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Abstract

The effect of segregation resulting from solidification on the microstructural evolution of nickel base alloys was investigated.
Two different groups of alloys were produced to simulate either the Hastelloy C type or the Inconel 625/718 type of alloys.
Gravitational thermal analysis welding was performed on these experimental alloys and the extent of microsegregation in the weld
metal was determined. Using composition profiles obtained from solidified microstructures, predictions of the phase stability of
these microstructures were made based on metal d-level (M,) calculations. The maximum M, values obtained in these
microstructures were compared with those critical to the formation of topologically close-packed (TCP) phases such as sigma, P,
and Laves. These profiles showed an increase in the M, level in the interdendritic regions which was correlated to the formation
of TCP phases. '
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1. Introduction

Nickel base alloys such as Hastelloy C-4 and C-276
as well as Inconel 625 and 718 were developed to
withstand the high-temperature and corrosive environ-
ments in gas turbines and chemical plants [1,2]. These
commercial alloys do not contain any topologically
close-packed (TCP) phases in the mill-annealed condi-
tion [2,3]. After welding, TCP phases such as sigma, P,
and Laves appear in the weld metal microstructure,
either as a result of non-equilibrium solidification or
after prolonged exposure to elevated temperatures {4,5].
These phases can adversely affect the mechanical and
corrosion properties [5-8]. The appearance of these
TCP phases suggests that during the non-equilibrium
solidification of arc welding, enough segregation occurs
locally to achieve a sufficient thermodynamic driving
force to form these transformation products. Since
the formation of small amounts of TCP phases
during welding can lead to weld metal hot cracking
[9-12] and a degradation of mechanical and corrosion
properties, it would be desirable to predict the suscepti-

bility to their formation for a given alloy composition
[13,14].

An obvious method for the prediction of solidifica-
tion products would be phase diagrams of the alloy
system involved. Nickel base alloys are derived from at
least four components; usually five or more compo-
nents. Since phase diagrams which would be applicable
to a given commercial alloy are extremely rare, the
phase diagram approach usually is problematic.

To consider the complex alloying of superalloys,
systematic methods were developed to determine phase
stability. The first of these methods, PHACOMP for
PHAse COMPutation, uses electron vacancy numbers
to determine phase stability [15-21]. More recently
New PHACOMP has been developed which calculates
the average energy levels of the electron orbitals [22,23].

As early as 1952, Das et al. [15] found a correlation
between the electron vacancy number (N,) [16] and
phase stability in Mo-Fe—Co, Mo-Fe—Ni, and Mo-
Ni—Co ternary systems. This work was continued by
Greenfield and Beck [17,18] who examined the forma-
tion of sigma phase in systems containing transition
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elements. In 1968, Woodyatt et al. [19] published a
specific procedure to calculate an average N, for com-
mercial alloys which took into account the contribution
of each element. The algebraic equation to determine
the average electron vacancy number of an alloy is
given as:

No= TN, (1)

where X, is the atomic fraction of element /i and N, is
the electron hole number for that element. Only the
elements that were in solid solution were considered,
which required a method to reduce the alloy content of
compound-forming elements.

Although the electron vacancy method ignores differ-
ences in relative electronegativity and size of the atoms,
a correlation was found between having calculated N,
values above the critical N, value and the occurrence of
topologically close-packed phases in many alloy sys-
tems [15]. This analytical method was used to define
phase boundaries. To further refine this method to
make up for discrepancies found for some nickel base
alloys where significant amounts of sigma phase form
within a predicted safe region or where sigma phase did
not form at a composition well within a sigma phase
prone region [20], Barrows and Newkirk [21] developed
a temperature-dependent critical vacancy number (N,,).
Here, the algebraic coeflicients used to determine the N,
are based on solid solubility data from existing phase
diagrams. To determine the susceptibility of an alloy to
sigma formation, the average N, is compared with the
N.. If N.> N, an alloy would be predicted to be
sigma-phase prone. Since this method is an extension of
the original PHACOMP method its accuracy is limited
to the availability of phase diagrams and the electron
vacancy concept from which it was derived.

As an extension of the electron vacancy approach
New PHACOMP as described by Morinaga [22,23] 1s
based on a theoretical approach to the solubility prob-
lem in alloys containing transition eclements. Like
PHACOMP., New PHACOMP does not predict which
TCP phase forms, only the likelihood of a given com-
position to contain such phases. To predict the type of
phase forming on solidification, ternary phase diagrams
closely representing the given alloy are used [23].

In the New PHACOMP model, the parameter M, is
introduced and defined as an average energy level
above the Fermi level of “d” orbitals in transition
elements. The average energy in the metal d-level (M)
of an alloy is calculated by summing the contribution
of each alloying element multiplied by its atomic frac-
tion analogous to N, calculations.

M,=)Y MyX, (in eV) (2)

A critical M, value is determined by fitting the solid
solubility line in phase diagrams by a constant M, line.
By plotting the sigma phase safe boundary at different
temperatures for various alloys the following equation
was developed [22]:

My =625%10 5T+0.834(in eV) (3)

where temperature 7 is in absolute Kelvin. As the
average M, exceeds a critical value, M. the energy
associated with the solid solution becomes favourable
for a TCP to form. In theory, the M, should depend
on the type of phase forming [21]; however, sigma
phase is chemically and structurally similar [14,21] to
other TCP phases and historically their critical values
have been expressed by the same value [22,23].

New PHACOMP and its predecessors have tradition-
ally been used to predict the electronic structure of
wrought alloys. In weld metal, the composition varies
with position, as a result of cellular solidification segre-
gation, and bulk composition calculations are no longer
valid. Correlation between the New PHACOMP ap-
proach and the formation of TCP phases in the weld
metal of Hastelloy C-4, C-22, and C-276 as well as
Inconel 625 and 718 has been examined by Cieslak et
al. [24]. These alloys in wrought form have previously
been proven safe for long term high temperature appli-
cations [5—7]. Upon further examination of the weld
metal, Cieslak et al. [24] found the weld metal to
contain the topologically close-packed phases mu, P,
sigma, and Laves. In the same study, differential ther-
mal analysis revealed terminal solidification reactions
involving some of these phases. These studies were
performed on commercial alloys which contain signifi-
cant alloying additions of cobalt, manganese. and tung-
sten, as well as other elements.

2. Experimental approach

To examine the effect of various alloying elements on
the formation of TCP-like phases, two different series
of nickel base alloys were produced. Alloy composi-
tions are listed in Table 1. Series I alloys were produced
to examine sigma-type phase formation and compare
with the austenite solvus in the Ni-Cr—Mo system by
varying the relative amounts of chromium, iron, and
molybdenum. Series II alloys were designed to contain
Laves-type phases. Variations in chromium, iron, and
niobium of Series II alloys will alter the electronic
structure of the alloy and thus its propensity to form
Laves phases.

Small slabs 120 x 40 x 3 mm® were prepared from
each alloy by melting a blend of metallic powders in a
vacuum furnace. These slabs were cold rolled to ten-
percent reduction, annealed, reduced an additional ten
percent, and annealed again. This procedure was per-
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Table 1
Composition of experimental alloys as determined by scanning elec-
tron microscopy

Composition (wt.%)

Alloy

number Ni Cr Fe Mo Nb
Series 1

1 63.7 20.1 — 16.2
2 51.9 17.0 15.4 15.7 —
3 57.5 16.6 10.0 15.9 —
4 51.7 21.9 10.0 16.4 —
Series 11

5 53.0 21.9 19.9 — 5.2
6 62.7 21.3 10.1 — 5.9
7 62.1 11.3 20.7 — 5.9
8 73.8 10.3 10.4 — 5.5

formed to homogenize the microstructure prior to weld-
ing and to dissolve any phases which may have formed
during the initial solidification.

Autogenous gravitational thermal analysis (GTA)
welding using argon shielding was performed on each
of the eight slabs. Welds were made at 100 A, 13 V
(DCEN), and the travel speed was 3.3 mm s —!. During
the weld, once steady state was established, a jet of
water was directed on the weld pool effectively decant-
ing the liquid metal and quenching the surrounding
metal. The area surrounding the quenched region was
sectioned out and prepared for metallographic exami-
nation.

Differential thermal analysis (DTA) work was also
performed to determine a temperature used to calculate
the M, using Eq. (3) for each alloy. To run the DTA
each alloy was heated in the as-cast condition to above
its melting point at a rate of 20 °C min~'. A typical
heating curve is shown in Fig. 1. The smaller secondary
peaks indicate the melting of secondary phases while
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Fig. 1. DTA profile on heating Alloy 1. Secondary peaks indicate the
melting of minor solidification constituents.

Fig. 2. Light micrograph of area near quenched region in weld metal
to be analyzed.

the large peak corresponds to the melting of the bulk
alloy.

3. Results and discussion

The area suitable to be analyzed is in the region of
parallel growing dendrites near the quenched zone (Fig.
2). The microhardness impressions shown in this figure
were used to identify the selected area when using a
scanning electron microscope (SEM). To quantify the
amount of segregation, energy dispersive spectra (EDS)
were taken in one or two micron increments across
several dendrites in all weld metal specimens. The re-
sults of these composition scans for an alloy representa-
tive of each series with corresponding M, levels
calculated according to Eq. (2) are shown in Figs. 3 and
4.

Alloys 1-4 are the series of four molybdenum con-
taining alloys, which are of an alloy system that can
involve sigma-type phases. As these weld metals solid-
ify, molybdenum segregates to the interdendritic re-
gions. A representative composition profile with
corresponding M, level profiles showing this segrega-
tion is given in Fig. 3. In this series, the critical value
for formation of the sigma phase was exceeded in the
weld metal of each alloy. This behaviour can be seen in
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Fig. 3. (a) Composition profile of weld metal in Alloy 1; (b) corre-
sponding metal-d level, M, profile of Alloy 1 showing placement of
critical value.

Table 2 where the difference between maximum M, and
critical My 1s positive. The presence of secondary
phases was confirmed with the DTA. As expected, the
maximum M, obtained in the interdendritic region
increases with the bulk M, as does the fraction of TCP
due to the increasing amount of molybdenum. It is
interesting that homogenized wrought alloys of these
compositions are predicted to be unable to form a TCP
phase as seen by the negative differences between the
bulk M, and the critical M, values.

To compare the results of the segregation profiles of
Series I alloy weld metals and the validity of the New
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Fig. 4. (a) Composition profile of weld metal in Alloy 5: (b) corre-
sponding metal-d level, M, profile of Alloy 5 showing placement of
critical value.

PHACOMP calculations applied to these profiles, the
equivalent segregation patterns were plotted on a Ni—
Cr—-Mo phase diagram. Fig. 5 is the nickel-rich portion
of the Ni-Cr-Mo phase diagram at 1250 °C with
equivalent composition profiles plotted for Alloys 1-4.
The equivalent compositions were determined using
Eqgs. (4), (5), and (6), as developed by Cieslak et al. [12].

Mo(eq) = Mo + W (4)
Cr(eq) =Cr (5
Ni(eq) = Ni+ Fe + X (6)

Bulk M, critical M,y and maximum M, calculated for Alloys 1-8. The critical M,, M. was calculated using Eq. 3 with the temperature
determined by DTA. The difference between the bulk M, and the critical M, and the difference between the maximum M, and the critical M,
are also listed. If a difference is positive, it would suggest that the TCP phase could possibly form

Alloy Bulk M4 Crit. My Bulk M -Crit. M, Max. M, Max. M, — Crit. My
1 0.90 0.929 —0.01 0.93 +0.001
2 0.91 0.930 —0.02 0.95 +0.02
3 0.90 0.930 —-0.03 0.97 +0.04
4 0.93 0.930 0.00 0.96 +0.03
5 0.90 0.922 —0.02 0.96 +0.04
6 0.90 0.924 -0.02 0.95 +0.03
7 0.86 0.925 —0.06 0.92 —0.005
8 0.89 —0.04

0.83 0.926 —0.10
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The critical M, line at 1250 °C is also plotted and is
shown as the dashed line. In Fig. 5, the critical M, line
does a good job of predicting the boundary between
gamma phase and the TCP phases; P and sigma phases.
The equivalent bulk compositions of Alloys 1-4 are
plotted as the four points. The arrows indicate an
equivalent composition profile of each alloy starting at
the dendrite core and traversing towards the interden-
dritic region. The bulk equivalent compositions as well
as the dendrite cores of these alloys are in the single-
phase gamma region while the interdendritic regions all
cross the critical M, line towards the gamma + P and
gamma + sigma phase regions. These results are an
excellent example of the ability of New PHACOMP
calculations to predict sigma phase formation.

Each series Il alloy was designed with a different
tendency to form Laves phase as characterized by the
bulk M, level. As these alloys solidify, the dendrite core
is enriched in nickel, chromium, and iron while parti-
tioning niobium to the interdendritic region. This typi-
cal behaviour can be seen in Fig. 4(a). The segregation
pattern results in an increase in the M, level shown in
the corresponding Fig. 4(b). The average M, exceeds
the critical M, in the interdendritic region of Alloys 5
and 6. The M, level in Alloys 7 and 8 does not rise
above the critical value. Fig. 6 shows this behaviour.
Even though the M, value remained below the critical
value, DTA indicated the presence of secondary phases.
The secondary phases expected to form in this series are
Laves and possibly Ni;Nb. The morphology of sec-
ondary phase found in Alloy 8 weld metal is very
similar to Laves phase as identified by Cieslak (12) in
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Fig. 5. Nickel-rich portions of Ni-Cr-Mo ternary phase diagram at
1250 °C showing placement of the critical New PHACOMP line
(dashed line) and equivalent solidification profiles of Alloys 1-4 as
arrows.
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Fig. 6. (a) Composition profile of weld metal in Alloy 8; (b) corre-
sponding metal-d level, M. profile of Alloy 8 showing placement of
critical value.

Inconel 625 weld metal.

For series II alloys the maximum M, obtained in the
interdendritic region is related to the bulk M,. As the
bulk M, level increases, the maximum Md obtained in
the interdendritic also increases. These results are
shown in Table 2. Secondary phases were found to
form in all series II weld metal specimens. The fraction
of secondary phases present was observed to increase
with the bulk M. This effect is a result of the increas-
ing niobium content. Homogeneous wrought alloys of
these compositions are predicted to be unable to form a
TCP phase as seen by the negative difference between
the bulk M, and the critical M, values. The calcula-
tions also predicted that weld metal of alloy 5 and 6
should be able to form TCP phases as seen by the
positive difference between the maximum M, and criti-
cal M, values. It also predicted that weld metal of
alloys 7 and 8 should not form TCP phases.

The presence of a Laves-type phase in Alloy 8, in
which the critical M, is not exceeded, suggests that the
matrix is reaching a critical M, value lower than that
predicted by the temperature-dependent critical M,
equation. This result supports the assertion of Mori-
naga et al. [22] where it is suggested that the critical
value for formation of the Laves phase (a size-effect
intermetallic compound) may be lower than that for
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sigma phase. This observation also implies that the
temperature-dependent critical M, equation (Eq. (3))
cannot be simply extended to include the formation of
Laves-type phases. Comparing the compositional and
M, profiles results shown in Table 2 suggests that the
critical M, for Alloys 5-8 may be less than 0.89. It
becomes apparent that specific temperature-dependent
critical M, equations need to be determined for each
type of TCP phase.

4. Conclusions

1. An evaluation of New PHACOMP analysis for
predicting the susceptibility of nickel alloy weld
metal to form topologically close-packed phases
was performed.

2. The formation of sigma-type phases correlated well
with the critical M, level calculations as defined by
New PHACOMP.

3. The formation of Laves phase, a size-effect inter-
metallic compound, did not correlate well with the
critical M, level calculations as defined by New
PHACOMP for the formation of sigma-phase-type
phases.
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