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ABSTRACT. The solidification and weld- 
ability of experimental superalloys con- 
taining systematic variations in Fe, Nb, Si 
and C were studied using differential 
thermal analysis (DTA), microstructural 
characterization techniques and Vare- 
straint testing. Microstructural evolution 
during solidification of DTA samples and 
gas tungsten arc welds generally oc- 
curred by a three-step solidification 
process. Solidification initiated by a pri- 
mary L --> T reaction, which enriches the 
interdendritic liquid in Nb and C until a 
eutectic-type L -~ (T + NbC) reaction oc- 
curs over a rather broad temperature 
range. Solidification terminated by a sec- 
ond eutectic-type reaction, L --~ (T + 
Lave), which occurred over a narrow 
temperature range. Carbon additions in- 
creased the start temperature of the L --> 
(T + NbC) reaction and induced a con- 
comitant decrease in the temperature in- 
terval of the primary L ~ T stage of solid- 
ification. As a result, carbon additions 
often promoted a significant improve- 
ment in solidification cracking resis- 
tance. The results from solidification 
studies are combined with detailed ex- 
aminations of microstructural morpholo- 
gies in fusion zone solidification cracks 
to propose a microstructure morphology 
classification scheme. The classification 
scheme provides a phenomenological 
explanation of the relation between alloy 
composition, solidification temperature 
range, microstructural morphology and 
cracking propensity. This interpretation 
also leads to an improved correlation be- 
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tween the solidification temperature range 
and fusion zone cracking susceptibility. 

Introduction 

Solidification Cracking 

The formation of cracks during solidi- 
fication can occur in ingots, castings and 
welds. The phenomenon has been inves- 
tigated for quite some time and the gen- 
eral features are understood in a qualita- 
tive sense (Ref. 1). Work is also in 
progress to quantitatively determine con- 
ditions that lead to solidification cracking 
(Refs. 2, 3). In general, cracks can form in 
certain alloy systems during the terminal 
stages of solidification when a liquid film 
is distributed along grain boundaries and 
interdendritic regions. At this stage, 
shrinkage strains across the partially so- 
lidified boundaries can become appre- 
ciable. If the terminal liquid is distributed 
along the boundaries as a continuous 
film, the strains cannot be accommo- 
dated and the boundaries separate to 
form a crack. In terms of material factors, 
the solidification temperature range and 
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morphology of the interfacial liquid that 
exists at the terminal stages of solidifica- 
tion are primary factors that control so- 
lidification cracking susceptibility. Solute 
redistribution plays an important role in 
solidification cracking as it affects the so- 
lidification temperature range and 
amount of terminal liquid. The effect of 
the solidification temperature range can 
be understood in simplified terms by 
considering its influence on the size of 
the solid + liquid (mushy) zone. 

During welding, the mushy region 
trails behind the liquid weld pool. It is 
this mushy region that is susceptible to 
cracking under the influence of restraint. 
Assuming dendrite tip undercooling is 
negligible, the interface between the liq- 
uid weld pool and mushy zone (i.e., start 
of the mushy zone) is located where the 
actual temperature intersects the liquidus 
temperature of the alloy. Similarly, the in- 
terface between the mushy zone and 
completely solidified weld (i.e., end of 
the mushy zone) is positioned where the 
actual temperature intersects the termi- 
nal solidus temperature of the alloy. For a 
fixed temperature gradient in the mushy 
zone (constant processing parameters), 
composition variations that promote 
low-temperature eutectic-type reactions 
at the terminal stages of solidification will 
widen the solidification temperature 
range and generally aggravate cracking 
tendency by expanding the crack-sus- 
ceptible mushy zone. The actual distance 
a solidification crack propagates through 
the mushy zone depends on the distribu- 
tion of terminal liquid, which exists near 
the end of the solid + liquid region (Ref. 
1 ). The distribution of liquid near the end 
of the mushy zone is, in turn, controlled 
by the amount of terminal liquid and 
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Table 1 - -  Alloy Compositions 

Alloy Fe Ni 

1 10.49 68.53 
1.5 10.75 67.95 
2 11.12 68.20 
3 10.70 68.11 
3.5 10.39 66.80 
4 10.72 67.60 
5 10.84 65.79 
6 10.88 65.22 
7 10.70 65.53 
7.5 10.82 63.93 
8 1 O.80 64.96 
Ni-1 7.71 55.03 
9 46.03 33.56 
10 46.69 32.80 
11 45.38 32.80 
11.5 47.38 31.05 
12 45.28 32.39 
13 44.55 31.24 
14 44.05 31.93 
15 45.40 30.03 
16 44.47 30.89 

ND = Not determined. All values in wt-%. 

solid/liquid surface tension. When the 
amount of terminal liquid is moderate, 
between approximately 1 to 10 vol-% 
(Ref. 4), and/or the surface tension is low, 
the liquid tends to wet the boundary and 
forms a continuous film. This type of mor- 
phology is most detrimental as it inter- 
feres with the formation of solid/solid 
boundaries, thus reducing the ability of 
the material to accommodate shrinkage 
strains. In contrast, a small amount of ter- 
minal liquid, generally less than approx- 
imately 1 vol-% (Ref. 4), which exhibits a 
high surface tension with the solid, will 
often exist as isolated globules and pro- 
mote solid/solid bridging, thereby reduc- 
ing cracking tendency. When the amount 
of terminal liquid is high, (greater than 
approximately 10 vol-%), it can often 
flow into the cracks and provide a "crack 
healing" effect (Refs. 4, 5). For a given 
alloy system, the solidification tempera- 
ture range and amount of terminal liquid 
are controlled primarily by composition 
(processing parameters become important 
under high cooling rate conditions, where 
dendrite tip undercooling can be signifi- 
cant [Ref. 6]). Thus, many studies have 
been aimed at establishing the relation be- 
tween solidification cracking susceptibil- 
ity and alloy composition (Reg. 7-9). 

Nb-Bearing Superalloys 

Niobium-strengthened superalloys 
are used extensively in applications re- 
quiring high-temperature strength and re- 
sistance to oxidation. Commercial exam- 
ples include alloys IN625, IN706, 
IN718, IN903, IN909 and Thermo-Span. 
These alloys are often used for compo- 
nents that are fabricated by fusion weld- 

Cr Nb Si C P S 

18.90 1.93 0.08 0.017 0.004 0.003 
19.21 2.00 0.03 0.052 0.004 0.003 
19.12 1.95 0.06 0.132 0.004 0.002 
19.02 1.82 0.38 0.010 0.004 0.003 
19.29 1.94 0.41 0.075 0.004 0.003 
19.08 1.91 0.40 0.155 0.004 0.001 
18.98 5.17 0.05 0.013 0.005 0.010 
18.89 4.87 0.08 0.161 0.005 0.007 
19.30 4.86 0.52 0.010 0.005 0.009 
18.54 4.92 0.46 0.081 0.005 0.004 
18.90 4.72 0.52 0.170 0.005 0.007 
18.23 17.79 1.03 0.08 ND ND 
19.31 1.66 0.10 0.003 0.006 0.003 
19.70 1.66 0.01 0.108 0.006 0.002 
19.53 1.77 0.57 0.004 0.006 0.002 
19.64 1.84 0.67 0.116 0.006 0.001 
19.89 1.93 0.61 0.079 0.006 0.002 
19.63 4.42 0.02 0.015 0.007 0.003 
19.52 4.51 0.08 0.210 0.006 0.002 
19.54 4.88 0.66 0.010 0.007 0.003 
19.45 4.77 0.64 0.216 0.006 0.002 

ing. Therefore, it is important to establish 
the relation between alloy composition 
and cracking tendency to avoid fusion 
zone cracking when these materials are 
used in critical applications. Previous 
studies conducted on commercial Nb- 
bearing superalloys (Refs. 7, 8, 10-12) 
have shown that minor variations in Nb, 
Si and C have a strong influence on the 
solidification temperature range, type 
and amount of secondary phases that 
form during the terminal stages of solidi- 
fication and resultant solidification 
cracking susceptibility. In general, two 
types of eutectic-type constituents, 
y/NbC and y/Laves, are known to form as 
the weld metal solidifies. The y/Laves 
constituent is most deleterious in terms of 
hot cracking as it forms at a lower tem- 
perature and thus expands the solidifica- 
tion temperature range. These alloys are 
also often joined to iron-based alloys 
such as carbon steels and stainless steels 
(Refs. 10, 13-15). In these applications, 
the fusion zone composition can become 
significantly enriched in Fe and C due to 
dilution effects, and this composition 
modification can significantly alter the 
solidification behavior and associated 
cracking tendency. For example, Patter- 
son and Milewski evaluated the hot 
cracking susceptibility of dissimilar metal 
welds between 304L and IN625 (Ref. 
14). The results of that work showed that 
the diluted fusion zones were more sus- 
ceptible to cracking than either of the 
base materials. Subsequent work by Cies- 
lak (Ref. 15) showed that the y/Laves con- 
stituent forms in the fusion zone of this 
dissimilar alloy combination. Robitz 
(Ref. 13) evaluated the solidification 
cracking of IN625 claddings on C steel 

and found that Nb, Si, C and Fe all in- 
creased cracking susceptibility, although 
no detailed results were reported. 
DuPont (Ref. 10) showed that solidifica- 
tion cracking in IN625 weld cladding 
(deposited on C steel) was promoted by 
formation of the y/Laves constituent. De- 
spite the industrial importance of these 
superalloys and the need to minimize so- 
lidification cracking, no general model 
has been developed for predicting the re- 
lationship between alloy composition, 
solidification behavior (e.g., solidifica- 
tion temperature range and amount of 
y/NbC and y/Laves) and resultant weld- 
ability. In separate articles, we reported 
on the development of a solidification 
model that can be used to predict the so- 
lidification temperature range and 
amounts of y/NbC and y/Laves con- 
stituents as a function of alloy composi- 
tion (Refs. 16, 17). In this article, the link 
between solidification behavior and 
weldability is discussed for a wide range 
of experimental alloy compositions. 

Experimental  Procedure 

Experimental Alloy Compositions 

A four-factor, two-level set of experi- 
mental alloys was designed to simulate 
commercial compositions of interest to 
this study. The alloy compositions are 
summarized in Table 1. The alloys exhibit 
factorial variations in Fe (in exchange for 
Ni), Nb, Si and C at two levels. The high- 
and low-target levels of Nb, Si and C are 
set as follows (all values in wt-%): 2< Nb 
<5, 0.02< C <0.15 and 0.10 < Si < 0.60. 
These limits were chosen to represent 
low and high composition values of 
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wrought alloys and filler metals as well as 
composition limits that can arise in fu- 
sion welds made between nickel-based 
alloys and carbon steels. The nominal Cr 
content was selected at 20 wt-%, which 
is typically used in many commercial al- 
loys for good corrosion resistance. Sev- 
eral additional alloys with intermediate C 
contents (Alloys 1.5, 3.5, 7.5 and 11.5) 
were also investigated. The alloys were 
prepared at Sandia National Laboratories 
by investment casting. All samples were 
melted and poured in vacuum to pro- 
duce six bars of each composition with 
approximate dimensions of 170 x 25 x 
6.3 mm. A high-Nb alloy (Ni-1) was also 
added for supplemental differential ther- 
mal analysis measurements. Small cast 
buttons of this alloy were produced from 
high-purity powders (> 99.99 wt-%) by 
gas tungsten arc melting. 

Differential Thermal Analysis 

Differential thermal analysis (DTA) 
was conducted on a Netzsch STA 409 dif- 
ferential thermal analyzer using 500- to 
550-mg samples. The DTA system was 
calibrated within 2°C of the melting point 
of pure Ni. Samples were melted and so- 
lidified under flowing argon in alumina 
crucibles using pure Ni as the reference 
material. The liquidus temperatures were 
determined by heating samples slowly at 
a rate of 5°C/min to approximately 10°C 
above their liquidus temperature. The 
samples were then solidified at a rela- 
tively fast cooling rate of 20°C/min to de- 
termine temperatures of eutectic-type re- 
actions that occur under nonequilibrium 
solidification conditions. Reaction tem- 
peratures were taken as deviations from 
the local baseline. All reported reaction 
temperatures are an average from at least 
three tests, and the order of testing was 
randomized. 

Varestraint Testing 

The solidification cracking suscepti- 
bility of each alloy was evaluated using 
the Varestraint test (Refs. 18, 19). The as- 
cast samples were machined to typical 
subsize Varestraint specimens (165 x 25 
x 3.2 mm). The welds were produced 
under the following parameters: 95 A, 
10 V (2.5 mm arc length), and 3.3 mm/s 
travel speed with high-purity argon 
shielding. A 3.2-mm-diameter W-2ThO 2 
electrode was used with a 60-deg tip 
angle. In order to acquire adequate sta- 
tistics, three tests were conducted on 
each alloy at an augmented strain of 
2.5% to simulate highly restrained welds. 
The maximum crack length (MCL) was 
used as the indicator of cracking suscep- 
tibility and was measured using a light 
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Fig. I - -  Typical DTA coo l ing  scans. A - -  A l l oy  2; B - - A l l o y  16. 

optical microscope at 100X magnifica- 
tion. The level of 2.5% augmented strain 
was selected on the basis of a large num- 
ber of tests at varying strain levels (con- 
ducted using essentially identical testing 
equipment, welding conditions and weld 
sizes) on a range of alloys with similar so- 

lidification characteristics and solidifica- 
tion microstructure (Refs. 8, 20, 26). 
These results have shown that for these 
test conditions, for alloys that solidify 
over similar temperature ranges and 
which exhibit MCL values spanning the 
range observed in the current study, the 

WELDING RESEARCH SUPPLEMENT[ 419-s 



c ~  Laves 

Fig. 2 - -  Microstructures of DTA samples and GTA welds for Alloy 2 and Alloy 16. A - -  Alloy 2 
DTA sample; B - - A l l o y 2  weld; C - - A l l o y  16 DTA sample; D - -  Alloy 16 weld. 
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Fig. 3 - -  Quantitative image analysis results showing amount of total eutectic-type constituents. 

MCL is generally saturated at the 2.5% 
strain level. At these strain levels, it is nor- 
mally expected that cracking will span a 
major fraction of, if not the entire, length 
of the mushy zone. 

Microstructural Characterization 

Light optical microscopy (LOM) was 
conducted on Varestraint and DTA sam- 
ples polished through 0.04-pm colloidal 
silica and electrolytically etched in a 
10% chromic acid + 90% water solution 
at 3 V. Scanning electron microscopy was 
conducted on weld metals (prepared 
using the same procedure) using a JEOL 
6300 field emission gun scanning elec- 
tron microscope (FEG-SEM) at an accel- 
erating voltage of 15 kV. The Varestraint 
samples were mounted in thermal setting 
epoxy to provide a planar view of the so- 
lidification cracks that intersected the 
specimen surface. After mounting, the 
surfaces were lightly ground with 600- 
grit SiC paper to remove a very thin layer 
of surface material and provide a flat area 
in the crack region for subsequent pol- 
ishing and etching. Quantitative image 
analysis (QIA) was conducted on autoge- 
nous GTA welds at locations far removed 
from solidification cracks. Area fractions 
of total eutectic-type contents and, where 
possible, individual yINbC and 71Laves 
eutectic-type constituents were mea- 
sured along the centerline of each weld 
with at least ten SEM photomicrographs. 
Area fractions were assumed to be equiv- 
alent to volume fractions. Electron probe 
microanalysis (EPMA-WDS) was con- 
ducted on a JEOL 733 probe at an accel- 
erating voltage of 15 kV and beam cur- 
rent of 20 nA. All EPMA samples were 
mounted in thermal setting epoxy, pol- 
ished flat to a 0.3-pm finish using an alu- 
mina slurry, ultrasonically cleaned in 
acetone and carbon coated prior to 
analysis. The Kc~ lines were used for Fe, 
Ni, Cr and Si, while the L~ line was used 
for Nb. Raw data were reduced to weight 
percentages using a ZAF algorithm. 

Results and Discussion 

Solidification 

The solidification behavior of these al- 
loys has been described through mi- 
crostructual analysis (Ref. 16) and solidi- 
fication modeling (Ref. 17) in separate 
articles. The important features are sum- 
marized below as they provide a neces- 
sary framework for detailed interpreta- 
tions of the weldability results. Typical 
DTA cooling scans for Alloys 2 and 16, 
which represent the two types of reaction 
sequences observed among the experi- 
mental alloys, are presented in Fig. I. 
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The corresponding microstructures of 
GTA welds and DTA samples are pre- 
sented in Fig. 2. The first type of solidifi- 
cation sequence, which was observed for 
all alloys except 2, 3.5 and 4, can be de- 
scribed by a three-step process: 1) Pri- 
mary L --~ 7 solidification in which the in- 
terdendritic liquid becomes enriched in 
Nb and C; followed by 2) a eutectic-type 
L --~ (7+NbC) reaction, which depletes 
the interdendritic liquid of C; and 3) ter- 
mination of solidification by a second eu- 
tectic-type reaction L --~ (7 + Laves). The 
broad peak associated with the L ~ (7 + 
NbC) reaction indicates this transforma- 
tion occurs over a wide temperature 
range, while the narrow peak associated 
with the L --~ (7 + Laves) reaction indi- 
cates this step occurs over a small tem- 
perature interval (Ref. 16). Identification 
of the NbC and Laves phases shown in 
Fig. 2 was confirmed through EPMA mea- 
surements on coarse phases in DTA sam- 
ples and backscattered electron kikuchi 
patterns collected from finer phases in 
weld metal samples (Refs. 16, 21). The 
Ni-based alloys with high C/low Nb (Al- 
loys 2, 3.5 and 4) represent the only ex- 
ception to this general solidification se- 
quence. These alloys did not show any 
exothermic peaks after the L --) (7+ NbC) 
reaction and did not exhibit any of the 
Laves phase in the as-solidified mi- 
crostructure. This indicates that solidifi- 
cation terminated with the L --~ (7+ NbC) 
reaction. The amounts of total eutectic- 
type constituents (7/NbC + 7/Laves) and, 
where possible, individual 7/NbC and 
7/Laves constituents, are summarized in 
Figs. 3 and 4. The data are arranged to 
permit comparisons among Ni-based 
and Fe-based alloys with similar levels of 
solute elements (Nb, Si, and C). 

As discussed in detail later, the solid- 
ification cracking resistance of these al- 
loys is controlled, to a large degree, by 
the relative amounts of 7/NbC and 
7/Laves constituents. Thus, it is instructive 
to consider the relation between alloy 
composition and relative phase fractions 
of 7/NbC and 7/Laves displayed in Figs. 3 
and 4. At similar levels of minor alloy ad- 
ditions (Nb, Si and C), the iron-based al- 
loys generally form higher levels of total 
eutectic-type constituents. Measure- 
ments of the individual eutectic-type 
constituents (Fig. 4) indicate that this re- 
sponse can be attributed primarily to the 
formation of higher amounts of 7/Laves in 
the Fe-based alloys. The addition of Fe to 
Nb-bearing Ni-based alloys is well 
known to stabilize the Laves phase (Ref. 
22). Thus, Fe additions to the austenite 
matrix, at the expense of Ni, can be ex- 
pected to promote the formation of more 
"t/Laves, as observed here. The addition of 
Si has a similar effect, as the amount of 

7/Laves always 
increases with in- 
creasing Si within 
a given matrix 
composition (in 
Fig. 3, compare 
Alloys 5 to 7, 6 to 
8, 13 to 15 and 
14 to 16). The 
Laves promoting 
tendency of Si 
has also been 
documented in 
superalloys (Ref. 
23). Niobium ad- 
ditions promote 
higher amounts 
of total eutectic. 
This is to be ex- 
pected, since 
each of the sec- 
ondary phases 
that form in the 
eutectic-type 
structures (NbC 
and Laves) are 
both highly en- 
riched in Nb. At 
high C levels, Nb 
additions gener- 
ally promote 
more 7/NbC 
(compare Alloys 
2 t o 6 , 4 t o 8 ,  10 
to 14, 11.5 to 16). 
When the C and 
Fe levels are both 
high, Nb addi- 
tions will in- 
crease the 
amounts of both 
the 7/NbC and 
7/Laves con- 
stituents (com- 
pare Alloys 10 to 
14 and 11.5 to 
16). Alloys with 
high C levels 
(even-numbered 
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Fig. 4 - -  Quantitative image analysis results showing amount and 
individual 7/NbC and y/Laves constituents. 

alloys) form large 
amounts of the 
7/NbC eutectic-type constituent. The 
presence of NbC and Laves has been ob- 
served in a large number of commercial su- 
peralloys, including Alloys IN625 (Ref. 
12), IN718 (Ref. 8), IN909 (Ref. 24), IN903 
(Ref. 23), IN519 (Ref. 11), Thermo-Span 
(Ref. 26) and IN625 weld cladding (Refs. 
10, 27). The experimental alloys used in 
this work properly simulate the wide range 
of microstructures formed in commercial 
superalloys and weld cladding. 

The solidification reactions in these 
experimental multicomponent alloys 
and commercial alloys are similar to 
those expected in the pure ternary Ni- 
Nb-C system (Refs. 28, 29). The liquidus 

projection for this system is shown in Fig. 
5. The liquidus projection exhibits three 
primary phase fields that are of interest 
here, 7, NbC and Ni3Nb. A primary C 
(graphite) phase field exists at high C con- 
tents, which is not of importance. As 
noted earlier, additions of Fe, Cr and Si to 
the Ni-Nb system are known to promote 
Laves at the expense of NigNb in com- 
mercial superalloys, as well as the exper- 
imental alloys utilized in this work. Thus, 
by replacing Ni3Nb with Laves, the Ni- 
Nb-C liquidus projection can be utilized 
as a guide in developing a description 
of the solidification reactions in these 
alloys (Ref. 29). 
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Fig. 5 - -  Liquidus projection for the Ni-Nb-C system. 

Solidification begins with formation 
of primary y dendrites, which, upon 
forming, reject Nb and C to the liquid 
(Ref. 16). As solidification proceeds, the 
liquid composition moves away from the 
Ni corner, becoming progressively richer 
in Nb and C until the line of two fold sat- 
uration between y and NbC is reached. 
At this point, the maximum solubility of 
Nb and C in the austenite matrix is ex- 
ceeded and the y and NbC phases form 
simultaneously from the liquid by a eu- 
tectic-type reaction as the liquid compo- 
sition travels down the line of twofold 
saturation. Due to its high C content, the 
formation of NbC depletes the liquid of C 
while the Nb content of the liquid con- 
tinues to increase. For Alloys 2, 3.5 and 
4, solidification is completed along the 
line of twofold saturation between y and 
NbC, as no Laves phase was observed in 
these alloys. The initial reaction se- 
quence is similar for the remaining al- 
loys, except that solidification does not 
terminate with the L --> (y + NbC) reac- 
tion. Instead, the liquid composition con- 
tinues to travel down the line of twofold 
saturation between y and NbC, becom- 
ing progressively enriched in Nb (and de- 
pleted in C). According to the proposed 
Ni-Nb-C liquidus projection, solidifica- 
tion should terminate with the ternary 
L --~ (y+ NbC + Laves) reaction where the 
liquidus surface is at a minimum. Under 
this condition, the Laves and ternary y 
and NbC phases should be intermixed in 

the final microstructure. However, this 
type of structure is not observed in any of 
the alloys that form both the NbC and 
Laves phases (e.g., Fig. 2). Instead, the 
y/NbC and y/Laves eutectic-type con- 
stituents are always distinctly separated. 
This suggests that the liquidus projection 
for the alloys in this work is more prop- 
erly represented by a class II reaction 
(Ref. 30). In this case, the local minimum 
on the liquidus surface occurs where the 
line of twofold saturation separating the 
y and Laves phases intersects the Ni-Nb 
side of the diagram. The solidification se- 
quence for alloys with this type of surface 
would occur as follows. After primary y 
solidification, the liquid composition 
travels along the line of twofold satura- 
tion separatingtheyand NbC phases dur- 
ing the L ~ (y + NbC) reaction. This 
process continues until the class II reac- 
tion is reached, at which point the NbC 
stops forming as the L -~ (y + NbC) reac- 
tion is replaced by the L --> (y+ Laves) re- 
action. Solidification is completed at the 
Ni-Nb side of the diagram by the L --~ (y 
+ Laves) reaction. This solidification se- 
quence accounts for the two spatially 
separate y/NbC and y/Laves eutectic- 
type constituents, which are observed 
experimentally. 

The qualitative description of solidifi- 
cation discussed above has been de- 
scribed in a quantitative sense in separate 
articles (Refs. 16, 17). In that work, the 
position of the boundaries separating the 

y, NbC and Laves phase fields for these 
experimental alloys was determined 
through EPMA measurements. The 
multicomponent alloys were modeled as 
a ternary system by grouping together the 
Fe, Ni and Cr matrix elements to form the 
y "component" of the y-Nb-C system. 
Solute redistribution of Nb and C be- 
tween the liquid and solid phases was 
modeled using a previous approach de- 
veloped by Mehrabian and Flemings 
(Ref. 31 ), with modifications made to ac- 
count for the high diffusion rate of C in 
the solid. Values for the equilibrium dis- 
tribution coefficients of Nb and C, which 
are needed in the solute redistribution 
calculations, were determined through a 
combination of EPMA and DTA tech- 
niques. A summary of the modeling re- 
sults, which are important for interpreting 
the weldability data, is shown in Fig. 6. 
Figure 6A shows the calculated primary 
solidification paths of Alloys 1 through 4 
superimposed on the experimentally de- 
termined liquidus projection. Note that 
the nominal alloy composition is given 
by the start of the solidification path. The 
alloy number of each path is noted in the 
figure. The start temperatures of the L --> 
(y + NbC) reaction, which represents the 
intersection of the primary solidification 
path with the line of twofold saturation 
separating y and NbC, are noted for sev- 
eral alloys. The start temperature for the 
L ~ (y + Laves) reaction is also noted. 
These temperatures were determined 
through DTA. 

The point of intersection between the 
primary solidification path and line of 
twofold saturation is a strong function of 
C content. Although C additions are in- 
tuitively expected to promote the y/NbC 
eutectic-type constituent, this analysis 
provides a quantitative rationale for the 
observed behavior. As the nominal C 
content is increased, the interdendritic 
liquid becomes more highly enriched in 
C and the intersection point occurs at 
higher C contents. As a result, the liquid 
composition must "travel" a long dis- 
tance down the L --~ (y + NbC) line of 
twofold saturation, forming y/NbC as it 
travels, before the y/Laves constituent can 
possibly form. Carbon additions raise the 
start temperature of the L --~ (y + NbC) 
reaction and induce a concomitant 
decrease in the temperature interval of 
the primary L -~ y stage of solidification. 
As discussed in more detail below, this 
effect has important implications with 
regard to fusion zone solidification 
cracking response. 

The effect of matrix composition is 
presented in Fig. 6B. Alloys 2 and 10 
have very similar levels of solute content, 
but different matrix compositions (Alloy 
2 is Ni-based while Alloy 10 is Fe-based). 
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The matrix composition has a strong in- 
fluence on the segregation potential of 
Nb (Ref. 16) as measured through the 
equilibrium distribution coefficient, kNb. 
The value of kNb in the Ni-based alloys is 
equal to 0.46, while kNb in the Fe-based 
alloys is only 0.25 (Ref. 16). As kNb is re- 
duced, Nb segregates more aggessively 
to the liquid. Thus, at any given level of 
C in the liquid, the Fe-based alloys will 
always possess more Nb. As a result, the 
Fe-based alloys will have more liquid re- 
maining after primary solidification, and 
the Nb content in that remaining liquid 
will be higher. These effects from the re- 
duced kNb value are the primary reasons 
for the higher amount of total eutectic- 
type constituents observed in the Fe- 
based alloys - -  Fig. 3. The validity of the 
solidification model was confirmed by 
comparing the calculated and measured 
amounts of y/NbC and 7/Laves constituents 
in the experimental alloys, and reasonable 
agreement was found (Ref. 17). 

Weldability 

Effect of Solidification Temperature Range 

Figure 7 shows the maximum crack 
length (MCL) of each alloy. (The alloy 
compositions are summarized in Table 
1). Within the Ni-based alloys, there is a 
clear separation in weldability among 
the Iow-C alloys (_<0.017 wt-% C) with 
relatively poor weldability and the high- 
C alloys (>0.052 wt-% C), which show 
very good resistance to solidification 
cracking. Within the Fe-based alloys, the 
addition of C is only beneficial when the 
Nb content is low (<1.93 wt-%), and the 
C level must be above 0.10 wt-% to pro- 
vide the advantageous effect. For exam- 
ple, Alloys 11.5 and 12 have essentially 
identical levels of all other elements ex- 
cept C (Alloy 12 has 0.079 wt-% C and 
Alloy 11.5 has 0.116 wt-% C). This small 
variation in C content leads to a substan- 
tial difference in the MCL values. Within 
the Fe-based alloys with high Nb (Alloys 
13-16), C has no beneficial effect even at 
the 0.21 wt-% level. 

MCL values for commercial alloys 
tested using identical Varestraint equip- 
ment, welding conditions, weld sizes 
and augmented strain are also plotted in 
Fig. 7. Previous work (Refs. 8, 20) has 
shown that the saturated strain for these 
alloys is <2.5% under these test condi- 
tions. Alloys IN718 and IN625 are Nb- 
bearing superalloys that have been 
shown to be fairly susceptible to solidifi- 
cation cracking (Reg. 7, 8). Other Nb- 
bearing alloys have shown this relatively 
high susceptibility as well (Refs. 11, 26). 
These commercial alloys have C levels 
of =0.04 wt-%, which is intermediate to 
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Fig. 6 - -  A - -  Calculated primary solidification paths of Alloys 1 through 4 superimposed on the 
experimentally determined liquidus projection; B - -  calculated primary solidification paths of Al- 
Ioys 2 and 10 superimposed on the experimentally determined liquidus projection (Refs. 16, 17). 

the experimental alloys utilized here. It is 
interesting to note that their MCL values 
fall within the range of the experimental 
alloys. This indicates that the experimen- 
tal alloys accurately simulate the weld- 
ability behavior of comparable commer- 

cial superalloys. The low MCL value of 
304 stainless steel is typical, as this alloy 
is known to exhibit excellent weldability. 
The high-C alloys show cracking resis- 
tance comparable to 304 stainless steel. 
This is a significant improvement over the 
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Table 2 - -  Summary of Reaction Temperatures and Solidification Temperature Ranges 

Liquidus L ~ ("/+ NbC) 
Temperature Temperature 

Alloy (°C) (°C) 

2 1416.7 (1.2) 1341.5 (0.7) 
3 1412.3 (0.6) ND 
3.5 1410.5 (0.7) 1322.0 (1.4) 
4 1407.3 (0.6) 1330.0 (1.3) 
5 1391.0 (1.0) ND 
6 1390.0 (1.0) 1332.0 (1.4) 
7 1387.7 (1.5) ND 
7.5 1382.0 (1.4) 1305.5 (0.7) 
8 1379.3 (0.6) 1328.0 (2.8) 
Ni-1 ND ND 
9 1430.4 (0.9) ND 
10 1426.1 (0.8) 1357.5 (0.7) 
11 1423.9 (1.1) ND 
11.5 1419.6 (0.2) 1347.5 (2.1) 
12 1418.8 (0.2) 1348.0 (1.4) 
13 1401.1 (0.7) 1332.5 (0.7) 
14 1392.0 (0.3) 1360.8 (2.2) 
15 1392.6 (0.6) 1289.5 (0.8) 
16 1385.6 (0.3) 1355.2 (1.7) 

NA = Not applicable. 
ND = Not detected. 
(a) Estimated from sample Ni-1. 
(b) Estimated from average of Fe base high Nb alloys. 
Values in parenthesis are standard deviations calculated from at least three measurements. 

Table 3 - -  ~/Laves Average Constituent Compositions 

Alloy/Sample Fe N i Cr Nb Si 

Alloy 7 DTA 4.9 ± 0.2 59.4 --- 0.8 10.2 ± 1.0 24.3 + 0.7 1.7 ± 0.1 
Alloy 7.5 DTA 4.9 --- 0.2 58.1 ± 1.7 11.4 --- 0.8 23.5 ± 1.3 2.0 --- 0.1 
Alloy 8 DTA 4.4 ± 0.2 60.3 --- 0.5 11.3 ± 0.3 21.5 --- 0.5 2.5 ± 0.2 
Ni-1 GTA melt 7.0 ± 0.1 52.2 ± 0.4 16.7 --- 0.2 23.1 ± 0.5 1.0 --- 0.1 
Alloy 13 Weld 31.4 ± 1.8 29.8 + 1.1 16.6 ± 0.6 21.1 --- 1.3 0.3 ± 0.1 
Alloy 13 DTA 31.2 ± 0.9 30.4 ± 0.5 17.3 ± 0.2 20.9 ± 1.0 0.3 ± 0.1 
Alloy 14 Weld 31.0 - 1.1 29.5 - 0.8 16.8 ± 0.7 22.4 +-- 2.4 0.3 + 0.1 
Alloy 15 Weld 32.7 ± 0.5 29.7 --- 1.0 16.7 ± 0.4 20.1 + 0.9 0.9 ± 0.1 
Alloy 16 Weld 32.7---0.4 30.8±0.7 16.9---0.1 18.3±0.7 1.3-+0.1 
Alloy 16 DTA 28.6 ± 1.9 33.4 -+ 1.4 16.5 ± 0.9 19.8 - 1.2 1.7 ± 0.1 

All values in wt-%. 

experimental and commercial  alloys 
with low-to-moderate C contents. 

As discussed in the section on solidi- 
fication, C content has a significant effect 
on the primary solidification path and re- 
sultant solidification temperature range 
of these alloys. As the C content is in- 
creased, the primary solidification path is 
driven far into the C-rich side of the so- 
l id i f icat ion surface and intersects the 
T/NbC line of twofold saturation at rela- 
tively high temperatures near the end of 
solidification. Thus, C additions decrease 
the solidif ication temperature range of 
the primary L --~ I reaction. Considering 
this effect, together with the general rela- 
tion between cracking tendency and the 
solidification temperature range (ATs), a 
correlation between MCL and AT s might 
be expected. The solidification tempera- 
ture range can be determined from DTA 
measurements. With respect to the upper 

l imit  of the sol idi f icat ion temperature 
range, the weld metal solidifies epitaxi- 
ally from the base metal so there is no un- 
dercooling during solidification (Ref. 32) 
(i.e., undercooling associated with nu- 
cleation of solid). Therefore, the upper 
l imit  of the sol idi f icat ion temperature 
range is well defined by DTA measure- 
ments of the on-heating liquidus. With 
respect to the lower limit of the solidifi- 
cation temperature range, previous work 
(Refs. 16, 1 7) showed that the type, quan- 
tity and composition of the terminal con- 
stituents were essentially identical for the 
DTA samples and GTA welds of the same 
bulk composition. Since these terminal 
constituents have the same composition 
in either case and one phase of the con- 
stituents (the austenite) can grow easily 
from the primary constituent, it is to be 
expected that the solidification tempera- 
ture (range) of the terminal constituents 

L ~ (~/+ Laves) 
Temperature AT s 

(°C) (°C) 

NA 75.2 
1190 ~' 222.3 

NA 88.5 
NA 77.3 

1190.ff °~ 201.0 
1190.0 '~' 200.0 
1190.0 ~a' 197.7 
1190.0 ~ 192.0 
1190.0 '°~ 189.3 
1190.0 NA 
1249.3 ~b~ 181.1 
1249.3 ~"' 176.8 
1249.3 'h' 174.6 
1249.3 'h' 170.3 
1249.3 ~u' 169.5 
1249.5 (3.5) 151.6 
1243.0 (2.1) 149.0 
1256.3 (1.2) 136.3 
1248.2 (4.8) 137.4 

wi l l  be similar irrespective of the cooling 
rate. Moreover, the modeling results from 
the previous work (Refs. 16, 1 7) showed 
that for the cooling rates in the DTA sam- 
ples and the GTA welds, the partitioning 
of the two elements, which primarily af- 
fect the solidification temperature range 
(i.e., Nb and C), is similar in both cases. 

• Therefore, the DTA measurements of so- 
lidification temperature range provide a 
reasonable measure of the solidification 
temperature range for the GTA welds. 

The l iquidus temperature of each 
alloy is listed in Table 2 along with the 
temperatures of eutectic-type reactions, 
which occur during sol idi f icat ion. All  
samples, except Alloys 2, 3.5 and 4, ex- 
hibited the T/Laves eutectic-type con- 
stituent. Thus, the temperature of the L --~ 
(T + Laves) reaction should be util ized as 
the value for the terminal solidus tem- 
perature for all alloys except 2, 3.5 and 
4. For the Ni-based alloys, the T/Laves 
constituent formed in very small 
amounts, which precluded measurement 
of the L --~ (7 + Laves) reaction tempera- 
ture by DTA. Thus, the temperature for 
this reaction was estimated from Al loy 
Ni-1, which formed a large amount of the 
T/Laves constituent and produced a large 
exothermic DTA peak associated with 
the L --> (7+ Laves) reaction. As shown by 
typical EPMA measurements in Table 3, 
the T/Laves constituent in Al loy Ni-1 ex- 
hibited a composition similar to that ob- 
served in the Ni-based alloys. Thus, the 
reaction temperature measured for Alloy 
Ni-1 should serve as a good estimate for 
the terminal solidus temperatures of the 
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Ni-based alloys, which complete solidi- 
fication by the L --~ (7 + Laves) reaction. 
The L ~ (y + Laves) reaction temperature 
could not be directly measured in the Fe- 
based alloys with low Nb. The values 
measured in the high Nb iron-based al- 
loys exhibit a fairly narrow range of 13°C. 
Thus, the average of these values should 
provide a good estimate for the Iow-Nb 
alloys. For Alloys 2, 3.5 and 4, the termi- 
nal solidus is taken as the value measured 
for the L --~ (y + NbC) reaction as no 
y/Laves constituent was observed. Posi- 
tive identification of secondary phases 
could not be made in Alloy 1 or 1.5, so 
no solidification temperature range is re- 
ported for these alloys. 

The y/Laves composition measured by 
EMPA defines the composition of the liq- 
uid at the L --> (y + Laves) reaction (i.e., 
the eutectic composition) (Refs. 8, 21). 
Note that the amount of Nb required in 
the liquid to start the L --~ (y+ Laves) re- 
action is lower in the Fe-based alloys. 
(Average Nb content is 23.1 wt-% in the 
Ni-based alloys and 20.4 wt-% in the Fe- 
based alloys). Thus, the L --~ (y + Laves) 
reaction will start forming earlier in the 
solidification process with the Fe-based 
alloys and lead to a higher amount of the 
y/Laves constituent. This effect, together 
with the reduced value kNb in the Fe- 
based alloys, accounts for the higher 
amount of y/Laves observed in the Fe- 
based alloys. 

Figure 8 plots the MCL as a function 
of the solidification temperature range, 
and no correlation is readily apparent. 
Many alloys exhibit a rather wide solidi- 
fication temperature range but show 
good weldability (low MCL). It should be 
emphasized that Cieslak (Ref. 7) was also 
unable to obtain a correlation between 
MCL and AT s in his previous weldabiJity 
reports on alloy IN625. This lack of cor- 
relation between MCL and AT s suggests 
that crack propagation is being affected 
by the amount and distribution of solid 
and liquid phases within the mushy zone. 
Such potential effects can be assessed by 
conducting detailed microstructural 
characterization of the eutectic-type con- 
stituents in the vicinity of solidification 
cracks. These constituents transform from 
the terminal liquid, which existed in the 
grain boundary and interdendritic re- 
gions just before solidification is com- 
plete. Thus, the amount and morphology 
of these constituents provides a basis for 
developing an understanding of the dis- 
tribution of solid and liquid phases 
within the mushy zone. 
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Table 4 - -  Summary of Morphological 
Classification Schemes 

Microstructure Alloys within 
Type Classification 

Type I 2, 3.5, 4 
Type II 6, 7.5, 8, 10, 11.5 
Type III 12, 14, 16 
Type IV 1, 3, 5, 7, 9, 11, 13, 15 

of Varestraint samples with the solidifica- 
tion sequences already discussed, it is 
possible to extend this general solidifica- 
tion description to identify four individ- 
ual types of microstructural morpholo- 
gies and their effect on cracking 
susceptibility. This proposed classifica- 
tion scheme sheds light on a more ap- 
propriate relation between MCL and AT s, 
which could not be resolved by the ini- 
tial plot in Fig. 8. All of the alloys can be 
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Fig. 9 - -  Schematic i l lustrat ion showing  deve lopment  o f  various microstructural  morphologies.  
A - -  Type I; B - -  Type II; C -  Type III; D - -  Type IV. 

Microstructural Evolution and 
Solidification Cracking 

The general solidification process of 
these alloys was described in the solidifi- 
cation section above. By combining the 
microstructural characterization results 

grouped into one of four morphological 
classification schemes, and Table 4 lists 
the classification scheme that applies to 
each alloy. 

The development of each microstruc- 
tural morphology is described schemati- 
cally in Fig. 9. At the bottom of each fig- 

ure, the formation of two neighboring 
dendrites within a grain are depicted 
growing into the trailing edge of the weld 
pool. The relation between temperature 
and phase stability in the mushy zone is 
shown by the temperature gradient dia- 
gram in the middle of the figure, where 
the dendrite tips are at the liquidus tem- 
perature. This point, given by zero dis- 
tance behind the pool, represents the 
boundary between the liquid weld pool 
and solid + liquid mushy zone. The dis- 
tance at which the actual temperature in 
the mushy zone reaches the terminal 
solidus temperature defines the bound- 
ary between the mushy zone and fully so- 
lidified weld metal. The relation between 
temperature, distance, phase stability 
and the solidification path is given by 
combining the T-Nb-C liquidus surface 
with the other two figures. It is important 
to emphasize that the schematic illustra- 
tions presented in Fig. 9 are not intended 
to represent all of the details to mi- 
crostructural evolution in the mushy 
zone nor are they intended to imply that 
single primary dendrite arms traverse the 
entire mushy zone. Rather, they are in- 
tended to pictorially describe the sequence 
of solidification events and the general dis- 
tribution of microstructural constituents as 
they affect cracking susceptibility. 

The Type I microstructure that devel- 
ops during solidification cracking (Fig. 
9A) is found in the Ni-based alloys with 
low Nb and high C that exhibit only the 
L--~ (y+ NbC) reaction (i.e., Alloys 2, 3.5 
and 4). A typical SEM photomicrograph 
from this group is presented in Fig. 10. At 
Step 1, the dendrite tips form from liquid 
of nominal composition as the actual 
temperature intersects the liquidus tem- 
perature (assuming negligible tip under- 
cooling). Due to the high C/Nb ratio of 
these alloys, the interdendritic liquid 
then becomes highly enriched in C as the 
solidification path progresses toward the 
line of twofold saturation between Y and 
NbC. At Step 2, the primary solidification 
path intersects the line of twofold satura- 
tion at a relatively high temperature. As a 
result, the T/NbC starts forming at a short 
distance from the dendrite tips. In other 
words, the primary L --~ Y solidification 
process is complete within a relatively 
small distance behind the advancing 
weld pool. There is a moderate amount 
of liquid present at Step 2. This is directly 
evident from the measured amount of the 
T/NbC constituent, which is in the range 
of 3.0 to 7.3 vol-% for this class of alloys. 
Because of the nature of solute redistrib- 
ution (particularly carbon) in these al- 
loys, the remaining liquid is completely 
consumed along the line of twofold satu- 
ration, so the y/Laves constituent does not 
form (Ref. 17). From this description, it is 

426-s [ OCTOBER 1998 



Type I, except that a larger amount of liq- 
uid is generally present at Step 2, which 
is not completely consumed during the L 
--~ (y + NbC) reaction. As a result, the 
class II reaction point is reached and the 
y/Laves constituent forms. A typical SEM 
photomicrograph showing the y/NbC 
and y/Laves morphology in the hot crack 
region for this class of alloys is shown in 
Fig. 11. This morphology was observed 
within the solidification cracks in all the 
Type II alloys. Reference to Table 2 shows 

that the L --~ (y + Laves) reaction occurs 
at very low temperatures. Thus, the pres- 
ence of liquid at the y/Laves composition 
will extend the mushy zone out to larger 
distances. This has the potential of in- 
creasing the maximum crack length. 
However, the amount of y/Laves con- 
stituent that forms in alloys of this group 
is below 2.3 vol-%. At this level, the 
y/NbC always envelops the y/Laves and 
keeps it isolated - -  Fig. 11. This suggests 
that the last residual liquid, from which 

Fig. 10 - -  SEM photomicrograph showing the 
Type I microstructural morphology in the so- 
lidification crack of Alloy 4. 

apparent that the mushy zone in these al- 
loys is expected to be relatively small. 
Thus, the distance available for crack 
propagation is also relatively small, and 
this provides a major contribution to the 
excellent weldability observed experi- 
mentally. 

In addition to the small mushy zone, 
the microstructures of Alloy 2 and 4 ex- 
hibit moderate amounts of the y/NbC eu- 
tectic-type constituent that often back- 
fills a portion of the c r a c k -  Fig. 10. A 
smaller amount of y/NbC was observed 
in the solidification cracks in Alloy 1.5. 
The level of liquid needed for backfilling 
has been reported to be in the range of 
6-10 vol-% (Refs. 4, 5), which is very 
close to the amount of terminal liquid 
present in Alloys 2 and 4 (5.2 +1.5 and 
7.3 ___1.3). Thus, when strain is imposed 
on the mushy zone of these alloys, a 
crack can only propagate a small dis- 
tance and the leading edge of the crack 
is healed by backfilling. This description 
accounts for the small MCL values, mod- 
erate amounts of y/NbC observed within 
the solidification crack and lack of the 
y/Laves constituent. 

Development of the Type II mi- 
crostructure is shown schematically in 
Fig. 9B. This morphology is observed in 
the high Nb/high C nickel-based alloys 
and low Nb/high C iron-based alloys. 
The solidification process is similar to Fig. 11 - -  SEM photomicrograph showing the y/NbC and y/Law~s moq~hology in the solidilication 

crack of Alloy 10, Type II microstructure. 
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Fig. 12 - -  A - -  Low magnification LOM pho- 
tomicrograph of backfilling in Alloy 6; B - -  
higher magnification SEM photomicrograph 
showing solidification constituents in the 
same crack. 

the y/Laves forms, is also isolated within 
the mushy zone during crack advance- 
ment. With this type of morphology, the 
isolated liquid pockets should have little 
or no deleterious effect and crack propa- 
gation through the entire mushy zone is 
therefore unlikely. The Varestraint data 
tend to support this. The MCL values for 
these alloys is in the range of 0.35 to 
0.89 mm, which is similar to the range of 
0.41 to 0.64 mm observed in the Type I 
alloys, which form no y/Laves and have 
excellent weldability. This may account 
for the lack of correlation between AT s 
and MCL in Fig. 8 and will be discussed 
in more detail later. Evidence of backfill- 
ing was clearly evident in these alloys as 
well, and an example of this is provided 
in Fig. 12. This is not surprising, consid- 
ering that these alloys contain 7.3 to 15.2 
vol-% of liquid at Step 2. 

The amount of total eutectic-type con- 
stituent in the Type II alloys, which cor- 
responds to the amount of liquid at Step 
2, is always above 7.3 vol-%. It is inter- 
esting to note that two alloys that fit into 
this microstructure type (Alloys 7.5 and 
11.5) have almost identical amounts of 
liquid at Step 2 as Alloy 4, yet Alloy 4 
does not form the y/Laves constituent. 
The ability for liquid to remain after the L 
--~ (y + NbC) reaction, and subsequently 

Fig. 13 - -  SEM photomicrograph showing the 
y/NbC and y/Laves morphology in the solidifi- 
cation crack of Alloy 16, Type III microstructure. 

transform to y/Laves, depends not only on 
the amount of liquid at Step 2 but also on 
the relative position of Step 2 and the seg- 
regation potential of Nb during the L --~ 
(y + NbC) reaction. For example, Alloy 
7.5 and Alloy 4 have essentially identical 
amounts of liquid at Step 2 (7.5 vol-%). 
However, due to its lower C/Nb ratio, the 
primary solidification path of Alloy 7.5 
intersects the y/NbC twofold saturation 
line closer to the class I1 reaction point. 
Thus, the remaining liquid in Alloy 7.5 
does not have to travel as far as that in 
Alloy 4 to satisfy the composition condi- 
tions for the L --~ (y + Laves) reaction. 
Alloy 11.5 also has about 7.5 vol-% liq- 
uid at Step 2. In this case, the lower value 
of kNb in the Fe-based alloys (kNb = 0.25 
in Fe-based alloys and kNb = 0.46 in the 
Ni-based alloys) causes Nb to segregate 
more aggressively to the liquid so that the 
y/Laves composition can be reached in 
the liquid. 

Formation of the Type I11 microstruc- 
ture is shown in Fig. 9C. This morphology 
is observed in the iron-based Alloys 12, 
14 and 16. The main difference between 
this morphology and that of Type II lies 
within the amount and distribution of the 
y/Laves constituent, where the Type III al- 
loys form y/Laves in quantities greater 
than 2.3 vol-%. As a result, the y/Laves is 
observed in a continuous network. An 
example of this microstructural morphol- 
ogy is shown in Fig. 13. The advanta- 
geous effect of C, which was observed in 

Fig. 14 - -  SEM photomicrograph showing the 
microstructural morphology in the solidifica- 
tion crack of Alloy 3, Type IV microstructure. 

the Ni-based alloys with high Nb and 
high C, is lost in the Fe-based alloys with 
comparable composition. Again, this ef- 
fect is attributed to the higher segregation 
potential of Nb and lower amount of Nb 
required in the liquid to initiate the L --~ 
(y + Laves) reaction, both of which trans- 
late into larger amounts of terminal liq- 
uid that undergoes the L --> (y+ Laves) re- 
action at relatively low temperature. The 
actual size of the mushy zone in these al- 
loys is expected to be similar to that for 
the iron-based Alloys 10 and 11.5 since 
each type terminates solidification with 
the L --~ (y + Laves) reaction. However, 
with the residual liquid existing in a con- 
tinuous network until the terminal L ~ (y 
+ Laves) reaction is reached, crack prop- 
agation through most of the mushy zone 
is more favorable for alloys that possess 
the Type III microstructure. Thus, the so- 
lidification temperature range governing 
crack propagation in these alloys should 
be appropriately given by the entire so- 
lidification range measured through 
DTA. Note that the MCL values observed 
for these alloys (1.26 to 1.65 mm) are 
consistently higher than those observed 
in the Type II alloys (0.35 to 0.89 mm) 
where the terminal liquid is isolated. As 
with the other alloys that form a large 
amount of terminal eutectic liquid, evi- 
dence of backfilling is observed in this 
microstructure type. However, it is worth 
noting that at this applied stain level, the 
amount of backfilling is small compared 
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to the MCL for all of the four microstruc- 
ture types. For example, as shown in 
Fig. 3, Alloy 16 has almost 25 vol-% of 
eutectic-type constituent (the highest 
amount among all the alloys), which is 
well beyond the values typically reported 
to result in backfilling (Refs. 4, 5). Al- 
though the alloy forms a large amount of 
terminal eutectic liquid, inspection of 
Fig. 13A shows that backfilling occurs 
over a distance of approximately 0.14 
mm, which is small compared to the 
MCL value of 1.26 mm. In fact, this 
amount of backfilling is not statistically 
different than the amount of variation 
typically observed when conducting 
multiple Varestraint tests under identical 
testing conditions. Thus, the values re- 
ported can be taken as an accurate rep- 
resentation of the MCL for each alloy 
without having to make detailed correc- 
tions for backfilling. 

Lastly, the evolution of Type IV mi- 
crostructures are shown in Fig. 9D. All of 
the Iow-C alloys fit into this classification 
category. These alloys exhibit a primary 
solidification path that travels very close 
to the y/Nb binary side of the solidifica- 
tion surface. The primary path barely in- 
tersects the line of twofold saturation be- 
tween y and NbC before solidification 
terminates with the L --~ (y + Laves) reac- 
tion. The eutectic-type reactions in this 
region of the solidification surface occur 
at low temperatures. Thus, with this so- 
lidification path, the mushy zone is rela- 
tively large and consists mainly of liquid 
and primary y with small amounts of 
y/NbC and y/Laves. The total amount of 
terminal liquid in these alloys is generally 
low, between 0.8 and 3.8 vol-%. The 
only exception to this is Alloys 13 and 15, 
which form relatively large amounts of 
y/Laves (12.9 vol-%) in a continuous net- 
work. The MCL values of all these alloys 
are high (1.23 to 1.70 mm), suggesting 
that crack propagation through all or 
most of the mushy zone is likely. A typi- 
cal example of this morphology is pre- 
sented in Fig. 14. 

Based on these considerations, the 
terminal solidus temperatures affecting 
solidification cracking for Type III and 
Type IV microstructures should be ap- 
propriately given by the temperature of 
the terminal L --~ (y + Laves) reaction. 
However, assuming crack propagation is 
difficult through the isolated regions of 
residual liquid in the Type I1 microstruc- 
tures, the temperature range affecting so- 
lidification cracking for these alloys 
would be more realistically represented 
by using the temperature of the L --~ (y + 
NbC) reaction as the terminal solidus 
point. The MCL and AT s data are replot- 
ted in Fig. 15 using this effective solidifi- 
cation temperature range, and the trend 
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Fig. 15 - -  Replot o f  maximum crack length as a function of  the effective sol id i f icat ion 
temperature range. 

Fig. 16 - -  Comparison of microstructural morphologies in Alloys 11.5 (A and B) and Al loy 12 
(C and D). 

between cracking susceptibility and the 
solidification temperature range is now 
more apparent. The data are grouped into 
two distinct regions of the plot that sepa- 

rates the low- and high-C alloys. This im- 
proved correlation, although somewhat 
qualitative, serves to support the pro- 
posed mechanisms of crack propagation 
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through the various types of microstruc- 
tures. These results show that cracking 
susceptibility can be interpreted by 
knowledge of the solidification tempera- 
ture range and type/amount of con- 
stituent that forms at the terminal stages 
of solidificaion. These factors are con- 
trolled by the solidification path as 
shown in Fig. 6 and schematically in Fig. 
9. The solidification path is, in turn, gov- 
erned by alloy composition. Thus, it is 
useful to conclude by summarizing the 
relations between these factors. 

The addition of C is beneficial as it in- 
creases the start temperature of the L -~ 
(7 + NbC) reaction and reduces the tem- 
perature interval of the primary L --~ T 
stage of solidification. This favors forma- 
tion of Types land II microstructures, 
which show very good weldability. This 
beneficial effect can be lost if more than 
approximately 2.3 vol-% of the T/Laves 
constituent forms, at which point the 
Type Ill microstructure develops with a 
concomitant reduction in cracking resis- 
tance. The T/Laves constituent is pro- 
moted by additions of Fe, Nb and Si. In 
the Ni-based alloys that have less than 11 
wt-% Fe, the segregation potential of Nb 
is relatively low and the T/Laves eutectic 
composition is relatively high. These two 
effects work together to reduce the 
amount of T/Laves that forms, and C ad- 
ditions to the Ni-based alloys are consis- 
tently beneficial. Within the Ni-based al- 
loys, the transition from Type I to Type II 
microstructures occurs when the Nb con- 
tent is increased. The Type Ill microstruc- 
ture does not form in the Ni-based alloys 
since the T/Laves constituent is always 
below 2.3 vol-%. 

When the Fe content is high, the seg- 
regation potential of Nb is increased and 
the T/Laves eutectic composition is re- 
duced. Thus, at equivalent levels of 
solute elements (Nb, Si and C), the Fe- 
based alloys wil l always form more 
T/Laves than the Ni-based alloys - -  Fig. 
4. As a result, the Fe-based alloys never 
form the Type 1 microstructure, and the 
Type II microstructure can only develop 
in the Iow-Nb alloys (Alloys 10 and 
1 1.5). The sensitivity of microstructure 
type and resultant weldability to C con- 
tent is reflected in the differences dis- 
played by Alloys 11.5 and 12. Both have 
similar levels of Nb and Si, but Alloy 11.5 
has slightly higher C (0.116 wt-% vs. 
0.079 wt-%). At this level of Fe, Nb and 
Si, this small difference in C content is 
enough to induce a change in mi- 
crostructure type. These two microstruc- 
tural morphologies are compared in Fig. 
16. When the Fe-based alloys have high 
Nb, a high amount of T/Laves forms and 
leads to the Type Ill microstructure. Fi- 
nally, for the low-carbon alloys, the so- 

lidification path always travels along the 
7/Nb binary side of the liquidus surface 
and leads to the Type IV microstructure, 
which has relatively poor weldability. 
These relations were discussed qualita- 
tively in this article. Results of solidifica- 
tion modeling presented in previous arti- 
cles can be used to predict these 
interrelations in a quantitative sense 
(Refs. 16, 1 7). 

Conclusions 

The solidification and weldability of 
experimental Nb-bearing superalloys 
with systematic variations in Fe, Nb, Si 
and C were investigated by differential 
thermal analysis, Varestraint testing and 
microstructural characterization tech- 
niques. The following conclusions can 
be drawn from this work: 

1 ) The general solidification sequence 
of these alloys can be described by a 
three-step process: 1) Primary L --~ 7 so- 
lidification in which the interdendritic 
liquid becomes enriched in Nb and C; 
followed by 2) a eutectic-type L --~ (7 + 
NbC) reaction, which depletes the inter- 
dendritic liquid of C; and 3) termination 
of solidification by a second eutectic- 
type reaction L --~ (7 + Laves). This solid- 
ification reaction sequence is similar to 
that expected in the ternary Ni-Nb-C sys- 
tem and observed experimentally in 
many commercial alloy systems. 

2) Carbon additions have a strong in- 
fluence on the temperature interval of the 
primary L --> 7 stage of solidification. As 
the carbon content is increased, the L --~ 
(7 + NbC) reaction temperature increases 
and, as a result, reduces the temperature 
interval of the primary L --> T stage of so- 
lidification. In the Ni-based alloys, C ad- 
ditions above 0.052 wt-% significantly 
improve the solidification cracking resis- 
tance. Carbon additions to the Fe-based 
alloys are only advantageous when the 
Nb level is below 2 wt-%, and the C level 
must be above 0.12 wt-% for the benefi- 
cial effect to be observed. 

3) There is generally no direct relation 
between the actual solidification temper- 
ature range and fusion zone cracking sus- 
ceptibility of these experimental alloys, 
suggesting that crack propagation 
through the mushy zone is affected by the 
amount and morphology of solid and liq- 
uid phases in the mushy zone. 

4) A classification scheme is proposed 
to provide a phenomenological explana- 
tion of the relation between the solidifi- 
cation temperature range, microstructural 
morphology and cracking propensity. 
This morphological description leads to 
an improved correlation between the (ef- 
fective) solidification temperature range 
and fusion zone cracking tendency. 
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