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The weld metal microstructures of five commercial nickel base alloys (HASTELLOYS* C-4, C-22, 
and C-276, and INCONELS* 625 and 718) have been examined by electron probe microanalysis and 
analytical electron microscopy. It has been found that solidification terminates in many of these alloys 
with the formation of a constituent containing a topologically-close-packed (TCP) intermetallic phase 
(i .e. ,  ~ ,  P, Laves). Electron microprobe examination of gas-tungsten-arc welds revealed a solidification 
segregation pattern of Ni depletion and solute enrichment in interdendritic volumes. New PHACOMP 
calculations performed on these segregation profiles revealed a pattern of increasing Md (metal-d 
levels) in traversing from a dendrite core to an adjacent interdendritic volume. In alloys forming a 
terminal solidification TCP constituent, the calculated Me values in interdendritic regions were greater 
than the critical Ma values for formation of o" as stated by Morinaga et al. Implications of the 
correlation between TCP phase formation and Mj in the prediction of weld metal solidification 
microstructure, prediction of potential hot-cracking behavior, and applications in future alloy design 
endeavors are discussed. 

I. INTRODUCTION 

SOLIDIFICATION during arc welding is an inherently 
nonequilibrium process. Microstructures generated during 
arc welding are often not those predicted by applying equi- 
librium considerations to existing phase diagrams. In some 
cases, such as the A1-Mg system, the formation of a rela- 
tively large volume fraction of a nonequilibrium eutectic 
constituent makes possible the fabrication of readily 
weldable alloys such as 5456 (AI-5.2 wt pct Mg). Usually, 
though, the formation of a low-melting nonequilibrium 
eutectic constituent is detrimental from a weld hot-crack- 
ing viewpoint. 

The sequence of solidification reactions in commercial 
alloys is of prime importance in diagnosing not only hot- 
cracking propensity but also in understanding subsequent 
solid-state transformations and materials properties derived 
from these transformations. Unfortunately, phase diagrams 
are lacking for virtually every alloy system incorporating 
more than three components and are generally limited in 
scope even for ternary systems. 

In the case of nickel base alloys, much fundamental and 
empirical effort has gone into describing phase relationships 
in the solid state. Nickel base alloys are generally derived 
from at least ternary systems and more usually quaternary 
or higher order systems. The face-centered-cubic Ni matrix 
has a high solubility for many substitutional alloying ele- 
ments, but commercial alloys often contain a large number of 
minor phases (carbides, nitrides, borides, intermetallic 
compounds, etc. ). The occurrence of certain topologically- 
close-packed (TCP) intermetallic phases, such as/x, ~r, and 
Laves, has been shown to influence the mechanical proper- 
ties of nickel and cobalt base superalloys.l-4 As phase dia- 
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grams were not available for complex systems, metallurgists 
compiled empirical data on the occurrence of these phases 
in commercial alloys. In the 1950's, several authors 5-9 in- 
vestigating binary and ternary alloy systems applied the 
electron vacancy concept of Pauling ~~ and realized that cr 
phase was an electron compound, 11 the presence of which 
could be predicted in other alloy systems. 

Later, Woodyatt, Sims, and Beattie 12 advanced this pre- 
dictive capability to complex, commercial alloys through a 
calculation scheme known by the acronym PHACOMP (for 
PHAse COMPutation). The average electron hole number, 
defined as Nv, for the austenitic matrix is calculated after 
accounting for the formation of all phases normally encoun- 
tered in nickel base superalloys (carbides, y ' ,  borides, etc.). 
The algebraic definition of Nv is given as follows: 

Nv = ~ ( x i ) ( n ~ )  [1] 

where xi is the atomic fraction of element i and n[ is the 
electron hole number of element i. Table I lists values of n~ 
for the common elements found in nickel-base alloys. A 
critical electron hole number, based upon studies of binary 
and ternary alloy systems and upon the collected empirical 
data from vast numbers of heats of commercial alloys, was 
established as the "o--safe" boundary. That is, when the 
critical value of N,. was exceeded in the residual austenitic 
matrix, o- would be predicted to form. In a similar manner, 
"/z-safe" and "Laves-safe" boundaries have been estab- 
lished. 13 By using this approach, alloy design and chemis- 
try control have been carried out for the past two decades. 

It must be pointed out, though, that problems have arisen 
in predicting the "safe" compositions for some alloys, such 
as Alloy 713-C.  3'14 In addition, calculational difficulties 
have been ascribed to alloys having relatively high Mo or W 
contents. In general, elements not located in the first long 
row (transition metals) of the Periodic Table have been 
simply assigned individual n,. numbers equal to those of the 
elements at the top of their respective columns. Subse- 
quent attempts to correlate these values with ternary, phase 
diagram data has resulted in, for example, the assigning 
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of nv M~ numbers from 4.66 to 10.15 A more sophisticated 
PHACOMP technique, which defines temperature depen- 
dent critical Nv values, has also been suggested. 16 

Recently, a more fundamental and elegant approach to the 
problem of austenite phase stability vs TCP phase (and other 
intermetallic phases) -formation in nickel base alloys has 
been developed by Morinaga et al. 17,18 With a quantum me- 
chanical calculational technique, the DV-Xa (discrete vari- 
ational cluster) method, a different type of PHACOMP, 
called New PHACOMP, was developed. Instead of calcu- 
lating an average electron hole number, the average 
d-electron energy above the Fermi level is calculated for the 
same residual austenitic matrix. This average d-electron 
energy is called Ma and is defined algebraically as: 

Ma = ~ ( x i )  (m~) [2] 

where xi is the atomic fraction of element i and m~ is the 
metal d-level of element i. Elemental values of m~ are 
given in Table I. In a manner analogous to the original 
PHACOMP, New PHACOMP calculations are used to pre- 
dict the occurrence of intermetallic phases such as TCP 
phases in a nickel-base austenitic matrix. Temperature depen- 
dent critical values of Ma, calculated from appropriate bi- 
nary and ternary phase diagrams, were established for 
"g-safe" alloys such that when these values were exceeded, 
~r would be expected to occur. In addition, other phase 
boundaries ( 7 / 7  + /3(NiA1), 7 / 7  + Y ' ,  and 7 / 7  + l~) 
were also predicted by specific critical Ma values. In particu- 
lar, the temperature-dependent "or-safe" expression is given 
as  ~ 17 

M }  t i t =  6.25 x 10-ST + 0.834 [3] 

where T is the absolute temperature in Kelvin. 
A method for predicting phase stability, microstructure, 

and solidification sequence in austenitic stainless steel weld 
metal has also been developed,19-22 based upon a Cr and Ni 
equivalent concept. It has been determined that alloying 
elements normally found in stainless steels have similar 
phase stabilizing behavior as either Cr or Ni. Those ele- 
ments which act in a manner similar to Cr (Mo, Si, Ti, 
Nb, W, Ta, V, A1) tend to stabilize the body-centered-cubic 
ferritic phase. Elements which behave similarly to Ni 

Table I. Elemental n v and ma Values 

Element n l. m lt 

Ti 6.66 2.271 
V 5.66 1.543 
Cr 4.66 1.142 
Mn 3.66 0.957 
Fe 2.66 0.858 
Co 1.71 0.777 
Ni 0.66 0.717 
Zr 6.66 2.944 
Nb 5.66 2.117 
Mo 4.66 1.550 
Ta 5.66 2.224 
W 4.66 1.655 
A! 7.66 1.900 
Si 6.66 1.900 

(C, N, Mn, Cu, Co) tend to stabilize the face-centered-cubic 
austenitic phase. An excellent historical review of this de- 
velopment has been recently published by O l s o n .  22 In an 
analogous manner, an equivalent composition model has 
recently been proposed by Cieslak et a t .  23'24 to describe the 
solidification and solid state transformation microstructure 
in austenitic Ni-Cr-Mo-Fe-W weld metals. 

It must be remembered that the entire history of the de- 
velopment of PHACOMP-type calculations for austenitic 
superalloys and equivalency models for austenitic weld 
metals has been driven by the desire to establish the 7 solvus 
vs a variety of other possible phases in complex, multi- 
component systems for which phase diagrams are not avail- 
able. The purpose of this study is to show that a correlation 
exists between the weld solidification microstructure in the 
nickel base alloys investigated and critical values of the Ma 
parameter from the New PHACOMP formalism. ~7 

II.  E X P E R I M E N T A L  P R O C E D U R E  

The mill analyses of the alloys used in this investigation 
are given in Table II. All alloys tested were in the mill 
annealed condition prior to welding. All welding was done 
using the autogenous (no filler metal added) gas-tungsten- 
arc (GTA) process, direct current, electrode negative. Welds 
were made using a current of 100 amperes at a travel speed 
of 20 cm/min (90 amperes at 22 cm/min for INCONEL 
718). Argon was the shielding gas. 

The weld metal analyzed was obtained from Varestraint 
Test 25'26 (a fusion zone hot-cracking test) specimens. Weld 
metal analysis involved scanning electron microscopy 
(Hitachi S-520), electron probe microanalysis (Cameca 
MBX), and transmission electron microscopy (JEOL 100C). 

After welding, samples for bulk microstructural analysis 
were sectioned from Varestraint specimens and included the 
fusion zone hot cracks present. The samples were mounted 
in epoxy and polished through 0.05/~m alumina. The micro- 
structures were revealed by a 10 pct chromic acid electro- 
etch. Those specimens to be examined in the scanning 
electron microscope (SEM) were carbon coated prior to 
examination. 

The specimens for electron probe microanalysis had mi- 
crohardness indentations placed on the specimen surface to 
bracket areas for analysis. The etched surfaces were then 
repolished flat with 1 /~m diamond paste and carbon coated 
prior to analysis. Profiles were taken across weld metal 
dendrites perpendicular to the dendrite growth direction. 
Care was taken to avoid interdendritic constituents during 
profiling. The microprobe was operated at an accelerating 
potential of 15 kV and a beam current of approximately 
20 nA. K,X-ray peaks were used to analyze for all elements 
of interest except for Mo, W, and Nb, where the L~ peaks 
were used. Point count data were reduced to weight per- 
centages with a cb(p, Z) computer algorithm. 27 

Samples for transmission electron microscopy were sliced 
from the weld metal of Varestraint specimens with a low- 
speed carbide saw and ground to a thickness of approxi- 
mately 125 #m. Standard 3 mm-diameter disks were cut 
from the thin sheet with a mechanical punch. Thin foils were 
prepared by electropolishing in a solution of 10 pct per- 
chloric acid in methanol at approximately - 6 5  ~ Follow- 
ing electrochemical thinning, the foils were placed in an ion 
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mill to increase the amount of thin area and to remove any 
electrolyte residue. The foils were examined in a JEOL 
100C AEM operated at 100 kV. Selected-area electron dif- 
fraction was used to uniquely identify phases in the weld 
metals' microstructures. 

I I I .  RESULTS 

A. Microstructural Analysis 

Figures 1 through 5 are SEM secondary electron photo- 
micrographs of the weld metal microstructures of the five 
alloys studied. In all cases fusion zone hot cracks are pres- 
ent in the figures and terminal solidification constituents 
can be seen (except in Figure 1, HASTELLOY C-4) asso- 
ciated with the hot cracks. In general, it was observed that 
INCONEL 718 had the largest volume fraction of terminal 
solidification constituent, and that HASTELLOY C-4 had 
the least (none observable in the SEM). 

Higher magnification SEM analysis revealed a lamellar, 
eutectic-like morphology of these terminal solidification 
constituents. Figure 6 shows this well-developed struc- 
ture in INCONEL 718 weld metal. A similar morphology 
can be seen in Figure 7 for INCONEL 625 weld metal. 
HASTELLOYS C-22 (Figure 8) and C-276 (Figure 9) have 
a somewhat less well-developed structure, probably the 
result of a lower volume fraction of terminal solidification 
constituent in these two alloys. 

Electron diffraction experiments performed on these al- 
loys revealed the crystal structure of the terminal solidi- 
fication constituents. In both INCONELS 625 and 718, the 
predominant terminal solidification constituent contains a 
Nb-rich Laves phase (hexagonal,  a = 0.479 nm,  c = 
0.770 nm). Some NbC/austeni te  terminal solidification 
constituent is also observed, especially in INCONEL 718. 
In HASTELLOY C-22, the terminal solidification phase is 

Fig. 1 --SEM micrograph of weld hot-cracked region in HASTELLOY 
C-4. 

Fig. 2--SEM micrograph of weld hot-cracked region in HASTELLOY 
C-22. 

Table II. Alloy Compositions* 

HASTELLOY HASTELLOY HASTELLOY INCONEL INCONEL 
Element C-4 C-22 C-276 625 718 

AI 0.33 0.30 0.30 0.41 0.56 
B <0.002 - -  <0.002 0.0012 0.002 
C 0.004 0.006 0.003 0.01 0.04 
Co 0.10 0.84 0.96 - -  0.11 
Cr 15.69 21.22 15.83 20.43 18.18 
Cu 0.02 0.08 0.16 0.01 0.15 
Fe 0.45 3.17 5.44 3.64 18.10 
Mg 0.010 - -  0.025 - -  - -  
Mn 0.17 0.31 0.50 0.06 0.13 
Mo 15.06 13.43 15.56 8.71 3.12 
N - -  0.041 0.017 - -  - -  
Nb - -  <0.04 - -  3.49 5.25 
Ni 67.20 56.96 55.58 62.77 53.20 
P <0.005 0.010 0.014 0.013 0.014 
S <0.002 <0.002 0.002 0.003 0.002 
Si 0.03 <0.02 0.03 0.06 0.21 
Ta - -  0.06 - -  - -  - -  
Ti 0.23 0.03 <0.01 0.27 0.95 
V 0.02 0.14 0.18 - -  - -  
W <0.10 3.29 3.93 - -  - -  

*All concentrations in weight percent 
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Fig. 3- -SEM micrograph of weld hot-cracked region in HASTELLOY 
C-276. 

Fig. 6 - -SEM micrograph of terminal solidification constituent in 
INCONEL 718. 

Fig. 4 - -  SEM micrograph of weld hot-cracked region in INCONEL 625. 
Fig. 7 - -SEM micrograph of terminal solidification constituent in 
INCONEL 625. 

Fig. 5 - -SEM micrograph of weld hot-cracked region in INCONEL 718. 
Fig. 8 - -SEM micrograph of terminal solidification constituent in 
HASTELLOY C-22. 
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Fig. 9 - - S E M  micrograph of terminal solidification constituent in 
HASTELLOY C-276. 

identified as a Mo-rich ~r phase (tetragonal, a = b = 
0.908 nm, c = 0.475 nm). In HASTELLOY C-276, the 
terminal solidification phase is identified as a Mo-rich P 
phase (orthorhombic, a ---0.907 nm, b = 1.698 nm, 
c = 0.475 nm). In the cases of Alloys C-22 and C-276, 
partial transformation of the terminal solidification con- 
stituents to other TCP phases occurs 23,24 on cooling of the 
weld metal to room temperature. A very small volume frac- 
tion of interdendritic TiC is found in HASTELLOY C-4 
weld metal, 24 The common microstructural feature found 
in all of the alloys under study (except HASTELLOY C-4) 
is the occurrence of a terminal solidification constituent 
involving a TCP phase. 

B. Segregation and Chemical Effects 

The solidification segregation patterns leading to the for- 
mation of these terminal solidification constituents are 
shown in Figures 10 (a) through (e). All alloys exhibit a 
depletion of Ni in interdendritic volumes (ID) and an accom- 
panying increase in the concentration of most solute species 
(Mo, Nb, Ti, etc. ) in these same regions, especially those 
having relatively high m~ values. The reverse pattern can be 
seen in dendrite core (DC) regions as must be the case to 
conserve alloy content. 

Ni has a very low m} (Table I), resulting from a relatively 
full shell of d-band electrons, which results in the well- 
known ability of Ni to accommodate relatively large 
amounts of alloying components in solid solution. As the 
alloys under study solidify, the segregation phenomenon 
shown in Figure 10 causes the instantaneous value of Md 
within a dendrite to increase as it grows out from its central 
spine (DC). This can be seen in Figures 11 (a) through (c), 
which plots Md as a function of position within a dendrite. 
These Md values are calculated from the compositional pro- 
files given in Figure 10. 

IV. DISCUSSION 

The formation of interdendritic terminal solidification 
constituents involving TCP phases is of fundamental im- 

portance during the fusion welding of nickel-base alloys. 
The formation of terminal solidification constituents accom- 
panies an extension of the solidification temperature range. 
The presence of a liquid phase, from which terminal con- 
stituents form at lower temperatures, has been shown by 
several investigators 28,29,3~ to be harmful from a weld hot- 
cracking standpoint. 

Recent work 24'3~'3z involving hot-crack testing, differ- 
ential thermal analysis, and microstructural identification 
has indicated that even among nickel alloys considered to be 
readily weldable (HASTELLOYS C-4, C-22, C-276), the 
presence of a small volume fraction of a terminal solidi- 
fication constituent involving TCP phases can be detri- 
mental to an alloy's resistance to hot cracking. In several 
Nb-containing iron-base and nickel-base austenitic alloys, 
the presence of a Laves phase containing terminal solidi- 
fication constituent has been s h o w n  32'33'34 to be detrimental 
to weld metal hot-cracking resistance. 

A. Solidification Considerations 

Secondary solidification constituents form when the ter- 
minal solid solubility of an alloy is exceeded. That is, the 
primary solidification phase (in this case, y) can no longer 
accommodate the alloy concentration imposed upon it 
by solidification segregation. At this point, other phases 
form from the liquid which are more thermodynamically 
and structurally capable of absorbing this higher alloy 
concentration. In the case of Ni-base alloys, several sec- 
ondary solidification constituents are possible, including 
carbides, borides, nitrides, y ' ,  and a host of possible inter- 
metallic phases. 

With a simple solidification model, Schei135 showed how, 
for a simple binary system, the formation of a eutectic 
constituent could occur when such a solidification product 
could not be predicted from the application of equilib- 
rium phase diagram principles. His relationship defining 
the instantaneous composition of solid forming as a func- 
tion of the fraction solidified, often referred to as the 
"non-equilibrium lever rule", is given below, 

C~ = kCo(1 - fs) k-' [4] 

where C~ is the instantaneous solid composition forming at 
any fraction solid, f~; k is the distribution coefficient for the 
system, defined as the ratio of the composition of the solid 
to the composition of the liquid with which it is in equi- 
librium; and Co is the nominal alloy composition. If Co is 
defined in terms of weight percent, then C, has the units of 
weight percent and f,  is the weight fraction solidified. 

For elements which depress the melting point of a pure 
metal or alloy, k < 1. Application of Eq. [4] for the case of 
k < 1 gives the result that the initial solid to form is de- 
pleted in that particular alloying element while the last solid 
to form is enriched in that same alloying element. This can 
be seen schematically in Figure 12, which shows a partial 
binary phase diagram for the hypothetical alloy system, 
A-B. This eutectic-type system has limited solid solubility of 
element B in a matrix of element A. When this solubility is ex- 
ceeded, a TCP second phase forms in the microstructure. 
This system has a distribution coefficient equal to 0.5, 
which can be determined by taking the ratio of solidus to 
liquidus concentrations of element B for any hypoeutectic 
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Fig. 1 0 - - W e l d  metal solidification segregation patterns, determined by microprobe, of (a) HASTELLOY C-4, (b) HASTELLOY C-22, (c) HASTELLOY 
C-276, (d) INCONEL 625, and (e) INCONEL 718. 
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composition at all temperatures above the eutectic tem- 
perature, TE. This alloy system has a maximum solid solu- 
bility of element B in the 7 matrix of 2C0. Application of 
Eq. [4] to an alloy of composition Co would result in an 
initial solid to form at a composition of 0.5C0. Subsequent 
solid compositions would be those defined by the solidus 
line at temperatures below TL, also in accordance with 
Eq. [4]. The terminal solubility of element B in the 7 matrix 
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would occur when the solid having a composition of 2C0 
forms. At this point, the remaining liquid will solidify as 
the eutectic constituent (4C0), with one of the eutectic 
phases being the TCP phase. Figure 13 shows graphically 
the solidification solute profile derived from Eq. [4] for 
the alloy of composition Co given in Figure 12. A reverse 
pattern of solute element segregation (decreasing Cs with 
increasing fs) would occur in the case of k > 1. 

For the alloy Co, Eq. [4] predicts that 6.25 wt pct of the 
microstructure will be composed of the eutectic constituent. 
In general, less than the predicted amount of eutectic con- 
stituent is observed, 36'37 as diffusion in the solid phase dur- 
ing solidification modifies the interfacial solid and liquid 
compositions toward those defined by equilibrium solidi- 
fication (i.e., no eutectic constituent fornaation). 

Although this simple model neglects such phenomena as 
solid-state diffusion during solidification, the effects of 
undercooling due to interface curvature, and the formation 
of dendritic side-branching, it is quite useful in illuminating 
several of the salient features observed during many com- 
mercial solidification processes. A similar model has been 
developed by Bower et al. 38 for describing cellular dendritic 
growth. This model reduces to Eq. [4] in its simplest form 
and predicts the same pattern for interdendritic segregation 
as that shown in Figure 13. That is, Eq. [4] predicts the 
segregation profile expected between the center of a dendrite 
(dendrite core) and its associated interdendritic region. Ex- 
amination of the shapes of the solute elements' profiles 
shown in Figure 10 reveals that they are qualitatively similar 
to those shown in Figure 13 for the hypothetical case. In 
addition, the weld metal solidification segregation patterns 
reported by several investigators 39,4~ for austenitic stain- 
less steels are also in qualitative agreement with a Scheil- 
type model (Eq. [4]). 

B. Correlation between Solidification and New 
PHACOMP 

As can be seen in Figure 13, all compositions between 
0.5C0 and 2C0 are predicted to exist in the solidifying 7 
dendrite. As stated above, the solid forming immediately 

0.95 I -  

o .  < 

o.8, f 

(c) A Co 4Co 
Fig. I 1 - - M ,  profiles calculated from the data of Fig. 10; (a) HAST- COMPOSITION ( INCREASING %B) 
ELLOYS C-4, C-22, C-276, (b) INCONEL 625, and (c) INCONEL 718. 
The dotted line is the Mw ~" for the alloy or group of alloys in each figure. Fig. 12--Hypothetical binary phase diagram of a 3~/TCP-type system. 
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prior to the terminal solidification eutectic constituent has 
the composition of the maximum solid solubility. In addition 
to being the locus of the lowest solidus temperature, this 
concentration represents the top (in terms of temperature) of 
the y solvus. This solvus line is the locus of points defined 
by the temperature-dependent New PHACOMP. The com- 
monality of the maximum solid solubility to both lines (soli- 
dus and y solvus) is the link between New PHACOMP and 
basic solidification theory. That is, New PHACOMP de- 
fines the terminal solid solubility during solidification in the 
same manner as it defines the 3, solvus in the solid state. 

It is therefore proposed that the critical values of Md 
determined from New PHACOMP calculations can be used 
to predict the formation of terminal solidification TCP 
phases in nickel base alloy weldments. Figure 11 shows the 
Md profiles calculated from the microprobe chemistry data 
(Figure 10 data plus the remainder of the minor alloying 
elements analyzed with the microprobe during this pro- 
filing, but not shown in Figure 10) obtained from GTA weld 
metal. The horizontal dotted line is the critical Md value 
for the formation of o- as given by Eq. [3]. The tempera- 
ture values used as input to Eq. [3] are the secondary 
solidification (formation of TCP phase-containing constitu- 
ents) temperatures determined by earlier DTA analy- 
ses. 24'31'32 These temperatures are given in Table III. The 
critical values of Aid are 0.931 for the HASTELLOYS and 
0.926 for INCONELS 625 and 718. According to Morinaga 
et al., 17 the critical Md value for the formation of Laves 
phase is lower than for o- phase, while that for P phase 
would be similar to that for o- phase. In the case where 
Laves forms (INCONELS 625 and 718), the critical Md 
value referenced to o- formation would be an overly conser- 
vative test of the application of the New PHACOMP to 
predicting terminal Laves solidification. 

The data of Figure 11 show that terminal solidification 
involving TCP phases would be predicted (Md exceeds 
the critical values in interdendritic regions) by the New 
PHACOMP calculations for all alloys except HASTELLOY 
C-4, where the extent of solidification segregation is such 
that the maximum solid solubility relative to TCP phase for- 
mation is not exceeded. These results are in agreement with 
the SEM and transmission electron microscopy observations 
in that only HASTELLOY C-4 was devoid of an inter- 
dendritic TCP phase. The high Ni content of HASTELLOY 
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Fig. 13--Plot of the Schei135 equation for the alloy Co shown in Fig. 12. 

C-4 results in a bulk Md that is lower than that of the other 
alloys studied. The amount of segregation necessary to 
initiate TCP phase formation is therefore greater than that 
for the other alloys studied, and this required segregation 
does not occur for the welding conditions used in this study. 

In performing the New PHACOMP calculations, it was 
assumed that no other competing terminal solidification 
constituents (eutectic carbides, nitrides, borides, etc. ) were 
present to accommodate the segregating alloying compo- 
nents. For the alloys under consideration, this was generally 
true except for the case of INCONEL 718, in which some 
eutectic NbC was observed. In the case of HASTELLOY 
C-4, the trace amounts of TiC observed would not have 
affected the calculations, as the bulk Ti content is low. In 
more complex superalloys containing substantial amounts of 
eutectic-type carbides, borides, nitrides, etc., a philosophy 
similar to that used in applying New PHACOMP to the solid 
state might be envisioned. That is, a net residual com- 
position could be determined after the contributions of the 
earlier forming eutectic-type constituents are subtracted. 

It becomes clear that the class of alloys to which New 
PHACOMP may be best applied at the present time to pre- 
dict terminal TCP phase solidification are those which are 
not likely to form solidification-type carbides, nitrides, or 
borides. Although this may seem like a serious limitation to 
the usefulness of New PHACOMP in this application, it is 
clear that there are many alloy systems for which it could be 
directly applicable. In fact, its usefulness may become most 
apparent in considering the prediction of weld solidification 
microstructures in dissimilar metal joints, when the net alloy 
formed by the combination of two different alloys, and 
maybe even a third alloy as a filler metal, is not itself a 
well-known or commercial composition. 

As described in this paper, the New PHACOMP calcu- 
lations cannot independently predict which TCP phase will 
occur upon solidification. Even in solid state applications, 
New PHACOMP does not give a direct prediction of which 
TCP phase will form in a given alloy. Rather, an available 
phase diagram, usually of a ternary system which is the 
closest approximation to a given alloy is referenced to de- 
cide which phase may be the most likely to appear. Polar 
phase diagrams, as described by Sims, 3 have also been used 
as predictive tools. In cases where alloying elements such as 
Nb and Ta are present, "size-effect" phases such as Laves 
can often be expected. A judicious use of available phase 
diagrams should serve equally well in the present case. For 
example, in the Ni-Cr-Mo system, it could be expected, 
based upon available data ,  23'24'42 that alloys having a high 
concentration ratio of Cr to Mo will be likely to form cr as 
the terminal TCP phase, whereas those alloys having a high 
concentration ratio of Mo to Cr will form P as the terminal 
TCP phase. 

Table III. DTA Terminal Solidification Temperatures 

Alloy TCP Phase Involved Temperature (~ 

HASTELLOY C-4 none - -  
HASTELLOY C-22 cr ~ 1285 
HASTELLOY C-276 P --~ 1285 
INCONEL 625 Laves ~ 1200 
INCONEL 718 Laves ~ 1200 
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As the formation of terminal solidification constituents 
generally implies an extension of the solidification tem- 
perature range, to a first approximation the presence of 
predicted TCP solidification constituents would be un- 
desirable from a weld metal hot-cracking standpoint. Weld 
metal hot cracking, though, is a more complex process, and 
requires more than simply the presence of a low melting 
point liquid from which these constituents appear. Sufficient 
restraint stress is also necessary to initiate hot cracking. 
Aside from this, the physical properties of the liquid in final 
solidification volumes (interdendritic and intergranular re- 
gions) is important in determining the hot-cracking sus- 
ceptibility of an alloy. If this liquid has low surface tension, 
it will tend to spread out as a continuous thin film and 
increase the propensity toward cracking. On the other hand, 
if the residual liquid has a high surface tension, it will have 
a tendency to spheroidize and remain in isolated pockets and 
the hot-cracking tendency will be diminished. This theory 
was established by Borland 3~ who used it to explain the 
reduction in hot-cracking tendency imparted by the addition 
of manganese to mild steels containing sulfur. 

More recently, Jolley and Geraghty 43 showed that mag- 
nesium additions to Fe-18Cr-13Ni-Nb austenitic stainless 
steel caused "globularization" of the terminal solidification 
NbC/austenite eutectic-type constituent, reducing the pro- 
pensity to hot crack. The ability to predict the formation of 
a TCP terminal solidification constituent, therefore, is obvi- 
ously not sufficient to predict the hot-cracking behavior of 
an alloy in a particular situation but rather may serve as an 
indicator of potential difficulties. 

The correlation observed between New PHACOMP cal- 
culations and terminal TCP solidification constituents was 
made through the measurement of solidification segregation 
patterns. It is clear that for a calculational approach such as 
this to be effective as a predictive tool, the ability to know 
these solidification segregation profiles a priori is im- 
portant. This can happen only by incorporating weld solidi- 
fication modeling into the New PHACOMP analysis. The 
reality of solid state diffusion during solidification, initially 
described by Brody and Flemings 36 and recently formulated 
for weld metal solidification by Brooks, 37 must also be in- 
cluded. For alloys more complex than binary systems, es- 
sential input parameters for computational modeling efforts, 
such as distribution coefficients, are generally unknown, 
and even less is known experimentally about how inter- 
actions between alloying elements can affect the values of 
these parameters. Generation of a fundamental solidification 
data base for complex nickel alloys should allow for the 
successful application of a New PHACOMP type approach 
to the analysis of weld metal solidification structure. A 
similar predictive capability should also be possible for aus- 
tenitic iron base alloys as the quantum mechanical cal- 
culations similar to those already made for nickel-rich 
austenitic alloys are performed for these other systems. 

C. Closure 

Although it is clear that the application of New PHA- 
COMP to predicting solidification behavior is, at the present 
time, not fully matured, it is equally clear that this new type 
of approach to predict weld solidification microstructure has 
merits. In general, any system could be analyzed in this 
manner as long as the basic calculations for electronic 

structure TM are performed and the correlations relative to 
phase stability are determined. The appeal of this philos- 
ophy is in its fundamental nature and its potential applica- 
tion to many multicomponent alloy systems of industrial 
importance. 

V. CONCLUSIONS 

1. A variety of nickel base alloys have been found to termi- 
nate solidification with the formation of a TCP phase- 
containing constituent. These constituents are associated 
with weld metal hot cracks. 

2. The solidification segregation pattern observed in all 
alloys examined was one of Ni depletion and alloy ele- 
ment enhancement in final solidification (interdendritic) 
volumes. 

3. New PHACOMP calculations performed on these segre- 
gation profiles revealed a pattern of increasing Md as one 
traverses from dendrite core regions to interdendritic 
volumes. 

4. When critical Ma values were exceeded, it was observed 
that TCP phase-containing terminal solidification con- 
stituents were formed. When critical Md values were not 
exceeded, no such constituents were observed. 

5. It is proposed that the New PHACOMP calculational 
process can be used as a tool for predicting solidification 
TCP phases in many nickel base alloys. It may also serve 
as an indicator of potential weld metal hot-cracking prob- 
lems in these same alloys. 
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