
Introduction
     Nuclear power generation, petro-
chemical, and many other industries
rely on high chromium (25–30 wt-%),
Ni-based alloys due to the corrosion
and stress corrosion cracking resist-
ance imparted by the high chromium
content, as well as good mechanical
properties at elevated temperatures.
Other applications include the han-
dling of nitric/hydrofluoric acid solu-

tions and coal-gasification units (Ref.
1). In efforts to combat the observed
ductility dip cracking (DDC) that can
occur when these alloys are welded, al-
loying additions such as niobium and
molybdenum have been introduced,
but may result in an increased suscep-
tibility to solidification cracking due to
a widened solidification temperature
range. 
     Compatible high-chromium weld-
ing filler metals such as 152 (ENiCrFe-

7) and 52 (ERNiCrFe-7) were devel-
oped for welding these high-Cr alloys,
such as Alloy 690. Niobium and
molybdenum have been added to this
class of filler metal, in some cases to
reduce susceptibility to DDC (Refs.
2–7). While this approach has been
quite successful in mitigating DDC, in-
creased susceptibility to solidification
cracking has been reported, as the so-
lidification temperature range expands
and supports a eutectic reaction at the
end of solidification (Refs. 6–8).
     It is well documented that niobium
additions in Ni-based alloys result in
an interdendritic eutectic reaction
consisting of  (fcc) and Nb-rich phas-
es such as NbC and Laves (A2B) at the
end of solidification, but little re-
search has focused on additions in Al-
loy 690, due to a greater interest in
corrosion resistance of the alloy
(Refs. 9–12). Niobium is a common
addition of choice for improving
weldment quality in terms of increas-
ing room temperature strength as
well as increasing corrosion resist-
ance, but the effect of Nb on weld-
ability has been limited to maximum
additions of up to 5 wt-% (Ref. 12).
    Reports regarding molybdenum

suggest that additions may increase
the solidification temperature range
and promote the formation of a low
melting eutectic phase, similar to Nb
(Refs. 7, 13). Molybdenum has been
shown to improve resistance to DDC
in Nb-bearing filler metals such as
52MSS (ERNiCrFe-13), and there is
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some evidence that it reduces suscep-
tibility to solidification cracking in
fully austenitic stainless steels (Refs.
4, 5, 14).
     It has been reported that in some
materials, a large fraction of liquid of
eutectic composition present at the
end of solidification may promote a
backfilling or “crack healing” effect
(Refs. 7, 15–17). Backfilling is defined
as a partial or entire healing of solidifi-
cation cracks due to the flow of liquid
metal into newly formed cracks or
voids (Ref. 18). Both volume fraction
eutectic and liquid phase characteris-
tics such as viscosity, surface tension,
and wettability of eutectic films deter-
mine whether the liquid will “heal” a
forming crack (Ref. 19). It is known
that some Nb-bearing, Ni-based alloys,
such as Alloy 625, are resistant to so-
lidification cracking, presumably due
to a backfilling (crack healing) effect
(Refs. 5, 7, 9, 20–23). The amount of
eutectic constituent necessary to pro-
mote crack healing is likely alloy de-
pendent, but in one study of Alloy 625
weld metal, an increase in the fraction
of Nb-rich eutectic from 7 to 11.5 
vol-% resulted in a significant decrease
in cracking susceptibility (Ref. 20). 
     Cracking susceptibility curves have
been developed for Al alloys (Fig. 1)
that illustrate a reduction in cracking
susceptibility at high alloy content due
to the crack healing effect. All of these
binary (or ternary) systems exhibit a
eutectic reaction. As alloy content in-

creases, cracking susceptibility initially
increases to a peak value and then de-
creases, presumably due to a crack
healing effect. The variation in the lo-
cation of the peak cracking susceptibil-
ity in these different Al-based systems

is associated with the fraction of eu-
tectic liquid present at the end of so-
lidification at a given composition. At
the peak, the liquid completely wets
the solidification grain boundary and
promotes cracking, while at composi-
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Fig. 1 — Four curves that compare
cracking susceptibility or “sensitivity”
as a function of alloying content in Al
alloys (Ref. 36). 

Fig. 2 — Percentage of circumferential cracking for the Alloy 690 base composition and
the Nbbearing alloys. Each point and error bar represents the average of at least 4 ac
ceptable pins. The red circles indicate the critical cracking threshold or longest pin at
which no cracking was observed. 

Table 1 — Calculated Composition (wt%) of Alloys Evaluated in this Study

                Composition              Ni              Cr               Fe             Nb             Mo                   C

                   Alloy 690              60.51        29.45         9.13            –                –               0.0290
                    2Nb0Mo              59.29        28.86         8.95         2.00             –               0.0284
                    2Nb2Mo              58.09        28.27         8.76         2.00           2.00            0.0278
                    2Nb4Mo              56.87        27.68         8.58         2.00           4.00            0.0273
                    4Nb0Mo              58.09        28.27         8.76         4.00             –               0.0278
                    4Nb2Mo              56.87        27.68         8.58         4.00           2.00            0.0273
                    4Nb4Mo              55.66        27.09         8.40         4.00           4.00            0.0267
                    6Nb0Mo              56.87        27.68         8.58         6.00             –               0.0273
                    6Nb2Mo              55.66        27.09         8.40         6.00           2.00            0.0267
                    6Nb4Mo              54.47        26.51         8.22         6.00           4.00            0.0261
                    8Nb0Mo              55.66        27.09         8.40         8.00             –               0.0267
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tions beyond the peak, the eutectic liq-
uid has a backfilling, or crack healing,
effect. The crack healing approach has
been shown to be quite effective with
aluminum alloys (Refs. 24–36), but
there is limited data for other alloy
systems. 
     The cast pin tear test (CPTT) was
used in this investigation since it pro-
vides a more effective means of ac-
counting for the effect of backfilling
on solidification cracking susceptibili-
ty than the Varestraint test, or other
externally loaded tests. Because it is,
in effect, a “self-restraint” test, it pro-
vides a means to determine and obtain
cracking data at imposed strains low
enough as to not overwhelm the back-
filling effect. The CPTT may provide
better predictions regarding cracking
susceptibility in actual practice com-
pared to the Varestraint test since the
test is more effective in identifying the
critical strain required to produce so-

lidification cracking. Field testing in-
volving weldments of varying degrees
of restraint and comparison to CPTT
data may provide insight on the practi-
cal significance of the test, as well as
the backfilling effect in various Ni-
based alloys.
     The objective of this study was to de-
termine the effect of variable Nb and
Mo content on the susceptibility of Ni-
30Cr filler metals to solidification crack-
ing as a function of the fraction eutec-
tic. The potential for a reduction in sus-
ceptibility due to a crack backfilling ef-
fect with increasing fraction eutectic
was investigated using an Alloy 690
base alloy that contains no Nb or Mo. A
more fundamental understanding of Nb
and Mo additions in terms of solidifica-
tion cracking will potentially influence
filler metal development for these high-
Cr alloys and allow filler metals to be de-
veloped that are resistant to both DDC
and solidification cracking. 

Experimental Methods 
and Procedures

Materials and Sample 
Preparation 
     Alloy 690 was used as the base ma-
terial for this study. The composition
(wt-%) of the alloy used was Ni-
29.45Cr-9.13Fe-0.15Mn-0.32Ti-
0.24Al-0.02Mo-0.02Nb-0.029C-
0.002S-0.0048P-0.014N. Additions of
Nb and Mo were made using a button
melting technique. Niobium additions
in this study varied from 0 to 8 wt-%
and were in the form of 99.8% pure
1.0-mm-diameter wire. Molybdenum
additions of 2 and 4 wt-% were made
to select niobium additions and were
in the form of 99.94% pure, annealed
1.0-mm-diameter wire.
     The Alloy 690 and pieces of Nb and
Mo wire were carefully weighed and
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Fig. 3 — Cracking susceptibility based on CPTT results compared
to measured and ThermoCalcpredicted fraction eutectic values.
Error bars represent the standard deviation of the measured
fraction eutectic values.

Fig. 5 — Optical micrographs of sectioned pins representative of
the CPTT data in Fig. 2.

Fig. 6 — Low and highmagnification optical micrographs of
backfilled cracks. A — 4Nb0Mo; B — 8Nb0Mo pins.

Fig. 4 — The average circumferential cracking in pins containing
2 or 4 wt% molybdenum along with 2, 4, or 6 wt% niobium ad
ditions is compared to that observed in pins with only niobium
additions. Each point represents at least 4 acceptable pins.

A

B
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consolidated using a gas tungsten arc
(GTA) button melting process. All melt-
ing was conducted under an argon at-
mosphere, so the introduction of impu-
rity elements (oxygen, nitrogen) was
unlikely. Each button was remelted
three times to ensure homogeneity. The
buttons melted using this procedure
showed little evidence of oxidation. The
nominal composition of Alloy 690 and
resulting compositions after the Nb and
Mo additions are shown in Table 1.
Note that only the major elements are
listed in this table. The compositions of
a select number of buttons were deter-
mined using SEM/EDS and showed that
the calculated compositions in Table 1
were a good approximation of the actual
compositions. 

Computational Modeling 

     The ThermoCalc™ Scheil module
(Ref. 37) was used to do the following:

1) determine an approximate starting
point for this study in terms of the
levels of niobium, 2) calculate mass
fraction values of eutectic phase for
each composition, and 3) calculate the
average niobium and molybdenum lev-
els at the end of the eutectic reaction. 
     The TTNi7 database, including liq-
uid, FCC, NbC, and Laves phases, were
used for the calculation. The Scheil sim-
ulations were run using two values of
fraction solidified as an end point for
the mass fraction calculations, namely
0.95 and 0.98, in order to determine
how the end point affected the calcula-
tions relative to solidification tempera-
ture range and fraction eutectic. These
values of fraction solidified were select-
ed based on the range that is commonly
used by other investigators for deter-
mining solidification temperature range
and/or fraction eutectic (Refs. 38–42).
The mass fractions were determined by
plotting the solid phase fractions as a
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Fig. 8 — SEM micrographs depicting
crack backfilling in cast pins at crack
ing threshold. A — 4Nb0Mo; B —
6Nb0Mo; C — 8Nb0Mo.

Fig. 7 — Optical micrograph of a network of backfilling and some open cracks in a
2Nb4Mo pin that exhibited surface cracking.

Table 2 — Calculated Solidification Data for Fe30Cr Alloys with Nb and Mo Additions 

                                                                 Fraction Solid                        Fraction Solid
                                                                           0.95                                       0.98                           Measured                                                   
      Alloy              kNb           kMo                                                                                                            Volume                     Final Wt.             Final Wt. 
                                                                  Mass           STR                Mass             STR                  Fraction                     Fraction              Fraction
                                                               Fraction         (C)               Fraction           (C)                  Eutectic                          Nb                        Mo
                                                               Eutectic                              Eutectic                                                                                                        

   Alloy 690         0.16           –                    –                65                0.0192            108              0.003 ± 0.001                     –                             –
   2Nb0Mo          0.17           –                    –               215               0.0255          239.5             0.014 ± 0.006                 0.201                         –
   2Nb2Mo          0.17         0.66                 –              225.5             0.0268            254                         –                             0.191                    0.0656
   2Nb4Mo          0.17         0.68                 –              237.5             0.0287          264.5                        –                             0.183                     0.118
   4Nb0Mo          0.18           –               0.0659        212.3             0.0959          221.9              0.075 ± 0.01                   0.217                         –
   4Nb2Mo          0.18         0.67            0.0686        220.8             0.0986            237                         –                             0.206                    0.0700
   4Nb4Mo          0.18         0.69            0.0727          228                0.103            247.8                        –                             0.199                     0.124
   6Nb0Mo          0.19           –                0.152           191                0.182            199.5              0.144 ± 0.03                   0.223                         –
   6Nb2Mo          0.19         0.68             0.156           201                0.186            216.3                        –                             0.212                    0.0736
   6Nb4Mo          0.19         0.69             0.160          207.8              0.190            226.5                        –                             0.204                     0.129
   8Nb0Mo          0.20           –                0.253          168.3              0.283            176.3             0.239 ± 0.018                 0.227                         –
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function of temperature (Ref. 43). The
average solute solidification profiles cal-
culated by the module and the resulting
mass fractions were compared to Im-
ageJ analyses of the volume fractions
from metallographic analysis and to the
energy dispersive spectroscopy (EDS)
composition data. 
     The significance of the Scheil simula-
tions in this study was in the correlation
made between the measured volume
fraction eutectic and the calculated
mass fraction eutectic, as well as the rel-
ative composition changes that were
predicted during solidification based on
compositional changes to Alloy 690.

Cast Pin Tear Test

     The cast pin tear test (CPTT) can be
used to evaluate susceptibility to solid-
ification cracking through a controlled

variation of restraint levels imposed
by solidification shrinkage. It can be
classified as a “self-restraint” test since
the strain that promotes cracking re-
sults from contraction stresses that ac-
cumulate in the pin during solidifica-
tion. Detailed information regarding
the test as well as the procedure can be
found elsewhere (Refs. 44, 45). Pins
ranging from 0.75 to 1.625 in. in
length were cast at 1460°C after a 90-s
purge in argon gas. The CPTT has been
previously demonstrated to effectively
rank the solidification cracking suscep-
tibility of a number of Ni-based alloys
(Refs. 45, 46).
     In this study, the shortest pin
length that exhibited no visible crack-
ing was used to quantify cracking sus-
ceptibility. This value is designated the
threshold pin length for solidification
cracking. At pin lengths above thresh-

old, there tends to be more scatter in
the cracking response, making com-
parison among alloys more difficult.
Determination of the threshold pin
length for each alloy was based on a
minimum of four “acceptable” tests.
Acceptable pins were those that exhib-
ited no visible casting defects. Casting
defects result from improper mold fill-
ing and leave behind swirl-like inden-
tations on the pin surface and some-
times visible voids. Casting defects
were minimized through extensive
mold cleaning between casts and by
ensuring that the molten button was
heated to the appropriate casting tem-
perature and dropped properly into
the pin mold. The judgment regarding
“acceptable” pins was based on visual
inspection only. Sectioning of multiple
pins that were considered “acceptable”
did not reveal any subsurface voids.
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Fig. 9 — SEM/EDS analysis of the region around a backfilled crack from Fig. 8. Spots 1–3 represent the composition of the backfilled cracks.

Fig. 10 — SEM/EDS analysis of the region around a backfilled crack in a 6Nb4Mo alloy. Spots 1, 2, and 6 represent the composition of the
backfilled cracks.

Wheeling  7-2016_Layout 1  6/10/16  3:22 PM  Page 233



Characterization

     The microstructure of each sample
set was characterized using both opti-
cal (Olympus GX51) and scanning
electron (Quanta 200 and Sirion) mi-
croscopy. Sections were taken both
transverse to the pin length (across
the pin diameter) and longitudinally
along the pin length. Serial sectioning
performed by successive grinding was
used to reveal the microstructure 
gradient from the pin surface to the
pin center. This technique was particu-
larly useful for determining the extent
of crack backfilling in certain 
compositions. 
     All samples were then polished and
electrolytically etched in a 10%
chromic acid solution for 5–10 s at 5 V
and 2 A with a tungsten anode and
stainless steel cathode. The area frac-
tion eutectic was determined via im-
age analysis using ImageJ software.
The procedure was developed from
work by Payton et. al. (Ref. 47) and
conformed to ASTM E1245-03.
SEM/EDS was used to determine the
composition of the matrix and eutectic
constituents. 
     An accelerating voltage of 25 kV,
spot size 6, and probe current 10 nA
were utilized at magnifications rang-
ing from 200 to 6000¥. EDS analysis
was performed at 800¥ on samples
that had all been etched in chromic
acid in order to reveal the eutectic con-
stituents and solidification structure
in the samples. Etching prior to EDS
analysis facilitated locating and ana-
lyzing the eutectic constituents. 

Results 
Solidification Modeling 

     Results from Scheil simulations for
all compositions are shown in Table 2.
Partition coefficients were calculated
by dividing the composition of the
first solid to form by the initial, nomi-
nal composition in terms of either Nb
or Mo. The available literature does
not report partition coefficients for
Alloy 690, but the calculated values
used seem to be consistent with other
studies of Nb- and Mo-bearing Ni-
based alloys (Refs. 8, 9, 48–51). A
small under/over estimation of the
partition coefficients may decrease the
accuracy of the fraction eutectic calcu-

lations, but the effect should be minor.
As both the Nb and Mo alloying addi-
tions increase, the partition coeffi-
cients increase slightly (less partition-
ing). The fraction eutectic was predict-
ed to increase with increasing alloy
content, particularly with respect to
Nb. Molybdenum additions produced
only a small change in the calculated
fraction eutectic, but did result in a
large change in the final calculated
composition of the eutectic phase
since Mo partitions to the liquid 
during solidification.  
     The calculated fraction eutectic val-
ues are reported as mass fraction while
the measured fraction eutectic values
are volume fraction (based on area
fraction measurements). These mass
fraction values are reportedly compa-
rable to volume fraction values as the
densities of the phases involved are
similar (Ref. 9). Regardless, the calcu-
lated fractions correlate well with the
measured values. The calculated aver-
age weight fractions of niobium and
molybdenum were later compared to
Nb and Mo levels measured in back-
filled regions using EDS. 

Cast Pin Tear Test

     The critical cracking thresholds for
the niobium-bearing samples are
shown in Fig. 2. The base composition,
Alloy 690 with no Nb, and the alloy
with 8 wt-% Nb exhibited the lowest
susceptibility to solidification cracking,
as indicated by threshold (no cracking)
pin lengths of 1.5 and 1.375 in., respec-
tively. The alloy with 4 wt-% Nb addi-
tion showed the highest susceptibility
with a threshold pin length of 0.75 in.
The scatter in the CPTT data tends to
increase with an increase in pin length
above the threshold and with increased
Nb content. This scatter is likely due to
some variation in the amount of eutec-
tic that is present and the ability of
cracks to heal by a backfilling mecha-
nism when greater stress (pin length) is
imposed on the system. For that rea-
son, the threshold pin length at which
there is no cracking is used as the most
reliable indicator of resistance to solidi-
fication cracking. 
     Samples representing the critical
cracking thresholds determined in Fig.
2 were then prepared for image analy-
sis. Comparison of their measured vol-
ume fraction eutectic as well as calcu-

lated mass fractions as a function of
Nb content is shown in Fig. 3. In order
to be consistent with other data show-
ing the effect of composition on crack-
ing susceptibility in eutectic systems,
such as that shown in Fig. 1, suscepti-
bility is represented by the reciprocal
of the critical cracking threshold (Refs.
29, 30, 34, 36). The larger this value,
the more susceptible to cracking rela-
tive to the other plotted compositions.
This plot clearly illustrates that the
highest susceptibility is exhibited by
the 4 wt-% Nb composition. 
     When considering the fraction eu-
tectic, it appears that the highest
cracking susceptibility occurs at levels
just below 10%. Above 10%, cracking
susceptibility decreases due to an ap-
parent crack healing effect, as will be
shown by characterization results in
the next section. Additional data at 3
and 5 wt-% Nb are needed to more ful-
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Fig. 11 — Cracking susceptibility versus
solidification temperature range based
on Varestraint data from DuPont et al.
(Ref. 54).

Fig. 12 — Cracking susceptibility and
predicted solidification temperature
range for the Nbbearing alloys at 0.95
fraction solidified.
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ly develop this curve and more accu-
rately identify the peak in cracking
susceptibility. 
     The effect of adding 2 and/or 4 
wt-% molybdenum to alloys with 2, 4,
or 6 wt-% Nb at the same pin length is
shown in Fig. 4. The pin length, 1.375
in., selected for comparison of the Mo
effect was one in which all three niobi-
um compositions exhibited cracking
prior to molybdenum addition. At the
2 and 4 wt-% Nb levels, there appears
to be little effect from the Mo addi-
tion, and it may actually increase sus-
ceptibility in the 2% Nb alloy. A signif-
icant effect of the Mo addition can be
seen in the 6Nb samples. The 6Nb4Mo
composition results included pins that
did not crack compared to 6Nb0Mo
pins, which exhibited significant
cracking. Thus, there appears to be a
clear beneficial effect of Mo additions
at the higher Nb level. The large error
among circumferential cracking values
in pins of the same composition
makes it difficult to make definitive
comparisons where small trends may
appear, as for the 2Nb and 4Nb com-
positions. The data suggest that the
4Mo samples experienced less cracking
regardless of niobium composition,
but the error in the data will require
more testing before definitive conclu-
sions can be made. 

Characterization

     As shown in Fig. 5, there is a clear
increase in the fraction eutectic as the
Nb content is increased in the Alloy
690 base alloy. In the base alloy mi-
crostructure, virtually no eutectic
phase is detectable, and only a slight
increase is observed when 2 wt-% Nb
is added, as evidenced by the dark par-
ticles at the solidification subgrain
boundaries. At 4 wt-% Nb, consider-
able eutectic constituent is evident,
and at 8 wt-% Nb, the eutectic con-
stituent is almost continuous.
     Evidence of crack backfilling was
detected in the 4, 6, and 8 wt-% niobi-
um pins as well as in the Nb + Mo al-
loys. Optical and SEM micrographs
that demonstrate the backfilling effect
are shown in Figs. 6–8. With the ex-
ception of the 2 wt-% Nb alloys, all mi-
crographs shown are from pin lengths
at the cracking threshold, where no
surface cracking was observed. In the
2 wt-% Nb alloy, evidence of very mi-

nor backfilling was only observed in
pins containing cracks and is at such a
low level that the contribution to crack
healing is minimal. 
     The backfilled cracks in the
8Nb0Mo pins appeared to contain
fewer voids (cracks) and are more con-
tinuous than in the 4Nb0Mo sample.
The backfilled cracks in the 8Nb0Mo
sample run almost continuously
through the sample, indicating an ex-
tensive crack healing effect in this al-
loy. In the 4Nb0Mo alloy, many open
cracks are evident, indicating that in-
sufficient liquid of eutectic composi-
tion is available to heal the cracks that
form. 
     Backfilled cracks were difficult to
find in the lower niobium, 2 wt-%
compositions, although some were ob-
served in the 2Nb4Mo alloy, as shown
in Fig. 7. While the beginnings of a
small network of backfilled cracks ap-
pear, many voids remain, and the pin
exhibited surface cracking. The addi-
tion of 4 wt-% Nb to this alloy increas-
es the fraction eutectic from 1.4 to 7.5
vol-% (Table 2), leading to an increase
in cracking susceptibility, as shown
previously in Fig. 4. 
     Crack healing via a backfilling
mechanism is clearly dependent on
the Nb content. While some crack
healing may occur in the lower 2Nb
and even 4Nb compositions, the level
of backfilling is not sufficient to have a
beneficial effect. In fact, the effect
may actually be detrimental in that
the solidification temperature range of
the 2Nb and 4Nb alloys has increased,
but the amount of eutectic formed is
not enough to adequately fill voids and
cracks to prevent cracking. Again, it is
important to point out that crack heal-
ing is a phenomenon that may not al-
ways increase resistance to solidifica-
tion cracking during welding. High lev-
els of restraint may overwhelm any
crack healing effects, even if the frac-
tion eutectic is high. This is shown in
Fig. 2, where at the longest pin lengths
significant cracking is observed in the
6Nb0Mo and 8Nb0Mo alloys.  
     The SEM micrographs in Fig. 8 bet-
ter illustrate the difference in crack
backfilling observed based on differ-
ences in Nb. In all cases, the backfilling
occurs along solidification grain
boundaries where preexisting cracks
were present. In the 4Nb0Mo sample,
the width of the backfilled liquid is rel-

atively thin with several “breaks” along
the boundary. As Nb increases to 6
and 8 wt-%, the degree of backfilling
increases and the backfilled bound-
aries are much wider. While the back-
filling network in the 8Nb0Mo sample
is quite extensive, some small voids
are still present internally, even
though no cracking was observed on
the surface. Based on prior research,
cracks initiate at the surface and prop-
agate toward the center and pins that
are at or below the threshold do not
contain internal cracks (Refs. 52, 53).
Thus, for the 8Nb0Mo material, the
crack that formed at the surface was
nearly completely healed by
backfilling.
     This backfilling results in the sub-
stantial drop in cracking susceptibility
in the 6 and 8 wt-% Nb alloys relative
to the 4 wt-% alloy, as shown in Fig. 2.
Based on the data in Table 2, maxi-
mum cracking at 4 wt-% Nb occurs
when there is ~7.5 vol-% eutectic pres-
ent. By increasing the fraction eutectic
above 15 vol-%, a significant reduction
in cracking occurs, as shown in Fig. 2.
     SEM/EDS spot analyses were per-
formed to determine the composition
in the backfilled cracks for 4Nb0Mo,
6Nb0Mo, 8Nb0Mo, 2Nb2Mo,
2Nb4Mo, 6Nb2Mo, and 6Nb4Mo com-
positions. SEM micrographs and the
location of the spot analysis for the
8Nb0Mo and 6Nb4Mo alloys are
shown in Figs. 9 and 10, respectively.
The “nominal” composition refers to
the composition of the Alloy 690 base
alloy used in this study prior to niobi-
um and molybdenum additions, and
the “adjusted” composition is the cal-
culated composition of the new alloys
taking the additions of Nb and Mo
into account. 
     The partially backfilled crack (spots
1–3) is enriched in Nb to an average of
24.34 wt-% while the matrix (fcc gam-
ma phase) is depleted to an average of
3.56 wt-% Nb. These matrix values
represent locations away from the so-
lidification boundary where no eutec-
tic constituent is present. Thermo-
Calc™ predicted an average niobium
concentration of 23 wt-% for the eu-
tectic reaction that occurs in this alloy,
so the EDS data is in good agreement
with the computed value. It is impor-
tant to point out that the measured
values are average values. 
     The EDS spot collected data from
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an ~1 μm diameter. It was determined
that the eutectic lamellae in the back-
filled regions is much less than 1 μm,
so EDS measurements taken in this re-
gion are likely to more closely repre-
sent the average Nb level. Near the
edges, an average representation is
less likely, as lamellae spacing appears
to increase. As such, differences from
predicted values were encountered in
some samples, especially those with a
thinner backfilled region to collect
data from. Depletion of the other ma-
jor elements, Ni, Cr, and Fe coincides
with the Nb enrichment. Similar
trends were seen with the other com-
positions tested.
     As with the 8Nb0Mo sample, the
backfilled crack for the 6Nb4Mo pin
also exhibited a large Nb enrichment,
but to a lesser extent with spots 1, 2,
and 6 averaging at 21.2 wt-% Nb.
Molybdenum enrichment of an aver-
age of 7.11 wt-% was measured for the
same spots. ThermoCalc™ predicted a
niobium level around 20 wt-% and a
molybdenum level around 13 wt-% for
this alloy. 
     While the niobium prediction is
consistent with the measurement, the
molybdenum prediction is overesti-
mated. This may indicate several
things: 1) the calculated partition coef-
ficient is too low, 2) the Scheil simula-
tion predicted a phase with a higher
stoichiometric ratio of molybdenum
than actually occurs, and 3) the EDS
analysis may be inaccurate. Sulfur K-
alpha lines overlap molybdenum L
lines, but since sulfur levels in the Al-
loy 690 base composition were less
than 0.002 wt-%, such a sulfur K-alpha
contribution should be minimal. Coin-
ciding depletion of Ni, Cr, and Fe is
again observed in the backfilled region
of this alloy.

Discussion

     The results presented here indicate
for Ni-based alloys that form eutectic
constituents at the end of solidification,
the backfilling effect makes predictions
of cracking susceptibility difficult to de-
termine simply as a function of the so-
lidification temperature range. Previous
data from DuPont et al. (Ref. 54) have
shown a correlation between the solidi-
fication temperature range (STR) and
cracking susceptibility in Ni-based al-

loys measured using the Varestraint
test, as shown in Fig. 11. While this
data may be relevant, it should be point-
ed out that at the strains used in gener-
ating this data, crack healing is probably
not possible. 
     When the cracking susceptibility
curve from Fig. 2 is plotted with the
corresponding predicted STR for each
composition, it is apparent that STR is
not the dominating factor affecting
susceptibility at high-alloy additions,
as shown in Fig. 12. Note that cracking
susceptibility and solidification tem-
perature range correlate well with
small additions of Nb, with increased
solidification temperature range re-
sulting in increased susceptibility.
However, as alloying addition increas-
es, a relatively small decrease in STR is
predicted compared to the dramatic
decrease in susceptibility and the cor-
relation is much weaker. This is be-
cause of the following: 1) the liquid
composition has reached the terminal
eutectic point, so further increase in
STR is not possible, and 2) the amount
of eutectic increases allowing for crack
healing to occur. As a result, higher
strains (longer pins) are required to
promote solidification cracking. It
should be noted that the STR values in
Fig. 12 are predicted, not measured. 
     Ongoing work will determine the
actual STR values using the single 
sensor differential thermal analysis
(SS DTA) technique (Ref. 55). 
     The specific effect of Mo on crack-
ing susceptibility remains unclear. It
has little influence on either expand-
ing the solidification temperature
range or increasing the fraction eutec-
tic. It does segregate to the liquid and
is present in higher than nominal con-
centration in the eutectic liquid. As
shown in Fig. 4, it seems to have no in-
fluence in the 2 and 4 wt-% Nb alloys,
but its effect is dramatic in reducing
cracking susceptibility in the 6Nb4Mo
alloy. One possibility is that the pres-
ence of Mo somehow affects the wet-
ting characteristics of the eutectic liq-
uid and helps promote crack healing. 
     It should be noted that filler metal
625, which has good solidification
cracking resistance despite a wide solidi-
fication temperature range, contains on
the order of 4 wt-% Nb and 10 wt-%
Mo. Further work is underway to better
understand the effect of Mo in high-Cr,
Nb-bearing Ni-based alloys. 

Conclusions
     1) The fraction eutectic in Ni-30Cr
weld metals increases dramatically with
increasing niobium content based on
both the measured fraction eutectic and
values calculated with ThermoCalc™.
     2) Additions of Nb up to 4 wt-% re-
sult in an increase in cracking suscep-
tibility associated with an increase in
solidification temperature range and
the presence of continuous liquid 
films along the solidification grain
boundaries. 
     3) Niobium additions above 4 wt-%
result in a decrease in cracking suscep-
tibility due to an increase in the frac-
tion eutectic, which promotes crack
healing.
     4) The peak in cracking susceptibili-
ty corresponds to a fraction eutectic of
~7.5 vol-%. At levels above ~15 vol-%,
crack healing by eutectic backfilling is
significant.
     5) Additions of Mo to alloys con-
taining 6 wt-% Nb resulted in a de-
crease in cracking susceptibility. This
effect was not observed at lower Nb
levels. 
     6) There was a good correlation be-
tween cracking susceptibility and so-
lidification temperature range at lower
Nb levels. At higher Nb levels (> 4 
wt-%), the correlation is not good be-
cause of crack healing effects.
     7) The cast pin tear test appears to
be an effective method to evaluate the
influence of backfilling on cracking
susceptibility in materials where suffi-
cient liquid of eutectic composition
forms at the end of solidification.
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