys and Mo were inserted in the capsule in the order given
under “Inset.”

spectrometer (EDS) and LINK AN 10000 X-ray micro-
analysis system. Measurements were made in several
points along a line perpendicular to the phase interfaces,
and the compositions of the coexisting phases were eval-
uated by extrapolating to the position of the interface.
Local equilibrium was assumed to hold at the phase
boundaries, and the associated compositions were taken
as the tie lines. When using pure Fe, Ni, and Mo in the
diffusion couple experiments, the layers of the inter-
metallic phases in some samples were too narrow for
measurements across the phase boundaries. Composition
measurements using the EDS give a contribution from
the surrounding phases if the size of the measured phase
is less than approximately 2 um. A second series of ex-
periments was therefore performed using binary alloys
encapsulated in Fe or Ni. The binary alloys were pre-
pared by arc melting of powder compacts and subse-

Table III.

quent quenching. The compositions of the powder
mixtures were chosen to obtain binary alloys with two-
phase structures, bcc (body-centered cubic) + inter-
metallic or fcc + intermetallic, and with large amounts
of intermetallic phase. The actual compositions were not
analyzed, but Table III gives the compositions aimed for.
The results to be reported will concern compositions of
phases in contact with each other, and it is not necessary
to know the exact composition of the alloys nor to have
homogeneous alloys. The arc-melted binary alloys were
cut into discs of 3 mm in diameter and 1 mm in thickness
and enclosed in Fe or Ni capsules in the same way as
described above. The capsules were heat-treated accord-
ing to the program given in Table II. The samples were
examined by optical and electron microscopy, and the
compositions at the phase boundaries were measured, as
described above. The binary alloys were found to consist
of two-phase structures, as expected. As an example, the
microstructure of one such sample, observed by scan-
ning electron microscopy, is shown in Figure 4. In this
sample, a binary alloy, “alloy C,” was enclosed together
with Mo in an Fe capsule and heat-treated at 1373 K for
97 hours. “Alloy C” (38 pct Mo, 62 pct Ni) consists of
a two-phase structure, seen in Figure 4. The composi-
tions of the two phases were measured in several regions
of the sample, and the measurements show that the dark
phase is fcc and the white phase is & or P phase. The
Fe content increases when approaching the Fe-fcc single-
phase region (dark region), and a number of tie lines
could thus be determined from this sample (seen in the
lower part of Figure 10). The lowest Fe content was
measured in the center of alloy C, giving the tie line
marked by filled circles in Figure 10. From the samples
prepared using binary alloys, it was thus possible to cover
the entire composition triangle with two to four samples.

To confirm the results from the diffusion couples, some
ternary alloys were prepared by arc melting of powder
compacts in the same way as described above for binary
alloys. The nominal compositions of the powder mix-
tures are summarized in Table IIl. The ternary alloys
were sealed in silica capsules under vacuum and heat-
treated at 1273 and 1373 K for 2 months and at 1473
and 1543 K for 600 hours. The equilibrated alloys were
examined in a scanning electron microscope. Two and
three phase structures were observed, and the compo-
sitions of the phases were measured, as described above.
Some of the heat-treated ternary alloys were crushed and
analyzed in an X-ray diffractometer to identify the phases
(see Section lI-B-2).

2. Experimental results
The results of the measurements are shown in
Figures 5 and 7 through 11 as plotted tie lines, together

Nominal Compositions of the Various Alloys Used in the Present Work

Binary Alloys

Ternary Alloys

Composition Composition
(At. Pct) Notation (At. Pct) Notation
62 pct Ni 38 pct Mo alloy C 40 pct Fe 50 pct Mo 10 pct Ni alloy 1
41 pct Ni 59 pct Mo alloy D 18 pct Fe 42 pct Mo 40 pet Ni alloy 2
87 pct Fe 13 pct Mo alloy E 16 pct Fe 54 pct Mo 30 pct Ni alloy 3
69 pct Fe 31 pct Mo alloy F 27 pct Fe 48 pct Mo 25 pet Ni alloy 4
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Alloy C
(fcc+8)

Fe (fcc)

Fig. 4— Example of the microstructure of a diffusion couple sample.
This scanning electron picture shows “alloy C” in contact with fce-Fe.
“Alloy C” is composed of two phases, fcc and an intermetallic phase.
The Fe content in the two-phase structure increases as the Fe phase
region is approached.

with the results of the calculations described in the fol-
lowing. The results will be discussed for each temper-
ature in Section V. It should be noted that all of the
isothermal sections, except the 1223 and 1273 K sec-
tions, have been determined from several diffusion cou-
ples prepared and heat-treated separately. The
experimental tie lines are thus results from independent
measurements, and they are in very good agreement. The
measurements on the equilibrated ternary alloys, shown
in Figures 5, 7, 9, and 11, also confirm the results ob-
tained from the diffusion couples by showing very good
agreement with these. The 1223-K section was deter-
mined from a single specimen. The layers of the inter-
metallic phases formed in this specimen were thin, and
measurements on these phases was difficult. Therefore,
only the compositions of the bce and fcc phases in equi-
librium with the intermetallic phases are reported at this
temperature (Figure 13). At 1273 K, only measurements
on ternary alloys are reported (Figure 11).

The results of the measurements on diffusion couples
at 1543 K are shown in Figure 5 as plotted tie lines. The
results from the measurements on ternary alloys are shown
in the same figure. In one of the ternary alloys, three
phases were present, and the three-phase triangle could
be measured. The ternary alloys 1, 3, and 4 (Table III)
heat-treated at 1543 K were crushed and examined by
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Fig. 5—The calculated isothermal section of the Fe-Mo-Ni system
at 1543 K together with experimental data from the present study.
The experimental results are plotted as tie lines. The different symbols
indicate the end points of the tie lines measured in the equilibrated
ternary alloys. These ternary alloys were used for the X-ray diffrac-
tion study.

X-ray diffraction to identify the phases. It was found that
alloy 1 consists of bec and o phase, alloy 3 of fcc and
P phase, and alloy 4 of fcc and u phase. The third phase
found in alloy 3 was present in such small amounts that
is could not be identified by X-ray diffraction. The mea-
sured tie lines suggest that it is the o phase. The phase
fraction of o, P, and u in these three alloys is high
(>80 pct). The results show that the p phase extends to
somewhere between 24 and 32 at. pct of Ni at approx-
imately constant Mo contents and is followed by the P
phase. Since the u and P phases lie very close in com-
position, it was difficult to distinguish between the two
phases by tie line measurements only. Further, the X-ray
diffraction results confirmed that the phase extending into
the system at high Mo contents is the o phase. If the
results of the measurements on ternary alloys heat-treated
at different temperatures are compared, we see that
alloy 4 gives y + p at 1543 K, Mo + P at 1473 K,
single-phase p (or P) at 1373 K, and Mo + n (or P) at
1273 K. This change of equilibrium suggests that there
is a shift of the u and P phases toward lower Mo con-
tents with decreasing temperatures. However, there is
also a slight variation of the overall composition of the
alloys between the different samples.

.
III. THERMODYNAMIC MODELS
A. Model for the Bcc, Fce, and Liquid Phases

The bec, fce, and liquid phases were described by the
following model:

G, = xp. Gp. t Mo Gmo T+ i’ Gri
+ RT(xFe ln Xre + XMo ln XMo + XNi ln xNi)

+5G, + Gf (1]
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The °G parameters represent the Gibbs energy of the ele-
ments in a hypothetical nonmagnetic state and are taken
from previous assessments of Fel'® Mo!''l, and Nj.!'s
The °G parameters are referred to the enthalpy of the
stable state at 298.15 K and 0.1 MPa. The term °G,,
represents the excess Gibbs energy and is given by

E —
Gm - xFexMoLFe,Mo + xFexNiLFe,Ni + xMoxNiLMo,Ni

+ XpeXmoXnilore Mo i [2]

The parameters denoted L represent interactions between
the elements. They can be composition dependent
according to

Lap = 2 iLA.B(xA - -xB)i [3]
i=0

All L parameters representing interactions between two
elements are taken from previous assessments of the Fe-
Mo, Mo-Ni®!, and Fe-Ni*! systems. The ternary term
is evaluated in the present work for the bec, fcc, and
liquid phases. For the fcc phase, the ternary parameter
was given the following composition dependence:

Lgemoni = Xpe Lre + Xmo Lo + Xni’ L 4]

B. Models for the Intermetallic Phases

1. Previous work

As mentioned above, seven intermetallic phases are
present in the Fe-Mo-Ni system, o, u, R, A, P, 8, B,
and vy, where the P phase is a ternary phase, and the
remaining phases are extensions from the binary sides of
the diagram (from the Fe-Mo and Ni-Mo systems). The
o, u, R, and A phases are stable in the Fe-Mo system.
They were studied by Ferndndez Guillermet in his eval-
uation of the Fe-Mo system.!'*! Fernandez Guillermet gave
a detailed description of how the crystal structure of the
intermetallic phases in the Fe-Mo system can be taken
into account in modeling the phases.[’¥ A revised ver-
sion of the Fe-Mo system was used in the present work
with a slightly modified model for the o phase. That
Fe-Mo phase diagram is shown in Figure 1, and the re-
vised parameter values are given in the Appendix. The
atoms in the intermetallic phases are divided on sites with
different coordination numbers, and different types of
atoms prefer different sites. Only four different coordi-
nation environments are allowed, with coordination
numbers 12, 14, 15, and 16 (denoted CN12, CNI14,
CN15, and CN16). To model this, a sublattice model
was used,['*"’) and the number of sublattices was, for
practical reasons, reduced to 3. The distribution of the
elements on the different sublattices was chosen by tak-
ing into account experimental data, if such are available,
or by making reasonable guesses, based on, for exam-
ple, atomic sizes. The & phase in the Mo-Ni system was
modeled using the same procedure as used by Fernandez
Guillermet for the Fe-Mo system. The A (Fe-Mo), B,
and y (Mo-Ni) phases were not included in the present
study. To model the intermetallic phases in the ternary
Fe-Mo-Ni system, the results from the binary assess-
ments were used, and a choice was made of how to place
the third element on the different sublattices. For the case
of the P phase that is not stable in the binary systems,
a model was chosen based on ternary information. The
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Fig. 6—The calculated isothermal section at 1543 K. The tie lines
are calculated.

|
Fe O 0.2

models chosen for each intermetallic phase are sum-
marized in Table IV, and they are discussed in the fol-
lowing section. Similar three-sublattice descriptions of
intermetallic phases have previously been successful in
the evaluations of ternary systems.!'-%]

2. The models for the intermetallic phases

The o phase:

The sigma phase is stable in the Fe-Mo system at tem-
peratures above 1513 K@ (Figure 1). In the present
experimental study, it was found that the o phase ex-
tends into the ternary system at the highest investigated

A
R\ SAlloy 1
| AAlioy 2
| xAlloy 3
mAlloy 4
\~‘: (W)
YIS

N N N
FE O 0.2 0.4 0.6 0.8 1.0
MOLE-FRACTION NI

Fig. 7— The calculated isothermal section at 1473 K. The tie lines
are calculated. The o phase is present in this calculation although it
has not been found experimentally at this temperature. The different
symbols indicate the end points of the tie lines measured in the equil-
ibrated ternary alloys in the present work.
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Fig. 8— The calculated isothermal section at 1473 K, together with
experimental tie lines from the present study and from Ref. 5. The o
phase is present in the calculated section although it has not been
found experimentally at this temperature.

temperature (1543 K), along a line of approximately
constant Mo content. The binary model for the o phase
was thus extended by placing the Ni aoms on the same
sublattices as Fe.

The w phase:

The p phase is found over a large temperature range
in the Fe-Mo system, and it was found in all of the sec-
tions investigated in the present work, extending into the
ternary system with an approximately constant Mo con-
tent. The w phase was thus modeled so that Ni substi-
tutes for Fe, using the model from the binary Fe-Mo
system.

The R phase:

The R phase is stable in the Fe-Mo system at high
temperatures. At the highest temperature investigated in
the present work (1543 K), the R phase was found to
dissolve about 5 at. pct Ni. It was therefore assumed that
Ni goes into the same sublattices as Fe.

The 6 phase

Sinha™! has reviewed data on the topological close-
packed structures of the transition metal alloys and data
on the & phase. The distribution of the Ni and Mo atoms
on the different sites has been measured, and these data
were used for modeling the § phase in the Mo-Ni sys-
tem. There are no such data for the distribution of Fe.
In the present experimental work and in the studies by
Das et al.'”! and van Loo et al.,!® it was found that the
solubility of Fe in & lies between 3 and 5 pct. To be able
to account for this information, it is necessary to make
an assumption on how the Fe atoms are ordered on the
sites, and we chose to let the Fe atoms occupy the same
sites as the Ni atoms.

The P phase:
Sinha™® reviewed data on the P phase, first discov-
ered in the Cr-Ni-Mo system.?! However, he did not
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Fig. 9— The calculated isothermal section at 1373 K together with
experimental data from the present work and by van Loo ez al.!®! The
tie lines are calculated, except those marked by symbols which were
measured in the present work, on equilibrated ternary alloys.

mention its existence in the Fe-Mo-Ni system. Das ez al.["
reported a ternary phase in the Fe-Mo-Ni system iso-
morphous with the Cr-Mo-Ni ternary P phase. Accord-
ing to the compilation of Sinha,?? there are 56 atoms in
the unit cell divided on sites with different coordination
numbers. The occupancy of the atoms on the different
sites is known in the Cr-Mo-Ni system. The Mo atoms
occupy the sites with the highest coordination numbers,
and Mo was thus placed on sublattices 2 and 3. Nickel
occupies the CN12 sites and was placed on the first sub-
lattice, but also on the second to be able to account for

N N

o2 04 06 08 1.0
MOLE-FRAGTION NI

Fig. 10— The calculated isothermal section 1373 K together with ex-
perimental data from the present study. The experimental results are
plotted as tie lines. The tie line marked with filled circles was mea-
sured in the sample shown in Fig. 4.
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Fig. 11— The calculated isothermal section at 1273 K together with
experimental data from the present study. All tie lines are calculated,
except those marked with symbols which are tie lines measured in the
present study, on ternary equilibrated alloys.

the experimental results of the present study that show
that the P phase has varying Mo content at 1543 K. Iron
was placed on the same sublattices as Ni. We thus get
the model listed in Table IV.

3. The Gibbs energy
All the intermetallic phases are described with a model
of the type

(Fe, Ni),(Fe, Mo, Ni),(Mo),

where a, b, and c¢ are the number of sites on each sub-
lattice. For one formula unit of this type, the sublattice
model!'*13! yields an expression of the Gibbs energy of
each phase as follows:

G = 'Yr Ve’ Gresre:Mo
+ 2 Yno Grre:mo:mo + 2 Y5 G e:i: Mo)
+ 'yniCYre G nisFe:mo
+ *ymo GrisMo:Mo T+ 2 i G i:Ni: Mo)
+ aRT ("yre In 'yge + 'yni In 'yyy)
+ BRT Cyre In *yee + *Yo In *yuto
+ %yni In’yy) + 5G [5]

Table IV. The Models Used for the
Intermetallic Phases of the Fe-Mo-Ni System

Phase Model
o (Fe, Ni)g(Fe, Ni, Mo),5(Mo),
u (Fe, Ni),(Fe, Ni, Mo),(Mo),
R (Fe, Ni),7(Fe, Ni, M0),,(Mo0),,
é (Fe, Ni),4(Fe, Ni, M0),,(Mo),,
P (Fe, Ni),4(Fe, Ni, M0),,(M0),

METALLURGICAL TRANSACTIONS A

where £G,, is the excess Gibbs energy. The term ‘yy de-
notes the fraction of M (where M is Fe, Ni, or Mo) on
the sublattice i (i is the sublattice 1 or 2, where there is
mixing of atoms). The term °Gg..ni.m0» @S an example,
represents the Gibbs energy of the phase in question with
Fe on the first sublattice, Ni on the second sublattice,
and Mo on the third sublattice, and similarly for the other
°G parameters. The °G parameters were referred to the
selected standard states of the pure elements. Some °G
parameters are given from previous evaluations of binary
and ternary systems.!?3-22 Since the available informa-
tion for the evaluation of the remaining °G parameters
is very limited, a simplification was introduced. Andersson
et al.?® suggested that the °G parameters can be esti-
mated by comparing the elements on the different sub-
lattices with the values for the elements in the bcc or fcc
state. An element on a sublattice with a coordination
number of 12 is compared with the fcc state of the ele-
ment, and an element on sublattices with a coordination
number of 14 or higher is compared with the bcc state
of the element. Using this suggestion, the elements on
the first sublattice are compared with fcc and on the two
second sublattices (CN14, CN15, or CN16) are com-
pared with the bcc state. For our example above, we
thus get

°Gre:Ni:Mo = aoG;cec + boG‘;ICiC + C°GKZS + A°Gre.ni:mo
(6]

and similarly for all other °G parameters (Appendix).
The term A°Gre.ni:Mo 1S @ CoOrrection term that is evalu-
ated from experimental data.

The excess Gibbs energy was in the present work, for
simplicity, set to zero for all phases except the o phase.
For the o phase, it was given the following expression:

2
EG = 1yFe2yFe2yMoLFe:Fe,Mo:Mo + lyFelyNi yMoLFe,Ni:Mo:Mo
[7]

where Lg..pemomo 15 taken from Reference 2 and
L g ni:Mo:Mo Was determined in the present work.

IV. PARAMETER EVALUATION
A. The Solid Phases

The experimental data obtained in the present work,
as well as previously published experimental data, were
taken into account for the evaluation of the thermo-
dynamic parameters. A set of experimental data was se-
lected for each temperature. Each piece of information
was given a weight chosen by personal judgement. The
weight should reflect the experimental uncertainty. The
weighted set of data was analyzed using the thermo-
dynamic models described above. The model parameters
were evaluated using a computer optimization pro-
gram!®! which minimizes the weighted sum of squared
deviations between calculated values and experimentally
determined values. Different choices of weights and dif-
ferent sets of parameters were tried until most of the data
were reproduced within the expected uncertainty limits.

Since all phases are present at 1543 K, this temper-
ature was first considered in the optimization. At this
temperature, we know from the present investigation of
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ternary alloys that the u phase extends to over 25 at. pct
Ni, and that it is followed by the P phase at approxi-
mately 30 at. pct Ni. The three-phase equilibria bce +
fcc + w, bcc + R + p, and o + P + bee were measured
in diffusion couple samples. The extension of the & phase
at this temperature is not known, but we know from the
data at lower temperatures that it should solve around
5 at. pct Fe. The equilibria between the fcc, P, é, and
1 phases were first fixed. A number of correction terms,
defined above, were evaluated for the different phases.
For the P phase that has not been evaluated in any of
the binary systems, four binary and two ternary °G pa-
rameters were evaluated. The p phase is stable in the
Fe-Mo system, and the parameters for the binary y phase
have been determined previously.!!* The two binary °G
parameters on the Ni-Mo side were evaluated, as well
as two ternary parameters. The parameters for the 8 phase
in the Mo-Ni system were taken from a previous study.®!
The 6-phase parameters in the Fe-Mo binary, represent-
ing very unstable states, were given a high positive value.
The correction terms for the ternary d-phase parameters
were set to zero. To describe the measured fcc + inter-
metallic phase boundary, three ternary composition-
dependent parameters in the fcc phase were evaluated,
and a ternary interaction parameter was evaluated in the
bce phase to describe the measured bcc + fcc phase
equilibria. The bcc + R + u three-phase triangle was
measured at 1543 K, and this result was used to evaluate
the parameters for the R phase on the Mo-Ni side. The
correction terms for the ternary parameters were set to
zero for the R phase. The o phase is stable in the
Fe-Mo system at 1543 K (Figure 1). It therefore appears
in the 1543-K isothermal section of the Fe-Mo-Ni sys-
tem. In the ternary alloy 3, a three-phase equilibria was
measured, probably between the o, P, and bce phases.
X-ray diffraction investigation of the ternary alloy 1 heat-
treated at 1543 K confirmed that the o phase was present
(Figure 5). The o-phase parameters were therefore eval-
uated to fit a solubility of Ni in the o phase of 23 at.
pct. The Cr-Mo-Ni system was evaluated in connection
to the present work, and the o phase is a dominating
ternary compound in that system.?” We therefore chose
to determine the binary Mo-Ni parameters for the o phase
using the ternary Cr-Mo-Ni data, instead of the Fe-Mo-
Ni data. All binary parameters for the o phase are then
fixed, and the ternary °G parameters must be given a
large positive value to reduce the existence range of the
o phase. An interaction parameter L, ni:mo:mMo Was eval-
uated to fit the compositions measured in the present work.
All parameters describing the Fe-Mo-Ni system are listed
in the Appendix. The calculated isothermal section at

1543 K using these parameters is shown in Figures 5 and
6 together with experimental data. ,

The experimental data from temperatures lower than
1543 K were used to evaluate the temperature depen-
dence of the various parameters. The best data are those
at 1473 and 1373 K, and only these were used for the
parameter evaluation. The experimental data from the
present work, in agreement with results by Gozlan et al.”
at 1473 K and with van Loo et al.® at 1373 K, show
that the u phase extends to higher Ni contents and the
extension of the P phase decreases as the temperature is
lowered. There is a small disagreement on the position
of the fcc + u + P three-phase equilibrium between the
present work and previous investigations.® The data
from the present work were selected since the results at
different temperatures are consistent, and the entire com-
position triangles have been determined. The experi-
mental data permitted an evaluation of the temperature
dependence of a number of the correction terms for the
w and P phase. The o phase has not been found at tem-
peratures below 1543 K, and the temperature depend-
encies for the o phase were set to values of the same
order of magnitude as for the u and P phases. All eval-
uated parameters are listed in the Appendix.

B. The Liquid Phase

Bamberger et al.'*! measured the liquidus and solidus
temperature of some ternary alloys. The measured lig-
uidus temperatures were used to evaluate a ternary inter-
action parameter in the liquid phase. The measured and
calculated temperatures are shown in Table V, and the
liquidus temperatures are in reasonable agreement. No
attempt was made to improve the agreement with mea-
sured solidus temperatures. This would involve a reop-
timization of the fcc phase parameters, and it was felt
that they are well determined from the experimental data
on the fcc/fcec + intermetallic phase boundary.

V. DISCUSSION

The calculated isothermal section at 1543 K is shown
in Figures 5 and 6. The agreement with experimental
data is very good. The calculated bcc + fcc + wu,
bec + R + u, and bee + o + P three-phase equilibria
lie almost exactly over the measured equilibria. The cal-
culated 1473 K section is shown in Figure 7, together
with experimental results from the equilibrated ternary
alloys. The calculated isothermal section (Figures 7
and 8) agrees well with the experimentally determined

,

Table V. Comparison between Measured®® and Calculated Liquidus and Solidus Temperatures

Measured

Alloy Composition (Wt Pct) Calculated Measured Calculated
Pct Fe Pct Ni Pct Mo Solidus Solidus Liquidus Liquidus
10 56 34 1589 1637 1633 1642
13.1 54.1 32.84 1588 1639 1628 1641
16.2 52.16 31.67 1587 1639 1631 1639
20.38 49.54 30.08 1587 1636 1632 1637
31.14 42.85 26.02 1593 1630 1640 1630
41.84 36.19 21.98 1598 1630 1656 1632
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section, except for the occurrence of the o phase. Al-
though it has not been found experimentally, the cal-
culations predict the o phase to be stable at this
temperature. Alloy 1, equilibrated at 1473 K for
600 hours, did not contain o phase (Figure 7). Nor was
the o phase detected in the diffusion couple experiments
(Figure 8). In the calculations, the o phase is stable at
1473 K and disappears at 1400 K. There is thus an error
in the calculated range of stability of the o phase of ap-
proximately 100 K. Unreasonably high temperature de-
pendencies of the ternary correction terms for the o phase
are needed torcorrect this error if we also use the ex-
perimental results from 1543 K and the parameters eval-
uated in the Cr-Mo-Ni system.?” The calculated result
shown in Figures 7 and 8 is the best that could be done
under the circumstances and was accepted for the present
purpose.

In Figure 8, the 1473-K section is compared with ex-
perimental data from the present work and from
Gozlan er al.,” who identified the phases by X-ray
diffraction. The agreement is again good. At this tem-
perature, the equilibrium between the fcc, 8, and P phases
was measured, and it is reasonably well described. The
calculated isothermal section at 1373 K is shown in
Figure 9, together with experimental data from the pres-
ent work and from van Loo et al.®®! The agreement is
good except for the existence range of the P phase.
Van Loo et al.™® found that the u, 8, and P phases are
in equilibrium at this temperature. In the present de-
scription, this three-phase equilibrium appears first at
lower temperatures. In Figure 10, the calculated section
at 1373 K is compared with experimental results ob-
tained in the present work from diffusion couples. The
agreement is reasonable. The experiments indicate that
the P phase should have a slightly more narrow existence
range. The experiments at 1473 K (Figure 7) lead to the
same conclusion. The present calculation was accepted,
since a change of the existence range of the P phase
affects the fcc/fcc + P phase boundary, giving less good

Afcc+d
ofce+
obee+u
zbcc+6
vicc+d+1
+bcc+d+iL
xbec+fcc+u

T
0.6 0.8 1.0

}
FE O 0.2 0.4
MOLE-FRACTION NI

Fig. 12— The calculated isothermal section at 1273 K together with
experimental data by Gan and Jin.?
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04 06 08 10
MOLE-FRACTION Ni

Fig. 13— The calculated isothermal section at 1223 K together with
experimental data from the present work. The bee and focc phase
boundaries were measured by diffusion couple experiments, and the
compositions are marked in the diagram as crosses.

agreement with experiments. The isothermal section at
1273 K is shown in Figure 11 and is in good agreement
with experimental results from equilibrated alloys from
the present work. The calculation is compared with the
experimental data by Gan and Jin® in Figure 12. The
fcc phase boundary is well reproduced by the calcula-
tion. However, the three-phase equilibria measured by
Gan and Jin are in disagreement, both with the present
calculation and with the experimental results of the pres-
ent work. The isothermal section at 1223 K is plotted in
Figure 13. The calculation now predicts a w + P + 8
phase equilibrium, found at 1373 K by van Loo et al.®®
At this temperature, the experimental results of the pres-
ent work are reasonably accurate only on the boundaries

1.0

T
FEO 02 04 06
IN-PHASE-MOLE-FRACTION NI

Fig. 14— The calculated projection of the liquidus surfaces of the Fe-
Mo-Ni system. The dotted lines are isotherms calculated at every
100 K from 1700 to 2200 K.
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of bee and fec phase in equilibrium with the intermetallic
phases, and these experimental data are well reproduced
by the calculation (Figure 13). The experimental data
from 1273 and 1223 K were not used for the optimi-
zation of the thermodynamic parameters. Still, the
agreement between calculations and experiments is good,
supporting the present results. The experimental results
by Gozlan et al.™ from 1123 and 973 K are in severe
disagreement with the results of the present work and
with extrapolations from the binary sides and were not
further considered.

The calRulated projection of the liquidus surface of the
Fe-Mo-Ni is shown in Figure 14. The dotted lines are
isotherms calculated at every 100 K from 1700 to
2200 K.

VI. SUMMARY

New experimental data in previously unknown regions
of the Fe-Mo-Ni system have been obtained using a dif-
fusion couple technique. This technique allows a large
number of tie lines to be determined from a reduced
number of samples. These data were used for a thermo-
dynamic evaluation of the system. It was shown that it
is possible to reproduce most of the experimental data
by using relatively simple models. The three-sublattice
models adopted for the intermetallic phases can be used
to account for the experimental information. Moreover,
the thermodynamic analysis was useful in judging ex-
perimental data from different sources, for example, ex-
perimental data from different temperatures. The
thermodynamic description obtained in the present study
was determined from experimental data at 1543, 1473,
and 1373 K, and it has been shown that experimental
data at temperatures below 1373 K can also be described.

APPENDIX

Summary of the thermodynamic parameters evaluated
in the present work. For the intermetallic phases, the
complete list of parameters is given, and parameters
evaluated in the present work are indicated with an as-
terisk (*). Other parameters are from References 2, 3,
13, and 22. The descriptions of the binary systems are
taken from References 2 through 4 and 13. All values
are given in SI units. The values are valid for one for-
mula unit of the phases.

The Liquid Phase
1 sublattice, constituents Fe, Mo, Ni
* OLron = 50,000

The Bcc Phase
1 sublattice, constituents Fe, Mo, Ni

* O i = — 35,743
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The Fcc Phase
1 sublattice, constituents Fe, Mo, Ni
# 0Lk = —204,791 + 163.93T
*0pfe = 411,555 — 55.81T
*OpRe = +77,975

Ni

The 6 Phase

3 sublattices, sites 24:20:12, constituents Fe, Ni:
Fe, Mo, Ni:Mo

*°G pemo = T24 °GRs + 20 °GEF + 12°Gyg
+ 100,000
*oGE e = 124 °GE + 20°GE° + 12°GRe
* G oo = 24 °GE + 32 °Gy; + 100,000
OGlimome = 124 °GE 4+ 32 °GRes — 212,100
+ 10897 — 142T In T
* °Gh nimo = 24 °Glt + 20 °GYY + 12 °Gig
°Glinime = +24 °GES + 20 °GRY + 12°Gig
— 1030 —93.5T + 13.5TInT

The p Phase

3 sublattices, sites 7:2:4, constituents Fe, Ni:Mo:
Fe, Mo, Ni

°Gliorre = +7°Gle + 2°Gie + 4 °GE’
+ 39,475 — 6.032T

* °GRiMorre = 7 °Gni +2 °Grmo + 4 °Gie

+ 784,294 — 249.607T
OGE oo = +7 °GEE + 6 °Grge — 46,663 — 5.891T
*OGE oo = T7°GRe + 6 °Gie + 28,506 — 47.3T
* °Glemoni = 17 OG;Cec +2 OGRZE + 4 OG‘;ﬁC

+ 354,030 — 229.4T
*oGh o= +7°GR + 2°Ghs + 4°GRY

+ 398,566 — 2007

The P Phase
3 sublattices, sites 24:20:12, constituents Fe, Ni:
Fe, Mo, Ni:Mo
r 4
* c’Gll)=tt:Fe:Mt) = +24 OG;CEC + 20 OG;EC + 12 OGR/[cg

+ 111,361

¥ OGE reme = 124 °GES + 20 °GET + 12 °Grse
— 170,245 + 100T

¥ OGP oMo = 124 °GES 4+ 32 °GRe + 362,525
- 332.7T
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+24 °GEe + 32 °Ghe + 26,739
- 100T

¥ OGL imo = 124 °GE + 20 °GXS + 12 °Gygs
*OGE ime = T24°GRE + 20 °GRE + 12°Gre
+ 208,845 — 100T

k o yp _
GNi:Mo:Mo -

The R Phase

3 sublattices, sites 27:14:12, constituents Fe, Ni:
Mo:Fe, Mo, Ni

°GR oke = 127 °GE + 14 °Gys + 12 °Gye
— 77,487 — 50.486T

*OGR Mok = +27 °G + 14 °GRee + 12 °GES
= +27°GE + 26 °Gre + 313,474
— 289.472T

= +27 °GE + 26 °Ghe — 18,000
= +27°GE + 14 °Ghs + 12°Gyy
+27 °G% + 14 °GRe + 12 °GYe
+ 100,000

GFe Mo:Mo

% o

GN: Mo:Mo —
* o

GFe Mo:Ni —

% o
GNi:Mo:Nl

The o Phase

3 sublattices, sites 8:18:4, constituents Fe, Ni:
Fe, Mo, Ni:Mo

+8 oncc
- 27.272T
+8 °GRi + 18 °Gp’ + 4 °Gg

18°GE° + 4°Grs — 1813

o o
GFe:Fe:Mo

*k oo
GNi:Fe:Mo

+ 658,600 — 200T

oGI@‘T'e:Mo:Mo = +8 oncc + 22 OGbCC + 83 326
— 69.618T
o(;gi:Mo:Mo = +8 onCC + 22 OGI}:/[C:; + 85,662

* °Glenivo = +8 °Gr + 18°GRy + 4 °Grig
+ 408,600 — 200T
°G%nimo = +8°GES + 18 °GRy + 4 °Gryy — 16,385
OLZ. FeMo:Mo = 222,909
—-164,570 — 10T

% Oy o —
LFe,Ni:Mo:Mo -
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