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HASTELLOY C-22 and C-276 are engineering nickel-based alloys that served as the focus of a com-
prehensive examination of the microstructural development of this class of materials presented pre-
viously by Cieslak et al. The work presented here provides a re-examination of this study. The use
of computational thermodynamic algorithms combined with solidification-path calculations based on
experimentally determined solute-partition data eliminates the need for many assumptions and serves
as the basis for the solute-redistribution model that is presented here. A new series of solidification
sequences for HASTELLOY C-22 and C-276 is proposed based on this model, and these conclu-
sions are supported by the microstructural characterization presented in the previous work.
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I. INTRODUCTION

HASTELLOY* alloys are nickel-based materials that

*HASTELLOY is a trademark of Haynes International, Kokomo, IN.

are often used in corrosive environments, as well as for
filler metal in stainless steel welds.[3,4,5] The study of the
HASTELLOY C-22 and C-276 alloys presented by Cieslak
et al.[1] provided a detailed description of the microstruc-
tural development in fusion welds of these alloys and serves
as the focus of the work presented here. Based on detailed
microstructural analysis, a set of phase-transformation
sequences under normal arc-welding conditions was pro-
posed. An understanding of the solidification sequence was
somewhat limited by the lack of a Ni-Cr-Mo liquidus
projection at the time of publication, requiring a number of
assumptions to be made in the interpretation of the exper-
imental results. Recent advances have led to the develop-
ment of thermodynamic algorithms that enable the devel-
opment of multicomponentphase diagrams that more
accurately describe the behavior of these engineering alloys.
Consequently, many of the simplifying assumptions used
previously[1] can be eliminated, and calculated phase dia-
grams can be combined with solidification theory to more
accurately explain microstructural development in these
alloys. This article applies the combination of calculated
multicomponent liquidus projections and solute-redistribution
simulations toward an improved interpretation of the
microstructural development of fusion welds in HASTELLOY
alloys.

II. MODELING MICROSTRUCTURAL
DEVELOPMENT DURING SOLIDIFICATION

The CALPHAD program used for this research is
Thermo-Calc Version N[6,7] combined with the Nickel Alloy
Database developed by THERMOTECH* Ltd.[8] This software

*THERMOTECH is a trademark of Thermotech Ltd., UK.

determines phase stability through a free-energy-minimization
calculation based on published thermodynamic data that has
been assessed and assembled into a database. Initial work
with this computational thermodynamic technique involved
the calculation of a ternary liquidus surface for the Ni-Cr-
Mo system to serve as a basis for the database validation.
The molar fraction of the liquid phase was maintained at
1, while the temperature and the composition of the system
were varied using a map function until all lines of twofold
saturation were delineated, terminating either at a compo-
sitional axis or a ternary eutectic point. The invariant points
on the resulting liquidus projection (Figure 1(a)) were then
compared to those on an estimated Ni-Cr-Mo liquidus pro-
jection based on experimental results[9] (Figure 1(b)), and
reasonable agreement between the data is shown in Table I.

Once these preliminary calculations were completed, ef-
forts focused on the improvement of the previous study[1] on
the Ni-based HASTELLOY C-22 and C-276 alloys, the com-
positions of which are displayed in Table II. Solidification-
path calculations for each alloy were completed using the
Mehrabian–Flemings model,[10] the equation for which is

[1]

where:

Cl,i 5 composition in liquid of element i,
C0,i 5 nominal composition of element i, and

ki 5 partition coefficient for element i

This solidification model operates on the same assumptions
as the Scheil equation for non-equilibrium solidification:
dendrite-tip undercooling and solid-state diffusion of each
solute are negligible, thermodynamic equilibrium is main-
tained at the solid/liquid interface, and diffusion is infinitely
fast in the liquid. The implications for the solidification
model when these restrictions are relaxed will be discussed
in detail in the proceeding sections. The model tracks the
Mo content of the liquid as a function of the nominal Mo
and nominal Cr compositions, as well as the Cr content of
the liquid during solidification. Although other alloying
elements are present in small amounts, it is assumed that
their effect on solidification behavior can be accounted for
by the position of the lines of twofold saturation in the multi-
component liquidus projection presented subsequently and,

Cl,Mo 5 C0,Mo aCl,Cr

C0,Cr
b

kMo21

kCr21



III. RESULTS/DISCUSSION

The previous study[1] focused on the welding metallurgy
of HASTELLOY C-22 and C-276, both of which are Ni-based
alloys with significant Mo alloy additions. HASTELLOY
C-4 was also studied previously, but has intentional Ti alloying
additions in its composition. The use of Ti as an alloying
addition, even in small amounts, can significantly affect the
solidification behavior of the material. For this reason, alloy
C-4 is not examined in the analysis presented here. In the pre-
vious study,[1] gas-tungsten arc (GTA) welds were prepared
autogeneously on each of the materials, and a thorough
microstructural analysis was conducted. These experimental
data, integrated with “equivalent” compositions developed
from isothermal sections of the Ni-Cr-Mo ternary system,
were then used to propose a series of phase-transformation
sequences. To accomplish this task, these modified equiva-
lent compositions (listed in Table III) served as the starting
point of paths tracking solid compositions from the dendrite
core to the interdendritic region plotted on these isothermal
sections of the Ni-Cr-Mo ternary-phase diagram at 1250 °C
and 850 °C, as shown in Figures 2(a) and (b)), respectively.
In this figure, the start of the tail of each arrow indicates the
dendrite-core composition of each alloy, the length of the
arrow tracks the transition in solid composition, and the head
of the arrow indicates the interdendritic composition. Note
that these isothermal sections track the solidalloy composi-
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Fig. 1—(a) Calculated Ni-Cr-Mo ternary liquidus projection, where com-
positions are expressed in atomic fraction. (b) Approximate liquidus pro-
jection for Ni-Cr-Mo proposed by Gupta,[9] where compositions are ex-
pressed in atomic percent.

Table I. Invariant Point Comparison for Figure 1

This Work Gupta[9]

Invariant (Figure 1(a)), (Figure 1(b)),
Point At. Pct At. Pct

NiMo-d 38Mo 39Mo
NiMo-d-P 36Mo, 4Cr 38Mo, 5Cr
NiMo-g 34Mo 35Mo

NiMo-g-P 33Mo, 4Cr 28Mo, 12Cr
P-d-s 33Mo, 15Cr 40Mo, 17Cr
P-g-s 20Mo, 25Cr 23Mo, 24Cr
g-s-d 3Mo, 53Cr 5Mo, 50Cr
g-d 54Cr 54Cr

Table II. Alloy Compositions (All Values Are 
in Wt Percent)

Element HASTELLOY C-22 HASTELLOY C-276

C 0.006 0.003
Co 0.84 0.96
Cr 21.22 15.83
Fe 3.17 5.44
Mn 0.31 0.50
Mo 13.43 15.56
Ni 56.96 55.58
P 0.010 0.014
S ,0.002 0.002
Si ,0.02 0.03
Ti 0.03 ,0.01
V 0.14 0.18
W 3.29 3.93

therefore, need not be included directly in the solidification-
path calculation (i.e., the effect of these higher-order elements
on solidification is to change the position of the twofold
saturation lines). The direction of the solidification path is
determined by kMo and kCr, which are partition coefficients
that govern solute redistribution during solidification and
have been experimentally measured in previous work.[2] The
primary solidification paths were calculated using Eq. [1],
using these experimentally measured partition-coefficient
values as constants. The result of the combination of the
liquidus projection with the solidification-path calculation
provides a prediction of the solidification sequence of each
alloy. These data were then compared to the solidification
sequences proposed by Cieslak et al.,[1] as discussed in the
next section.



tions rather than the liquidcomposition; thus, they do not
provide direct determination of the solidification sequence.
More importantly, C-22 and C-276 are not true ternary alloys
(compositions are shown in Table II) and, therefore, the use

of pure ternary diagrams to model their behavior introduces
error into the analysis. In the previous work, equivalent
compositions, displayed in Table III, were used in order to
compensate for small amounts of other alloying elements.
However, this approach cannot account for the influence of
quaternary and higher-order alloy additions on the position
of the lines of twofold saturation and the resultant solidifica-
tion sequence.

In order to improve this model, all of the major alloying
elements present within the material must be included in the
solidification simulation. The development of the liquidus
projections presented in Figure 3 is the result of a series of
calculations conducted using the computational thermo-
dynamic algorithms discussed in previous sections. The
progressive addition of alloying elements into these thermo-
dynamic calculations is illustrated in Figure 3. The liquidus
projection 3A contains only Ni-Cr-Mo, onto which the equiv-
alent nominal compositions and calculated solidification
paths for C-22 and C-276 are plotted. The result of the
inclusion of Fe into the solidification simulation is displayed
in the liquidus projections for C-22 and C-276, shown in
Figures 3(b) and (d), respectively. The liquidus projections
in Figure 3(c) (C-22) and 3(c) (C-276) include bothFe and
W in the simulation and, therefore, represent the most
comprehensive multicomponent solidification model for this
material system. The solid lines in these liquidus projections
indicate the positions of lines of twofold solid saturation.
Arrowheads have been placed on each of these lines to
indicate the direction of decreasing temperature. The
nominal composition of the material in each diagram (listed
in Table III) is marked with a large black dot. The arrow
extending from this point is a graphical representation of
the solidification path of the material, as calculated using
the Mehrabian–Flemings model[10] and based on experi-
mentally determined solute-partition data.[2] The solidifica-
tion sequence can then be determined through the combi-
nation of the calculated liquidus projection and the primary
solidification-path calculation. For example, in Figure 3(b),
the nominal composition of C-22 falls in the primary g-phase
field, and the solidification path tracks the liquid composi-
tion to the line of twofold solid saturation between the gand
s phase, as indicated by the arrow. At this point, the frac-
tion of liquid is still greater than zero, and the liquid com-
position will continue to change along the g/s line of twofold
saturation. As dictated by the directionality of this line with
decreasing temperature, the liquid composition will continue
to change until either the fraction of liquid reaches zero or
the liquid composition reaches the g-s-P ternary eutectic
point, at which point solidification must terminate. Assum-
ing that no backdiffusion occurs in the solid, the resulting
predicted solidification sequence in Figure 3(b) is, therefore,
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Fig. 2—Isothermal sections[13,14] of the Ni-Cr-Mo system at (a) 1250 °C
and (b) 850 °C showing the equivalent compositions of the alloys exam-
ined in the study by Cieslak et al.[1] The alloy C-4 was also a subject of
the previous study, but was not involved in the models presented here due
to the presence of intentional Ti alloying additions in its composition.

Table III. Alloy Compositions (Weight Percent) Used for Solidification Simulations Displayed in Figure 3

Alloy Figure Ni Cr Mo Fe W

C-22 (previous work) 3A 62.06 21.22 16.72 — —
C-22 with Fe included 3B 58.89 21.22 16.72 3.17 1
C-22 with Fe and W included 3C 58.89 21.22 13.43 3.17 3.29
C-276 (previous work) 3A 64.68 15.83 19.49 — —
C-276 with Fe included 3D 59.24 15.83 19.49 5.44 1
C-276 with Fe and W included 3E 59.24 15.83 15.56 5.44 3.93



L → L 1 g → L 1 g 1 s → L 1 g 1 s 1 P → g 1 s 1 P.
A comparison of the solidification sequences predicted here
and the overall transformation sequence presented
previously[1] for C-22 and C-276 are shown in Table IV and
V, respectively.

Comparison of the sequences predicted by the multi-
component solidification simulations in Figures 3(c) and
3(e) and those proposed previously for each material re-
veals obvious differences. The simulation pertaining to
HASTELLOY C-276 (Figure 3(e)), which predicted the
formation of the P and sphase during solidification, did
not coincide with the conclusions of the previous study,

which found no evidence of the presence of s phase in the
microstructure. This contradiction between simulation and
experiment can be explained when one considers the mecha-
nisms of microstructural development during solidification.
One of the major assumptions of this solute-redistribution
model is the absence of backdiffusion of solute in the solid
during solidification. For the solidification rates present
during the GTA welding process on which the previous
study was based, this assumption may not completely
describe the behavior of the system, meaning that less solute-
rich liquid was present at the termination of solidification.
Furthermore, although it was originally assumed that dendrite-
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Fig. 3—Calculated Ni-Cr-Mo pseudo-ternary liquidus surfaces where (a) Mo and Ni equivalent compositions (shown in Table II) are plotted on pure Ni-
Cr-Mo space, (b) Fe is included for HASTELLOY C-22, (c) Fe and W are included for C-22, (d) Fe is included for HASTELLOY C-276, and (e) Fe and
W are included for C-276. Note the stabilization of the P phase due to W. The arrows in each diagram are the calculated solidification paths as determined
by the Mehrabian–Flemings[10] model, and the tail of the first arrow for each alloy is positioned exactly at the nominal composition.

(a)

(e)

(d)(c)

(b)



tip undercooling effects were negligible, the dendrite-tip
undercooling during GTA welding by the solute rejection
ahead of the solidification front can be significant.[11] When
these two restrictions are relaxed, the liquid may no longer
continue to be enriched in solute until the ternary eutectic
forms at the termination of solidification. Rather, abbrevi-
ated versions of the solidification sequences presented in
Tables IV and V may be necessary in order to accurately
describe the behavior of HASTELLOY C-22 and C-276, as
explained subsequently.

These phenomena, combined with a quantitative deter-
mination of the fraction of liquid available to form eutectic
in Figures 3(c) and (e), can be used to explain the devel-
opment of the microstructures characterized previously.[1]

The fraction of total eutectic can be calculated using a mod-
ification[12] of the same Mehrabian–Flemings[10] model used
to calculate the solidification paths presented in this dis-
cussion:

[2]

where:

fe 5 fraction of eutectic,
Ce,Mo 5 eutectic composition of Mo,
C0,Mo 5 nominal composition of Mo, and

kMo 5 partition coefficient for Mo

The fraction of total eutectic is identical to the fraction of
liquid present when the solidification path intersects the line
of twofold saturation on the multicomponent liquidus pro-
jection. The composition marked by this intersection is re-
garded as the eutectic composition. The results of these
calculations are displayed in Table VI.

The fraction of liquid calculated here represents the maxi-
mum amount of liquid that can be present to form eutec-
tic. However, if the restriction that neither backdiffusion
nor dendrite-tip undercooling is present is relaxed, the
amount of liquid present at the termination of solidification
will be reduced. The implications of this reduction for the
final solidification sequences can explain the differences be-
tween the sequences presented here and those presented
previously.[1] Despite the presence of 6 pct liquid at the ter-

fe 5 aCe,Mo

C0,Mo
b

1
kMo21

mination of primary solidification in C-22, the close prox-
imity of the intersection point of the solidification path and
the line of twofold saturation between the gand P phases
to the ternary eutectic point for HASTELLOY C-22 (Fig-
ure 3(c)) strongly suggests that the ternary eutectic was
reached for this alloy; thus, the presence of the sphase in
the microstructure.

However, the comparatively large variation in the liquid
composition required to reach the ternary eutectic from the
intersection of the primary solidification path and the line
of twofold saturation between the gand P phases in
HASTELLOY C-276 (Figure 3(c)) makes the formation of
ternary eutectic improbable, considering that a maximum of
only 9 pct liquid is present at this intersection. Consequently,
the s phase will not form, resulting in a microstructure that
contains P phase in a g matrix, which is consistent with the
microstructural characterization presented previously. Hence,
an adjustment must be made to the predicted solidification
sequence for this alloy (presented in Table V) to reflect the
lack of sphase in the observed microstructure. Note that the
resulting sequence (L →L 1 g → L 1 g 1 P → g 1 P)
is the same as that proposed for C-276 in the previous work.[1]

While no modification of the predicted sequence is required
to describe the microstructural evolution of HASTELLOY
C-22 for the reasons discussed previously, further inspection
of the solidification sequences for HASTELLOY C-22 re-
veals that the major difference between the sequence pre-
sented here and that proposed previously involves the for-
mation of the P phase, whether it is a solidificationproduct
(as predicted in this work) or the result of a solid-state trans-
formation (as previously proposed). Both conclusions are sup-
ported by the microstructural analysis presented previously.
The presence of P phase in the resultant microstructure of
C-22 GTA welds, combined with isothermalthermodynamic
data, previously seemed to suggest that the P phase was a
product of a solid-state transformation.
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Table IV. Solidification Sequence Comparison for HASTELLOY C-22

Source Elements Solidification Sequence

Figure 3(a) Ni-Cr-Mo L → L 1 g → L 1 g 1 s → L 1 g 1 s 1 P → g 1 s 1 P
Figure 3(b) Ni-Cr-Mo-Fe L → L 1 g → L 1 g 1 s → L 1 g 1 s 1 P → g 1 s 1 P
Figure 3(c) Ni-Cr-Mo-Fe-W L → L 1 g → L 1 g 1 P → L 1 g 1 P 1 s → g 1 P 1 s

Previous study Ni-Cr-Mo L → L 1 g → L 1 g 1 s → g 1 s → g 1 s 1 P

Table V. Solidification Sequence Comparison for HASTELLOY C-276

Source Elements Solidification Sequence

Figure 3(a) Ni-Cr-Mo L → L 1 g → L 1 g 1 P → L 1 g 1 P 1 s → g 1 P 1 s
Figure 3(d) Ni-Cr-Mo-Fe L → L 1 g → L 1 g 1 s → L 1 g 1 s 1 P → g 1 s 1 P
Figure 3(e) Ni-Cr-Mo-Fe-W L → L 1 g → L 1 g 1 P → L 1 g 1 P 1 s → g 1 P 1 s

Previous study Ni-Cr-Mo L → L 1 g → L 1 g 1 P → g 1 P

Table VI. Fraction Eutectic Results for HASTELLOY C-22
and C-276

Fraction
Alloy C0 (Wt Pct) Ce (Wt Pct) kMo Eutectic

C-22 13.43 22.10 0.82 0.06
C-276 15.56 24.84 0.805 0.09



However, the reason for differing results can be seen by
re-examining one of the main assumptions made previously,
namely, that W behaves identically to Mo during solidifica-
tion and, therefore, can be included with Mo in an equiva-
lent Mo composition. The implications of this assumption can
be seen in the series of solidification simulations illustrated
in Figure 3, which show very different behavior for C-22 and
C-276 when they are described in the Ni-Cr-Mo-Fe system
(with the W content included in the total Mo content) than
when they are described in the Ni-Cr-Mo-Fe-W system (with
W considered individually). This difference can be attributed
to the expansion of the primary P-phase field when W is
included in the liquidus-projection calculation, indicating that
the presence of W stabilizes the P phase as a secondary
solidification product. This is consistent with the high W con-
tent of the P phase determined previously,[1] as the P phase
contains more W than the gor s phases.

The results presented here also illustrate the importance
of including the effect of all alloying elements in the sim-
ulations. For example, note that the sequences predicted
when only Fe was included in the calculations for Figures
3(b) and (d) differ a great deal from those predicted by the
simulations involving both Fe and W, shown in Figures 3(c)
and (e). In fact, the result obtained for the addition of Fe
only (in Figure 3(d)) does not agree with the microstructural
evidence.[1] Consequently, it is essential to include as many
alloying elements as possible in developing solidification
models, to ensure an accurate prediction of microstructural
development. It is important to note that the consistency be-
tween the two sequences for C-276, as shown in Figure 3(a)
(Ni-Cr-Mo) and Figure 3(e) (Ni-Cr-Mo-Fe-W), can be ex-
plained by the fact that the nominal Mo composition was so
high in this alloy that the solidification path intersects the
g/P line of twofold solid saturation before the g/s line, with
or without the stabilization of the P phase provided by the
presence of W.

IV. CONCLUSIONS

Solidification simulations were conducted for the
HASTELLOY C-22 and C-276 alloys by combining multi
componentliquidus projections with solidification-path cal-
culations. The analysis of the comprehensive solidification
simulations, involving all five of the main elemental con-
stituents (Ni, Cr, Mo, Fe, and W) for HASTELLOY C-22
and C-276, resulted in the proposal of new solidification
sequences for these nickel-based alloys.

HASTELLOY C-22: L → L 1 g → L 1 g 1 P →
L 1 g 1 P 1 s → g 1 P 1 s

HASTELLOY C-276: L → L 1 g → L 1 g 1 P →
g 1 P

These sequences represent a small departure from those pro-
posed in the previous study.[1] However, microstructural and
experimental data presented in that publication are consis-
tent with the conclusions reached here.
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