
Introduction

Welding electrode Inconel®182
(IN182) and filler metal Inconel®82
(IN82) were used extensively in pressur-
ized water reactor (PWR) and boiling
water reactor (BWR) steam generators
(SGs) as matching consumables for In-
conel®600 (IN600) after intergranular
stress corrosion cracking (IGSCC) fail-
ures of sensitized Type 304 stainless steels
in the 1960s brought about the need for
base materials and consumables more
suited to these environments (Ref. 1). 

These two alloys also served as the
filler metals of choice for dissimilar metal

welds (DMWs) made between low-alloy
pressure vessel steel and 300-series
austenitic stainless steel because of a co-
efficient of thermal expansion intermedi-
ate of the steels. IN182 and IN82 con-
tained Nb (1–3 wt-%), an alloying addition
known to form niobium carbide (NbC) via
a eutectic reaction at the end of solidifica-
tion. Initially, Nb was intentionally added
to tie up excess free carbon during similar

and DMWs on base materials with rela-
tively high carbon contents. Eventually,
Nb was removed from solid solution
strengthened, Ni-based filler metals (such
as IN52) until serious problems with duc-
tility dip cracking (DDC) resulted in the
reintroduction of Nb in high-Cr filler met-
als such as 52M, 52MSS, and 52i (Refs. 2,
3).

In 1978, failure analysis of an IN600
safe-end forging from the recirculation
inlet nozzle of a BWR at the Duane
Arnold Nuclear Power Plant determined
the root cause as IGSCC. The failure ini-
tiated in the heat-affected zone (HAZ) of
an IN600/IN182 weldment and propa-
gated through the weld metal, raising
questions regarding the IGSCC suscepti-
bility of both materials (Ref. 4). Soon
after, Inconel®690 (IN690) was proposed
as a replacement for IN600 in both BWR
and PWR SGs. With nominally 30 wt-%
Cr, IN690 demonstrated superior corro-
sion performance in primary water, high-
temperature caustic, acid sulfate, and oxy-
genated chloride environments relative to
IN600, and was eventually designated as
the replacement alloy for primary water
applications (Ref. 5). IN182 and IN82
continued to serve as leading consumables
for IN690 when repair welding SGs, as
well as for safe end DMWs between pres-
sure vessel steels and austenitic stainless
steels. 

In 1988, nondestructive testing of
PWR safe-end joints indicated primary
water stress corrosion cracking (PWSCC)
degradation in DMWs between
IN182/IN82 and austenitic stainless steel,
driving the need for 30 wt-% Cr, Ni-based
filler metals that would match the inter-
granular corrosion resistance of IN690
(Refs. 6–8). As a result, both welding elec-
trode Inconel®152 (IN152) and filler
metal IN52 with nominally 30 wt-% Cr
were introduced.

These new filler metals exhibited ex-
cellent resistance to IGSCC and surface
corrosion (Ref. 8), but IN52 was found to
be susceptible to DDC. The cracking was
observed along straight, migrated grain
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ABSTRACT

Nickel-based filler metals containing 30 wt-% chromium are required in the
nuclear power industry in order to provide resistance to primary water stress cor-
rosion cracking. Existing filler metals have exhibited susceptibility to solidification
and ductility-dip cracking, thus the motivation for this study was to develop filler
metals resistant to both these cracking phenomena. A design of experiment
methodology used in conjunction with computational and experimental tech-
niques was employed to statistically determine the effects of Fe, Mo, C, Hf, and
Nb on the solidification behavior of a Ni-30Cr base composition. Target solidifi-
cation behavior included a solidification temperature range of 125°C and a frac-
tion eutectic constituent of 2 vol-% to mitigate solidification and ductility-dip
cracking, respectively. Regression analysis of data gathered from solidification ex-
periments and volume fraction eutectic measurements were used to develop re-
sponse surfaces relative to compositional factors included in the investigation. Sta-
tistical optimization based on solidification temperature range contour plots
overlaid with volume-fraction eutectic revealed that an optimum fraction eutec-
tic was achievable with Hf-bearing filler metals relative to those containing Nb,
while maintaining a narrower solidification temperature range. Statistical opti-
mization of experimental solidification temperature range and fraction eutectic
data based on desirable solidification criteria using genetic algorithm-based de-
sign software have identified several compositions for further microstructural
characterization and weldability testing. This paper demonstrates how a combi-
nation of computational and experimental techniques provides an efficient
methodology for filler metal development.
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boundaries (MGBs) in the IN52 weld
metal, which resulted from performing
multipass buttering layers and closure
welds between SA533 pressure vessel steel
and IN-690 (Ref. 9). Research into the
DDC mechanism has shown that one ef-
fective way to improve the DDC resist-
ance of high-Cr, Ni-based filler metals is
the development of “tortuous” MGBs via
formation of intergranular second-phase
particles at the end of solidification that
preclude grain boundary (GB) migration
occurring during multipass welding (Refs.
10, 11). Other methods to control DDC
are based on different theories. 

Research done by Nishimoto et al.
shows that impurity segregation during re-
heating is the main cause of cracking (Ref.
12). However, research at Lehigh Univer-
sity by Noecker and DuPont showed that
there was no sulfur segregation at inter-
mediate temperatures. They concluded
that grain boundary sliding was the cause

of DDC and that intergranular precipita-
tion of M23C6 carbides may play a role in
exacerbating cracking (Ref. 13). Recent
testing at The Ohio State University
(OSU) has also shown that extremely low
levels of S and P caused an increase in
DDC. Noecker and DuPont also found
that when coarse intergranular eutectics
such as NbC formed, DDC resistance was
high. 

It was well known that Nb formed an
MC carbide via a eutectic reaction with
austenite in the final stages of solidifica-
tion, so a new 30 wt-% Cr filler metal,
IN52M, reintroduced Nb (≈1 wt-%) to
solid solution strengthened Ni-based con-
sumables. Subsequent testing and mi-
crostructural examination at OSU con-
cluded that IN52M was also susceptible to
DDC due to insufficient second-phase
formation to create tortuous MGBs.
Using the strain-to-fracture test, the
threshold strain to induce cracking in
IN52/52M filler metals was found to be on
the order of ≈ 2% at 950°C (Ref. 14). The
susceptibility to DDC of these filler met-
als has also been experienced in practice.

Considerable research has led to the
development of DDC-resistant filler met-
als such as 52MSS with 2.5 wt-% Nb and 4
wt-% Mo, and 52i with 2.5 wt-% Nb and 3
wt-% Mn (Refs. 15–17). Single-sensor dif-

ferential thermal analysis (SS-DTA™)
(Refs. 18–21), transvarestraint, and cast
pin tear testing demonstrated that 52MSS
and 52i have increased susceptibility to so-
lidification cracking relative to 52M and
52 due to an expansion of the STR related
to the addition of Nb (Refs. 2, 3, 21). Table
1 shows their STRs as determined by
Alexandrov et al. (Ref. 2).

IN52M was found to be susceptible to
solidification cracking after liquid pene-
trant testing of structural weld overlays
performed on PWR safe-end joints indi-
cated cracks at the DMW interface be-
tween the IN52M filler metal and Type 308
stainless steel substrate (Ref. 8). The
IN52M overlay technique was a repair
methodology adopted by the Electric
Power Research Institute (EPRI) to form
a new, PWSCC-resistant pressure bound-
ary for the safe-end joint due to through
thickness PWSCC degradation of the ex-
isting IN182/IN82 weld metal. These over-
lays, commonly known as structural weld
overlays, also produced compressive
stresses at the root pass of the DMW to
mitigate future PWSCC initiation and
propagation (Refs. 6, 7). 

The solidification cracking of IN52M
was attributed to unexpectedly high dilu-
tion by the austenitic stainless steel sub-
strate, leading to increased Fe content in
the weld metal and the formation of low-
melting eutectic constituents, particularly
Laves phase (Ref. 6). 

The major material factors that con-
tribute to the solidification cracking sus-
ceptibility of high-Cr, Ni-based alloys are
solidification temperature range (STR),
fraction eutectic (feut), and the nature of
the last-to-solidify interfacial liquid (i.e.,
the wetting characteristics and morphol-
ogy) (Ref. 23). 
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Fig. 2 — Button melting device for casting small ex-
perimental heats of material.

Fig. 3 — Plunging device schematic for acquiring
weld solidification thermal histories.

Table 1 — Solidification Temperature Range
(STR) Data for Commercially Available
High-Cr, Ni-Based Filler Metals Filler Met-
als (from Alexandrov et al., Ref. 2)

Alloy 52M 52MSS 52i

STR (°C) 144 192 232
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By definition, STR is the temperature
range from Tliq to Tsol. Assuming these
temperatures can be either predicted or
measured, the STR can be determined
and correlated with the solidification
cracking susceptibility of an alloy. The
magnitude of the STR is influenced by
composition and the occurrence of eutec-
tic reactions that promote low-melting
constituents, such as Laves phase. A larger
STR equates to a wider mushy zone inca-
pable of accommodating the restraint that
develops during weld solidification and
concentrates along continuous liquid films
at the solidification grain boundaries dur-
ing the final stages of solidification.

Of the two remaining material factors
important to solidification cracking, feut is
important to this preliminary investigation
because the amount of liquid present dur-
ing the terminal stages of solidification
controls the distribution of the liquid (Ref.
23). Clyne and Kurz showed that 1–10 vol-
% terminal liquid coupled with low
solid/liquid surface tension created con-
tinuous liquid films along GBs that re-
sulted in solidification cracking of contin-
uously cast austenitic stainless steels (Ref.
24). Conversely, terminal liquid ≤ 1 vol-%
formed isolated liquid globules that in-
creased the hot cracking resistance of the
steels (Ref. 24). When the liquid fraction
is greater than 10 vol-%, healing of solidi-
fication cracks by liquid backfilling is pos-
sible (Refs. 24, 25), but it is unclear if
higher levels of eutectic constituents are
deleterious to the properties of solid-solu-
tion strengthened high-Cr, Ni-based al-
loys being investigated in this study. 

Fraction eutectic is also important to
DDC cracking susceptibility. Higher

amounts of eutectic will contribute
strongly to grain boundary tortuosity,
which can control DDC susceptibility.
Images analyzed from research done
by Collins, Nissley, and Lippold show
that resistant alloys have on the order
of 2 vol-% eutectic (Refs. 10, 14). There-
fore, 2 vol-% eutectic was chosen as the
target value for this work. 

This paper describes an approach for
the development of a Ni-30Cr filler metal
that is resistant to both solidification and
ductility-dip cracking. The goal was to iden-
tify alternative carbide-forming elements
that would maintain the tortuous MGBs to
mitigate DDC while reducing the STR rel-
ative to Nb-containing filler metals. The
filler metal development process utilized in
this investigation involved a DOE method-
ology used in conjunction with rigorous
computational modeling to develop clear
relationships between independent com-
positional factors and dependent solidifica-
tion responses. 

The steps taken are outlined in Fig. 1
as a flow chart. Initially, suitable ranges for
Hf concentration were identified based on
work by Unfried et al. (Refs. 26–28). A
DOE methodology was then employed to
create compositions for experimental
study. Subsequent statistical analysis of re-
sponses for optimization of compositional
factors were based on specific solidifica-
tion criteria. Experimental work involved
direct measurement of solidification be-
havior through thermocouple plunging ex-
periments and quantitative microstruc-
tural examination. When applicable,
experimental results are compared with
results from the computational analysis.
Computational and experimental DOE

groups with Nb as the carbide former were
also investigated and compared to the Hf-
bearing groups. Finally, an optimized
composition is determined, and can be
tested further.

Experimental Procedures

Design of Experiment and Statistical
Analysis: Computational
Experiments

An initial investigation was conducted
to statistically determine the relative ele-
mental effects of Fe, Mo, C, and Hf (or
Nb) on the solidification behavior of Ni-
based filler metals containing 30 wt-% Cr.
Values for the ranges of Mo, C, and Nb in
the computational Nb DOE group were
chosen to represent those in current com-
mercially available Nb-bearing filler met-
als including 52M, 52MSS, and 52i. The
values for Mo and C were chosen to be the
same for the computational Hf DOE
group due to a lack of published data, and
to facilitate comparison of the two sys-
tems. The Fe was varied to determine if
there was any effect on segregation of
other alloying elements, similar to work
done by Dupont (Ref. 29). Such Fe ranges
also give some insight into the effect of di-
lution by pressure vessel steels. Values for
the range of Hf were chosen based on
those studied in the limited amount of lit-
erature available pertaining to the use of
Hf in Ni-based alloys (Refs. 26–28, 30–35). 
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Fig. 4 — Example of solidification experiments. A — Typical thermal history; B — processed SS-DTA™ curve with Tsol determined as 1242°C.

Fig. 5 — Macrograph of an SS-DTA™ button sample
showing the remelted region on the top of the button for
STR experiments and feut measurements.

Table 2 — Compositional Ranges and Constants used by MINITAB™ to Generate Alloys for
Scheil Analysis (All values in wt-%)

DOE Alloy Group Ni Cr Fe Mo Hf Nb C

1 – Ni-Cr-Fe-Mo-Hf-C (TCNi5) Bal. 30 0-20 0-4 0-2 — 0-0.04
2 – Ni-Cr-Fe-Mo-Nb-C (TCNi5) Bal. 30 0-20 0-4 — 0-3 0-0.04

A B
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Two groups of 30 wt-% Cr, Ni-based al-
loys were generated for computational
study via DOE using MINITAB™. The
composition ranges and constants used to
generate the DOE are shown in Table 2. A
four-factor, response surface method
DOE was chosen to explore the relation-
ship between composition and output data
from the Scheil Module within Thermo-
Calc™. The response surface methodol-
ogy is beneficial because it is capable of
determining if any curvature exists in the
response plot, while reducing the number

of compositions required for testing. 
The solidification response variables of

interest included the liquidus and solidus
temperatures (Tliq and Tsol), STR, eutec-
tic start temperature (Teut), and fraction
eutectic (feut). Since Thermo-Calc™ can-
not provide reliable mass fraction values,
the mole fractions were used. While not
ideal, it still gives an idea of relative
amounts of eutectic. A Scheil simulation
for each of 30 compositions generated by
the DOE was conducted. The values for
the responses were extracted from

Thermo-Calc™, input back into
MINITAB™, and then analyzed. Main ef-
fects plots were created to determine the
change in response produced at each of
five levels of the factors tested. Regression
analyses were conducted to develop quan-
titative equations that describe the re-
sponse surfaces in terms of Fe, Mo, C, and
Hf (or Nb) on a weight-percentage basis.

Two Thermo-Calc™ databases, TCNi5
and TTNi7, were evaluated in this investi-
gation. The TCNi5 database was chosen
because it contained thermodynamic data
for Ni7Hf2, which was identified to exist in
the experimental Hf DOE group via trans-
mission electron microscopy (TEM) and
selected area diffraction (Ref. 36). 

When performing Scheil calculations,
the user must have some knowledge of the
potential phases that form on solidification
of a particular alloy system in order to get
the best information possible from the sim-
ulation. Based on this, the TTNi7 database
was deemed to be nonoptimum since it did
not include at least one compound that had
been identified experimentally. Also, the
TTNi7 database was not able to handle
compositions with Hf values >1 wt-%, re-
sulting in errors and unreliable data when
trying to perform the simulation.

Design of Experiment and Statistical
Analysis: Experimental Alloys

Based on results from the computa-
tional work, a separate DOE methodology
was utilized to study similar effects on ex-
perimental alloys. The experimental tech-
nique is detailed in the next section. Opti-
mized compositions based on minimizing
the STR for solidification cracking resist-
ance, while ensuring sufficient feut for
DDC resistance, were also developed as
an objective of this work. The statistical
software package JMP®9 was used to cre-
ate a “custom” four-factor, three-level
DOE resulting in two sets (experimental
Nb and Hf DOE groups) of 16 alloys for
study via thermocouple plunging experi-
ments and quantitative feut analysis. 

Although the chosen DOE was not a
response surface method, which would
have resulted in five levels of each factor
requiring testing of 30 alloys for each
group, the “custom” DOE was designed
such that interaction and squared terms
would be identified by the regression
analysis. The nominal alloy compositions
are summarized in Table 3. A duplicate
sample of each composition was made, to-
taling 32 samples per group, and 64 total
solidification experiments. 

The limits for Mo represented the high
and low values that are seen in current com-
mercially available Nb-bearing high-Cr, Ni-
based filler metals (52M and 52MSS). The
range for Hf was chosen based on results of
Scheil simulations and previous research
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Fig. 6 — A — Light optical micrograph of an experimental Nb DOE group sample; B — 
corresponding binary image.

Fig. 7 — A — SEM BSE image of an experimental Hf DOE group sample; B — binary image.

Table 3 — Nominal Alloy Compositions for Experimental DOE Samples as Determined by
JMP®9 (all values in wt-%)

Alloy Ni Cr Fe Mo C X

X*-1, 2 Bal. 30 8 0 0.02 2.0
X-3, 4 Bal. 30 8 0 0.06 0.5
X-5, 6 Bal. 30 8 4 0.02 1.25
X-7, 8 Bal. 30 8 4 0.04 0.5
X-9, 10 Bal. 30 8 4 0.06 2.0

X-11, 12 Bal. 30 13 0 0.02 0.5
X-13, 14 Bal. 30 13 0 0.06 2.0
X-15, 16 Bal. 30 13 2 0.04 1.25
X-17, 18 Bal. 30 13 4 0.02 2.0
X-19, 20 Bal. 30 13 4 0.06 0.5
X-21, 22 Bal. 30 18 0 0.02 2.0
X-23, 24 Bal. 30 18 0 0.06 0.5
X-25, 26 Bal. 30 18 2 0.06 2.0
X-27, 28 Bal. 30 18 4 0.02 0.5
X-29, 30 Bal. 30 18 4 0.04 2.0
X-31, 32 Bal. 30 18 4 0.06 1.25

X = Hf- or Nb-bearing samples, respectively**. 

A

A

B

B
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(Refs. 26–28, 30–35), while the Nb alloys
were given the same value as Hf for the pur-
pose of direct comparison. Carbon levels
(0.02–0.06 wt-%) represent the range that
can be expected in these filler metals. Alloys
were prepared and tested to determine Tsol,
STR, and feut. 

Alloy Preparation

Twenty-gram “buttons” of the nominal
compositions listed in Table 3 were made
from high-purity materials weighed on a
Mettler Toledo AB135-S balance with
masses of individual components controlled
to ±0.005 g. Carbon was introduced to the
alloys via plain carbon 1080 steel wire. Raw
materials were ultrasonically cleaned in
ethyl alcohol prior to casting on a copper
hearth, resulting in so-called “buttons” be-
cause of their shape. The casting was done
with a gas tungsten arc (GTA) torch under
argon shielding at 200 A and ≈ ¼-in. arc gap
in the button melting device shown in Fig. 2.
The buttons were flipped and remelted sev-
eral times to ensure complete homogeniza-
tion. A cast, cellular dendritic microstruc-
ture was produced with an observed
primary dendrite arm spacing in the range
of 30–50 μm. 

The compositions of the experimental
Nb DOE group alloys were analyzed using
an Ametek® manufactured SPECTRO-
MAXx™ machine via optical emission
spectroscopy, which has the ability to
measure carbon. The measured composi-
tions were used to refine statistical models
once experimentally determined response
variables were input back into
MINITAB™, Design Expert™, and a sta-
tistical optimization program developed
at OSU (Ref. 37). Results of the chemical
analyses are reported in Table 4. 

Comparing the nominal values of the
experimental Nb DOE group buttons
(Table 3) to the measured values (Table 4),
it can be seen that the techniques used to
control composition were fairly accurate. 

The Hf DOE group alloys could not be
analyzed on the same machine due to a
lack of standards. To verify that the com-
positions were controlled with similar ac-
curacy to the Nb group, four samples were
chosen to be sent out for composition
analysis by an independent lab. Induc-
tively coupled plasma mass spectroscopy
was used. The results of the chemical
analysis are shown in Table 5. The values
are in close agreement with the nominal
values. Since all the samples could not be
analyzed, the nominal values were used
for further optimization.

Solidification Experiments: 
Solidus Temperature Determination

The solidus temperatures of the alloys
listed in Table 3 were measured using ther-

mocouple plunge experiments in conjunc-
tion with the SS-DTA™ technique (Refs.
18–21). After casting, a GTA spot weld
was made on each button with a fixed GTA
torch. The parameters for this spot weld
were as follows: current 250 A, arc length
0.08 in., voltage 12 V, and weld time 4 s. At
the moment the arc extinguished, a Type C
thermocouple was plunged directly into
the center of the molten spot according to
the schematic shown in Fig. 3. The on-
cooling thermal history was acquired from
the liquid state down to room tempera-
ture. The thermal histories were
processed with SS-DTA™ and Tsol was 
determined. 

An example thermal history and re-
sulting SS-DTA™ plot can be seen in Fig.
4. Results for Tsol were subtracted from

Tliq as determined by Thermo-Calc™ to
determine the STR. Due to issues with the
timing of the thermocouple plunge, Tliq
cannot be acquired every time. In in-
stances where it was, the computationally
determined Tliq was found to be in good
agreement with the measured Tliq, and as
such was used in determining STR. The
values were input into MINITAB™, De-
sign Expert™, and the optimization soft-
ware for subsequent statistical analysis
and development. Tables 4 and 6 present
the raw experimental data that resulted
from the solidification experiments.

Volume Fraction Eutectic Analysis

Light optical microscopy (LOM) was
conducted on the experimental Nb DOE
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Fig. 8 — Main effects plots for Hf DOE group responses.

Fig. 9 — Main effects plots for Nb DOE group responses.
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group buttons after the solidification ex-
periments were performed in order to de-
termine feut. All feut measurements were
made in the remelted region on the top of
the button. A cross section was metallo-
graphically prepared for each composi-
tion, an example of which can be seen in
Fig. 5. The samples were mounted,

ground, vibratory polished through 0.05
μm with colloidal silica, and electrolyti-
cally etched with a 10%-vol chromic acid
aqueous solution at 5 V for 10–15 s. Quan-
titative image analysis (QIA) was con-
ducted on three separate light optical mi-
crographs 500× magnification of the
as-solidified SS-DTA™ samples. Image-J

software was used for binary conversion of
the images, and to determine area frac-
tions of total eutectic constituents. No at-
tempt was made to determine relative
amounts of individual eutectic con-
stituents, namely, γ/NbC and γ/Laves, as
well as γ/(HfC) and γ/Ni7Hf2. Area frac-
tions were assumed to be equivalent to
volume fractions. 

Figure 6 shows an example LOM
image, along with the converted binary
image created by Image-J. It can be seen
that the conversion process adequately
described the total eutectic constituent for
quantification. The average of three feut
values for each composition was input into
MINITAB™, Design Expert™, and the
optimization software for subsequent sta-
tistical analysis. Tables 4 and 6 also pres-
ent the raw experimental data that re-
sulted from the volume fraction eutectic
analyses.

For the Hf-bearing alloys, a chromic
acid etch was unsuitable. Therefore, vol-
ume fraction eutectic analysis was con-
ducted on samples in the unetched condi-
tion using a scanning electron microscopy
(SEM). An XL30 FEG ESEM was used in
backscattered electron (BSE) imaging
mode with 20-kV accelerating voltage and
a spot size of 5. Images were taken at
1000× magnification. Figure 7 shows an
example SEM image and its binary 
conversion.

Results and Discussion

Computational Determination of 
Elemental Effects on Solidification 
Behavior

Thermo-Calc™ (TCNi5 database) was
used to conduct Scheil simulations on two
groups of high-Cr, Ni-based filler metal
compositions generated by MINITAB™
via a four-factor, response surface method
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Fig. 10 — Hf DOE group STR contour plot overlaid with vol-% eutectic. Fig. 11 — Nb DOE group STR contour plot overlaid with vol-% eutectic.

Table 4 — Measured Alloy Compositions and Responses for the Experimental Nb DOE Group

Alloy Ni Cr Fe Mo C Nb Tliq Tsol STR feut

Nb-1 Bal. 31.05 8.44 0.05 0.02 1.97 1345 1210 135 0.013
Nb-2 Bal. 31.02 8.44 0.05 0.02 1.98 1341 1176 165 —
Nb-3 Bal. 31.26 8.20 0.05 0.07 0.53 1357 1256 101 0.005
Nb-4 Bal. 31.29 8.19 0.05 0.07 0.51 1358 1245 113 —
Nb-5 Bal. 31.12 8.29 4.54 0.03 1.45 1347 1213 134 0.003
Nb-6 Bal. 31.26 8.34 3.96 0.03 1.52 1340 1242 98 —
Nb-7 Bal. 31.26 8.30 3.89 0.05 0.28 1349 1205 144 0.002
Nb-8 Bal. 30.99 8.38 3.80 0.04 0.44 1350 1211 139 —
Nb-9 Bal. 31.05 8.56 3.73 0.06 1.97 1325 1185 140 0.030
Nb-10 Bal. 37.16 8.27 3.41 0.05 1.75 1325 1175 150 —
Nb-11 Bal. 30.95 13.68 0.01 0.03 0.47 1357 1240 117 0.004
Nb-12 Bal. 31.31 13.61 0.01 0.03 0.52 1355 1246 109 —
Nb-13 Bal. 31.06 13.60 0.02 0.06 2.04 1335 1208 127 0.042
Nb-14 Bal. 30.90 13.85 0.02 0.05 1.66 1344 1207 137 —
Nb-15 Bal. 30.97 13.74 1.69 0.05 1.40 1342 1169 173 0.011
Nb-16 Bal. 30.91 13.80 1.59 0.04 1.25 1328 1162 166 —
Nb-17 Bal. 30.87 13.70 4.39 0.02 1.88 1326 1194 132 0.011
Nb-18 Bal. 30.83 13.79 3.79 0.03 1.96 1340 1203 137 —
Nb-19 Bal. 31.03 13.70 3.87 0.07 0.51 1350 1240 110 0.008
Nb-20 Bal. 31.01 13.77 3.82 0.07 0.48 1353 1207 146 —
Nb-21 Bal. 30.94 18.70 0.00 0.02 1.83 1336 1199 137 0.017
Nb-22 Bal. 30.98 18.78 0.00 0.02 1.81 1340 1262 78 —
Nb-23 Bal. 31.14 18.70 0.00 0.07 0.55 1355 1266 89 0.005
Nb-24 Bal. 30.88 18.85 0.00 0.06 0.51 1356 1209 147 —
Nb-25 Bal. 31.16 18.66 1.64 0.06 2.04 1340 1173 167 0.036
Nb-26 Bal. 32.05 18.56 1.73 0.06 1.80 1345 1160 185 —
Nb-27 Bal. 31.12 18.65 3.89 0.03 0.54 1337 1151 186 0.002
Nb-28 Bal. 30.86 18.80 3.73 0.03 0.48 1352 1276 76 —
Nb-29 Bal. 31.11 18.70 3.76 0.04 1.87 1337 1133 204 0.022
Nb-30 Bal. 31.43 18.69 3.74 0.04 1.78 1330 1148 182 —
Nb-31 Bal. 30.90 18.66 3.94 0.06 1.50 1340 1163 177 0.024
Nb-32 Bal. 31.03 18.60 3.79 0.06 1.50 1330 1163 167 —

All values in wt-%; all temperatures in °C. 
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DOE. All simulations were run with car-
bon included as a fast diffusing species.
The phases retained in the system when
conducting Scheil simulations for the Hf
DOE group alloys were liquid, FCC, HfC,
Laves, and Ni7Hf2. Dissolution experi-
ments in conjunction with X-ray diffrac-
tion were used to show the existence of
HfC in the experimental Hf DOE group
alloys, as discussed later (Ref. 28). Ni7Hf2
has been observed experimentally in simi-
lar Ni-alloy compositions containing Cr
and Hf via selected area diffraction in
TEM (Ref. 36). The phases retained for
simulations of the Nb DOE group alloys
were liquid, FCC, NbC, and Laves, which
have been shown to form on solidification
of Nb-bearing, Ni-based filler metals
(Refs. 23, 38–42). 

The values for Tliq, Tsol, STR, Teut, and
feut were determined for each composi-
tion, extracted from Thermo-Calc™, and
input into MINITAB™ for further analy-
sis. Table 7 shows the average and stan-
dard deviation for each response calcu-
lated over the entire range of
compositions for each of the two alloy
groups. Comparing row 3 of Table 7, it can
be seen that the Hf DOE group alloys pre-
sented a narrower STR (on average) rela-

tive to the Nb DOE group. These compu-
tational data suggest that the Hf DOE
group alloys should demonstrate slightly
improved solidification cracking resist-
ance (based on the STR value) in the com-
position space defined by the DOE.

Comparing the standard deviation for
Tsol of both groups (Table 7, row 2), it can
be seen that the value for the Nb DOE
group is considerably larger than that of
the Hf DOE group. This demonstrates the
disparity between possible terminal eutec-
tic reaction temperatures that could occur
in each system. Cieslak et al. used differ-
ential thermal analysis (DTA) to show that
the disparity between the terminal γ/NbC
and γ/Laves eutectic reaction tempera-
tures was as large as 98°C for Alloy 625

(Ref. 40) and as large as 131°C in Alloy 625
PLUS (Ref. 39). 

The standard deviation for Tsol of the Hf
DOE group is smaller, which indicates that
the disparity between the terminal γ/HfC
and γ/Ni7Hf2 eutectic reaction tempera-
tures is also smaller. Hope et al. showed that
this disparity was as small as 65°C based on
computational pseudo-binary diagrams cre-
ated by Thermo-Calc™ using the TCNi5
database (Ref. 36). 

Nash and West reported the equilib-
rium solidus temperature of a Ni-30Cr-
7Hf alloy containing the γ/Ni7Hf2 eutectic
phase to be 1288° ± 12°C (Ref. 43). Frey
and Holleck determined the eutectic melt-
ing point of HfC in pure Ni to be 1320° ±
20°C via DTA (Ref. 44). Although the ex-
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Table 5 — Chemical Analysis Results of Select Experimental Hf DOE Group Buttons

Sample Cr Fe Mo C Hf

Hf-1 30.15 8.08 0.001 0.024 2.13
Hf-10 30.37 8.03 3.97 0.069 2.08
Hf-20 29.95 13.30 4.09 0.068 0.40
Hf-27 30.07 18.29 3.82 0.020 0.40

All values in wt-%.

Table 6 — Nominal Alloy Compositions and Responses for the Experimental Hf DOE Group

Alloy Ni Cr Fe Mo C Hf Tliq Tsol STR feut

Hf-1 Bal. 30* 8 0 0.02 2 1343** 1187 156 0.036
Hf-2 Bal. 30 8 0 0.02 2 1336 1161 175 –
Hf-3 Bal. 30 8 0 0.06 0.5 1346 1143 203 0.009
Hf-4 Bal. 30 8 0 0.06 0.5 1351 1147 204 –
Hf-5 Bal. 30 8 4 0.02 1.25 1341 1136 205 0.023
Hf-6 Bal. 30 8 4 0.02 1.25 1332 1131 201 –
Hf-7 Bal. 30 8 4 0.04 0.5 1335 1199 136 0.009
Hf-8 Bal. 30 8 4 0.04 0.5 1334 1192 142 –
Hf-9 Bal. 30 8 4 0.06 2 1320 1138 182 0.05
Hf-10 Bal. 30 8 4 0.06 2 1323 1144 179 –
Hf-11 Bal. 30 13 0 0.02 0.5 1342 1269 73 0.009
Hf-12 Bal. 30 13 0 0.02 0.5 1353 1287 66 –
Hf-13 Bal. 30 13 0 0.06 2 1335 1164 171 0.045
Hf-14 Bal. 30 13 0 0.06 2 1326 1161 165 –
Hf-15 Bal. 30 13 2 0.04 1.25 1342 1147 195 0.029
Hf-16 Bal. 30 13 2 0.04 1.25 1336 1120 216 –
Hf-17 Bal. 30 13 4 0.02 2 1341 1135 206 0.046
Hf-18 Bal. 30 13 4 0.02 2 1340 1158 182 –
Hf-19 Bal. 30 13 4 0.06 0.5 1330 1238 92 0.008
Hf-20 Bal. 30 13 4 0.06 0.5 1331 1213 118 –
Hf-21 Bal. 30 18 0 0.02 2 1348 1141 207 0.043
Hf-22 Bal. 30 18 0 0.02 2 1340 1130 210 –
Hf-23 Bal. 30 18 0 0.06 0.5 1353 1195 158 0.006
Hf-24 Bal. 30 18 0 0.06 0.5 1345 1184 161 –
Hf-25 Bal. 30 18 2 0.06 2 1316 1154 162 0.031
Hf-26 Bal. 30 18 2 0.06 2 1317 1158 159 –
Hf-27 Bal. 30 18 4 0.02 0.5 1342 1210 132 0.005
Hf-28 Bal. 30 18 4 0.02 0.5 1346 1193 153 –
Hf-29 Bal. 30 18 4 0.04 2 1321 1151 170 0.045
Hf-30 Bal. 30 18 4 0.04 2 1305 1129 176 –
Hf-31 Bal. 30 18 4 0.06 1.25 1330 1128 202 0.027
Hf-32 Bal. 30 18 4 0.06 1.25 1368 1160 208 –

All values in wt-%; all temperatures in °C. 
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perimental values presented here repre-
sent equilibrium conditions and aren’t
necessarily indicative of welding condi-
tions, they still suggest that the difference
between these two terminal eutectic reac-
tions is small, corroborating the computa-
tional findings presented here.

The disparity between terminal eutec-
tic reaction temperatures is important to
understand because the fusion zone com-
position modification arising from DMW
on pressure vessel or stainless steels can
result in the formation of undesirable eu-
tectics that expand the STR (Refs. 23,
38–42). The larger the difference between
the possible eutectic reaction tempera-
tures, the greater the risk of producing so-
lidification cracks when the fusion zone
composition enters a regime that pro-
motes the lower melting eutectic phase. 

Responses with large standard devia-
tions were chosen for further analysis to
determine the change in response pro-
duced at each level of the factor, i.e., the
main effects of each factor on a particular
response. These responses included Tsol,
STR, Teut, and feut. The chosen response
surface method DOE was a full, central
composite design resulting in five levels of
each factor tested. The central composite
design was chosen because it allows for
curvature in the response with less points
than a full three-level factorial. These data
are presented graphically via main effect
plots in Figs. 8, 9. The overall mean value
of the responses is indicated on the plots

with a solid horizontal line. Main effects
plots are useful when trying to determine
which factors affect the response the most.
Table 8 summarizes these effects with the
indicated symbols used to signify the rela-
tive effect. 

Rows 1 and 2 of Table 8, and the top-
left plots in Figs. 8 and 9 show that Fe and
Mo act individually to reduce Tsol slightly
(≈ 30° to 50°C) when increased from 0 to
20 wt-% and 0 to 4 wt-%, respectively, for
both the computational Hf and Nb DOE
groups. Hf and Nb both work to depress
Tsol, but do so to a much greater extent
due to the fact that these elements are re-
sponsible for the previously mentioned
eutectic reactions. It should be noted that
Nb is more potent at reducing Tsol relative
to Hf across the ranges studied in this in-
vestigation. From the top-left plot in Figs.
8 and 9, it can be seen that Nb decreases
Tsol ≈160°C when increased from 0 to 3 wt-
% as compared to Hf, which only reduces
Tsol by ≈100°C when increased from 0 to 2
wt-%. Since the liquidus temperatures
showed only minor fluctuations in both
systems (as evident by comparing standard
deviations in Table 7, row 1), the main ef-
fect plots for the STR response are simply
an inverse of the Tsol plots — Figs. 8 and
9, top right. 

The same discussion of the Tsol main ef-
fects applies for STR, but in an opposite
sense, meaning that a decrease in Tsol cor-
responds to an increase in STR, with the ex-
ception of Mo in the Hf DOE group whose

effect on STR was essentially negligible.
Fe and Mo both acted to slightly increase

feut in the Hf DOE group (Fig. 8, lower left,
Table 8 row 5) and the Nb DOE group (Fig.
8, lower left, Table 8, row 6), but the Mo con-
tribution to feut was almost negligible in the
Nb DOE group. Hf and Nb were both
strong contributors to feut as was C for both
groups (Figs. 8 and 9 lower-left, Table 8,
rows 5 and 6). It can be seen that Hf and Nb
were stronger contributors relative to C,
which would be expected because the
Ni7Hf2 and Laves phases are essentially C-
free, but contain Hf and Nb, respectively. 

The main effect plots for Teut (Figs. 8
and 9, lower right) show that C acts to sub-
stantially increase Teut. Carbon has been
experimentally shown to increase the start
temperature of the γ/NbC eutectic reac-
tion, which promoted significant improve-
ments in solidification cracking resistance
(Ref. 23). Results of Varestraint testing
showed that experimental Ni-based super-
alloys containing ≈2 wt-% Nb and C ≥
0.052 wt-% had maximum crack lengths
≈0.5 mm at ≈2.5% augmented strain, sup-
porting this observation (Ref. 23). DuPont
et al. related the increase in solidification
resistance seen in Varestraint testing to
the effect of C on the solidification path.
By increasing Teut, the solidification path
intersects the line of twofold saturation
between NbC and γ at relatively high tem-
peratures, which restricts the temperature
range of the primary L → γ solidification
event, resulting in larger amounts of solid-
solid γ networks earlier in the solidifica-
tion process capable of sustaining weld
shrinkage strains (Ref. 23). 

The effect of Fe, Mo, C, and Hf (or Nb)
on Tsol, STR, and feut on a weight per-
centage basis was determined. Equations
1–8 present the empirical formulas that
describe a particular response surface in
terms of the significant contributors de-
fined as those with p-value ≤ 0.05. The
high correlation coefficients (R2) indicate
that the regression analysis of the re-
sponse surface DOE describe the effects
of Fe, Mo, C, and Hf (or Nb) on the solid-
ification behavior of high-Cr, Ni-based
filler metals with great accuracy. It should
be pointed out, however, that these data
are only computational and require exper-
imental validation.

Computational Hf DOE
Group Equations

Tsol (°C) = 1315 – 12.5*Mo – 95.6*Hf
+ 28000*C2 + 42.5 Hf2 – 1.8*Fe*Hf 
– 875*C*Hf (R2 = 95.5)                                       (1)

STR (°C) = 87 + 89.7*Hf – 29083*C2

– 42.3*Hf2 + 1.7*Fe*Hf + 850*C*Hf
(R2 = 93.7)                                                                       (2)

Teut (°C) = 1209 + 1.8*Fe + 3182*C
– 35167*C2 (R2 = 96.0)                          (3)
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Table 7 — Group Response Variable Values as Determined by Thermo-CalcTM, TCNi5
Database

Response Variable Hf DOE Group Nb DOE Group

Tliq (°C) 1383 ± 5.1 1376 ± 7.3
Tsol (°C) 1237 ± 25.8 1214 ± 41.6
STR (°C) 145.1 ± 22.7 162.4 ± 35.3
Teut (°C) 1262 ± 17.3 1256 ± 24.4

feut (vol-%) 5.2 ± 2.2 5.8 ± 2.6

Table 8 — Qualitative Summary of Main Effects Plots

Factors

DOE Group/Database Response Fe Mo C Hf Nb
Hf_TCNi5 Tsol ↓ ↓ ↑ ▼ *

Nb_TCNi5 Tsol ↓ ↓ ↑ * ▼
Hf_TCNi5 STR ↑ — ↓ ▲ *

Nb_TCNi5 STR ↑ ↑ ↓ * ▲
Hf_TCNi5 feut ↑ ↑ ▲ ▲ *

Nb_TCNi5 feut ↑ — ▲ * ▲
Hf_TCNi5 Teut ↑ ↓ ▲ — *

Nb_TCNi5 Teut ↓ ↓ ▲ * ↓

* Element not included. Symbols : — :  no discernible effect; ↑ :  slightly increases; ▲ :  significantly in-
creases; ↓ :  slightly decreases; ▼:  significantly decreases.
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feut (%) = 2.26*Hf + 4.2*Fe*C 
+ 0.065* Fe*Hf + 76*C*Hf (R2 = 98.9)                    

(4)

Computational Nb DOE
Group Equations

Tsol (°C) = 1367 – 5.34*Fe – 116*Nb +
17.63*Nb2 + 1.5*Fe*Nb (R2 = 93.7)        (5)

STR (°C) = 4.4*Fe + 109*Nb – 17.93*
Nb2 – 1.57*Fe*Nb (R2 = 91.3)                        (6)

Teut (°C) = 1246 – 12*Mo + 4280*C
– 78667*C2 + 417*C*Nb (R2 = 96.8)      (7)

feut (%) = 0.78 + 0.23*Mo + 62*C 
+ 1.25*Nb – 1236*C2 – 0.14*Nb2

+ 2.71*Fe*C + 0.07*Fe*Nb + 81*C*Nb
(R2 = 99.9)                                                                       (8)

Considering Equations 1 and 5, it can
be seen that various elements act individ-
ually, as squared terms, or in tandem with
other elements to reduce Tsol depending
on the alloy system. In both systems, the
carbide formers have the strongest effect
of reducing Tsol. This is to be expected be-
cause Hf and Nb in the Ni-based system
are responsible for the eutectic reactions.
Considering the regression coefficient for
Fe in the Nb DOE group, it is obvious that
Fe also has a strong effect at reducing Tsol.

At the maximum value for Fe used in
this analysis (20 wt-%), the empirical rela-
tionship suggests that Tsol of a Nb-bearing
alloy would decrease by 107°C. This indi-
cates that increasing the Fe content
changes the terminal solidification reac-
tion from the γ/NbC eutectic to the
γ/Laves eutectic. Cieslak et al. experimen-
tally showed that the disparity between
these reactions was as large as 131°C (Ref.
39). DuPont et al. verified this behavior
experimentally by showing that Fe addi-
tions increased the amount of γ/Laves eu-
tectic and reported that the Laves phase
constituent had considerable solubility for
Fe (≈25 wt-%) (Ref. 41). Since the liquidus
temperature is essentially constant in
these alloys, the reduction in Tsol due to Fe
and Hf/Nb additions results in an expan-
sion of the STR (Equations 2, 6). 

The regression equations for Teut
(Equations 3, 7) are affected most by in-
creases in C that act to increase Teut. This
result is expected, considering that C ad-
ditions have been shown experimentally to
stabilize the γ/NbC eutectic (Ref. 41) and
that the γ/MC eutectics have higher reac-
tion temperatures (Refs. 23, 36, 38–42).
DuPont et al. experimentally showed that
C additions increased the start tempera-
ture of the γ/NbC eutectic reaction, which
induced a concomitant decrease in the
temperature interval over which the pri-
mary L → γ reaction occurred, stating that
this promoted a significant improvement

in solidification cracking resistance of 20
wt-% Cr, Ni-based superalloys (Ref. 23). 

Experimental Determination of 
Elemental Effects on Solidification 
Behavior

One goal of this investigation was to ex-
perimentally determine the elemental ef-
fects of Fe, Mo, C, and Hf (or Nb) on so-
lidification behavior of high-Cr, Ni-based
weld metals as a means of comparing the
hot cracking susceptibility of both alloy
systems. Wherever applicable, experimen-
tal results are compared to the computa-
tional results presented earlier. Com-
ments pertinent to the overall filler metal
development project goals and combined
resistance to solidification and ductility
dip cracking are also made. 

Thermocouple plunge experiments
were used in conjunction with SS-DTA™
to determine the solidus temperatures of
the experimental Hf and Nb DOE alloys
whose nominal compositions are pre-
sented in Table 3. Actual compositions for
the Nb DOE group alloys as determined
by optical emission spectroscopy are listed
in Table 4. STR was calculated by sub-
tracting the experimental solidus temper-
atures from the computational liquidus
temperatures computed by Thermo-
Calc™. The QIA was performed on light
optical and scanning electron micrographs
of the odd-numbered alloys to determine
feut after thermocouple plunging experi-
ments were completed. Table 9 shows the
average and standard deviation of each re-
sponse calculated over the whole range of
compositions encompassed by the DOE. 
From row 1 of Table 9, it can be seen that
the computationally determined Tliq for
both groups were essentially identical and
did not fluctuate significantly as evidenced

by small standard deviation. Based on this,
Tliq did not warrant investigation and only
Tsol was investigated to determine STR. 

Contrary to the computational results
presented in Table 7, as well as experi-
mental results from the literature (Refs.
43, 44), Tsol for the experimental Hf DOE
group alloys were determined to be much
lower on average than that of the Nb DOE
group alloys (Table 9, row 2). A lower Tsol
means a wider STR (Table 9, row 3). 

Since the goal is to balance solidifica-
tion cracking susceptibility with DDC sus-
ceptibility, it is useful to compare the two
eutectic formers by looking at the ratio of
the STR to fraction eutectic. This can help
compare the efficacy of a eutectic former
to form eutectic without drastically in-
creasing the STR. By dividing row 3 by row
4 in Table 9, the STR/vol-% ratio can be
found. For Hf as the eutectic former, this
is 77°C/%. In other words, for every 1 vol-
% eutectic formed, the STR will expand by
77°C. With Nb as the eutectic former, this
ratio is 114°C/%. This result helps make
the case for using Hf over Nb in high-Cr
Ni-based alloy systems. 

A regression analysis performed with
MINITAB™ determined the effect of Fe,
Mo, C, and Hf (or Nb) on the experimen-
tal responses Tsol, STR, and feut. Only
terms with p ≤ 0.05 were considered sig-
nificant and were included in the models.
The resulting models that describe the re-
sponse surfaces are shown in Equations
9–14. 

Experimental Hf DOE Equations
(Hf-# Alloys)

Tsol (°C) = 1325 + 19*Fe – 239*Hf 
– Fe2 + 95*Hf2 + Fe*Mo + 224*Fe*C
– 4*Fe*Hf + 488*Mo*C + 580*C*Hf
(R2 = 89.7)                                                    (9)

179-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Table 9 — Group Response Variable Values as Determined Experimentally
(Tliq Determined Using Thermo-CalcTM – TCNi5 database)

Response Variable Hf DOE Group Nb DOE Group

Tliq (°C) 1377 ± 8.4 1375 ± 7.9
Tsol (°C) 1176 ± 43.6 1204 ± 37.3
STR (°C) 201.1 ± 39.5 171 ± 19.4

feut (vol-%) 2.6 ± 1.7 1.5 ± 1.4

Table 10 — Optimized Values for Elemental Factors Determined from the Experimental Hf
DOE Group

Response Values
Alloy Fe Mo C Hf STR (°C) feut (vol-%) Desirability

1 12.8 0.06 0.03 0.73 155.2 2.00 0.87 
2 14.3 3.9 0.04 0.74 155.1 1.97 0.86 
3 13.3 0.25 0.03 0.77 159.6 1.99 0.84 

All values in wt-%.
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STR (°C) = 232*Hf – 20*Fe + Fe2

– 94.3*Hf2 – Fe*Mo – 223*Fe*C +
4*Fe*Hf – 483*Mo*C – 593*C*Hf (R2 =
87.5)                                                                                   (10)

feut (%) = 1.84*Hf (R2 = 97.4)           (11)

Experimental Nb DOE Equations
(Nb-# Alloys)

Tsol (°C) = 1177 – 19.2*Nb (R2 = 31.9)    (12)

STR (°C) = 198 + 17*Fe*Mo (R2 = 35.0)  
(13)

feut (%) = 0.87*C + 1.4*Nb 
+ 0.72*C*Nb (R2 = 99.6)                             (14)

The high correlation coefficients (R2

values) for the experimental Hf DOE
group responses indicate that the regres-
sion models describe the effects of Fe, Mo,
C, and Hf on the STR and feut of Hf-bear-
ing, high-Cr, Ni-based filler metals with
great accuracy. The R2 values for the ex-
perimental Nb DOE group STR regres-
sion equation were too low to be consid-
ered valid. The predictability of the feut
model for the Nb DOE group is consid-
ered valid based on the high correlation
coefficient (R2 = 99.6). The image analy-
sis technique employed always gave con-
sistent results, whereas the thermocouple
plunging technique had more variability.
This variability is what caused the R2 val-
ues to be lower for the STR regression
models.

Comparing Equations 1 and 9, it can be
seen that the computational and experi-
mental Tsol surfaces have similar mean
values (1325° and 1315°C, respectively).
Both models predict that Hf has the
strongest effect at reducing Tsol, which was
shown to be much more pronounced of an
effect experimentally. The experimental
evidence suggests that Thermo-Calc™ is
underestimating the disparity between the
γ/HfC and γ/Ni7Hf2 eutectic reaction tem-
peratures. Some other points of agree-
ment between Equations 1 and 9 are the
positive effect of the Hf2 term and the neg-
ative effect of the Hf*Fe interaction term.
Once again, the effect of each was deter-
mined to be more pronounced experi-
mentally. The reason for the positive Hf2

term can be explained by eutectic forma-
tion in this composition space. For low
amounts of Hf, the higher terminal tem-
perature eutectic γ/HfC is the only eutec-
tic to form. As the composition ap-
proaches higher amounts of Hf, the
solidus begins to level out as the terminal
γ/Ni7Hf2 eutectic temperature is reached.

From Equations 2 and 10, it can be
seen that the agreement in significant
terms between the experimental and com-
putational STR models is the same as was
discussed for Tsol. Each effect was deter-

mined to be greater experimentally than
was predicted by Thermo-Calc™. 

The regression models for the Hf DOE
group feut response (Equations 4, 11) also
agreed fairly well in terms of the relative
effect of Hf increasing feut, but the regres-
sion model for the Hf computational DOE
included some interaction terms that
weren’t determined to be significant ex-
perimentally. Based on Equation 11, it can
be seen that Hf is the sole predictor of feut.
Microstructural examination of the Hf
DOE group alloys showed that the
γ/Ni7Hf2 eutectic was the major con-
stituent (as opposed to the γ/HfC eutec-
tic). This was likely why C wasn’t deter-
mined to be a significant factor for
describing the feut response. Based on the
regression model for feut, the ideal amount
of Hf should be in the range of 0.7–1.2 wt-
%. This would equate to ≈ 1.3–2.2 vol-%
eutectic. This amount of eutectic should
be sufficient to develop the tortuous GBs
that are associated with good DDC resist-
ance, but weldability testing will be re-
quired to verify this. 

Comparing the feut regression models
for the Nb DOE groups (Equations 8, 14),
it can be seen that the major source of
agreement between the two models is the
effect of Nb. The regression coefficient as-
sociated with the Nb term in both the com-
putational and experimental models
agreed in terms of magnitude (1.25 and
1.4, respectively). The additional squared
and interaction terms in Equation 8 most
likely resulted from the overestimation of
feut by Thermo-Calc™, as evident by look-
ing at Table 7, row 5 and considering that
microstructural examination of the exper-
imental Nb DOE group alloys showed that
the maximum feut observed based on the
composition space defined in Table 4 was
4.1 vol-%. The maximum feut value ob-
served experimentally was below the aver-
age value listed in Table 7, and well below
the maximum (8.5 vol-%) predicted by
Thermo-Calc™. 

The software package Design Expert™
was used to analyze the experimental STR
and feut data for the Hf and Nb DOE
groups. An optimization procedure based
on overlaying the feut contour plot onto
the STR contour plot was conducted to es-
tablish a composition space that meets
specific solidification criteria that would
be ideal for solidification cracking and
DDC resistance. The overlaid contour
plots for each experimental group can be
seen in Figs. 10, 11. The plots were created
by holding the Fe and Mo concentrations
at their low values of 8 and 0 wt-%, re-
spectively. These values are representa-
tive of commercially available Nb-bearing
filler metals. The composition space de-
fined by an STR between 125° and 150°C,
as well as a feut ≈2 vol-%, is signified on the
Hf STR contour plot by the purple region

— Fig. 10. The value for STR was chosen
to be at or lower than the STR of 52M
from Table 1. 

From Fig. 10, it can be seen that the op-
timized STR that accompanied ≈2 vol-%
eutectic was ≈150°C, which agreed with
the rough calculation presented earlier.
These data predict that an optimized Hf-
bearing, high-Cr, Ni-based filler metal
composition containing ≈0.8–1.1 wt-% Hf
and 0.02–0.04 wt-% C would equate to an
STR < 150°C and a feut ≈2 vol-%. 

From Fig. 11, it can be determined that
the composition space that meets the
same criteria does not exist in the Nb-
bearing system. It should be noted that the
correlation coefficient for the Nb group
STR regression model was quite low, so
the STR values on the plot are most likely
inaccurate. However, in order for an alloy
in the Nb DOE group to meet the same so-
lidification criteria previously described,
the C would have to be increased well
above 0.10 wt-%. This can be visualized by
extrapolating the constant 155°C STR and
2.0 % eutectic contour lines outside of the
studied composition space where it ap-
pears that these lines would finally inter-
sect. This assumes that the validity of these
contours remains intact outside the com-
position space defined by the DOE. 

DuPont et al. showed that increasing C
increased the start temperature of the
γ/NbC eutectic reaction when Nb was
below ≈2 wt-%. This would in turn in-
crease the effective solidus temperature of
the alloy and would subsequently reduce
the STR, while increasing feut (Ref. 26).
The same behavior of C is observed here,
but concerns of increasing the stress cor-
rosion cracking (SCC) susceptibility of the
alloy prevents extensive carbon additions.

Akashi developed a stress corrosion re-
sistance index (SCRI) that quantifies the
SCC resistance in terms of alloying addi-
tions such as Cr, Nb+Ta, Ti, and C while
studying the effects of Cr and Nb on the
SCC susceptibility of “Alloy 600-type” Ni-
based alloys (Ref. 45). Equation 15 de-
scribes this relationship. Cr, Nb, and Ti act
to increase the SCRI, while C has a huge
detrimental effect. 

SCRI = Cr + 5(Nb + Ta) +10*Ti 
– 116.5*C                                                      (15)

Akashi determined that an alloy with a
SCRI > 30 would be immune to SCC in a
BWR environment. Solving Equation 15
for the amount of C necessary to decrease
the SCRI of a 30 wt-% Cr, 2 wt-% Nb, Ni-
based alloy below 30 would be ≈0.09 wt-%
C. Increasing the C level in Nb-bearing,
high-Cr, Ni-based filler metals to increase
feut and reduce STR would undoubtedly
push the overall composition of the alloy
into an SCC-susceptible regime and would
be counterproductive to a successful alloy
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development process for the intended
service environment.

Figures 10 and 11 provided the first
convincing experimental evidence that the
STR of Hf-bearing, high-Cr, Ni-based al-
loys could be minimized within the con-
struct of maximizing feut. 

Optimized Compositions Based on
Experimental Hf DOE Group
Responses

The experimental STR and feut data for
the experimental Hf DOE group alloys
were input into a statistical optimization
program recently developed at OSU (Ref.
37). The software differs from commer-
cially available statistical programs such as
MINITAB™, JMP®9, and Design Ex-
pert™ in that it uses a genetic algorithm
search heuristic to generate inputs and
create solutions to the optimization rou-
tine. The software first performs a regres-
sion analysis based on the composition
data and the recorded experimental val-
ues for the responses. Once the regression
equations have been determined, the user
inputs values for population size and num-
ber of generations and selects the opti-
mization criteria based on minimizing,
maximizing, or targeting a specific value
for multiple responses, in this case STR
and feut. The population size dictates how
many sets of randomly chosen values for
the factors that the genetic algorithm
chooses and inputs into the regression
models. Once the set of response values is
calculated from the randomly chosen in-
puts in the first generation, the genetic al-
gorithm decides which inputs resulted in
the best-fit for the optimization criteria se-
lected by the user. The solutions that best
match the optimization criteria in the first
generation are used by the algorithm to
decide the next population of inputs, but
the algorithm is designed such that the
new population is selected based on phe-
nomena in natural evolution such as in-
heritance, mutation, selection, and
crossover. This process repeats itself as
many times as determined by the number
of generations selected. The software is
capable of assigning a composite desir-
ability value that indicates how well the so-
lutions meet the optimization criteria and
also outputs the value of the responses
based on the optimized composition. 

The compositions in Table 10 represent
the solutions to an optimization routine in
which an STR of 125°C and a feut of 2 vol-
% were chosen as targeted response val-
ues in the Hf group. A population size of
50 was chosen to undergo 30 generations,
meaning that the software initially de-
cided on 50 sets of randomly chosen inputs
for the STR and feut regression models in
the first generation. This process repeated
30 times, producing an optimized compo-

sition based on the criteria selected. Table
10 presents the three solutions to the op-
timization routine. The table also includes
the composite desirability, as well as the
response values. 

From Table 10, it can be seen that an
STR of 125°C could not be achieved based
on the desired feut of 2 vol-%; however, a
reasonable value of STR (155°–160°C) is
shown to accompany the desired feut of 2
vol-%. The desirability (0.84–0.87) indi-
cates that the solutions to the optimization
routine adequately met the optimization
criteria even though the desired STR
could not be attained based on the exper-
imental data. There was considerable
agreement amongst the three solutions to
the optimization problem, namely the
level of Fe, C, and Hf needed to obtain the
desired feut and a minimum STR. Based
on the values for Fe, it can be seen that all
three solutions predicted the Fe to be be-
tween ≈12–15 wt-%. Smith et al. stated
that the nominal Fe concentration in
IN690 (7–11 wt-%) was sufficient to miti-
gate the long range ordering of Ni2Cr
(Ref. 5). Based on this, the amount of Fe
needed to achieve the desired feut and
STR is greater than the amount necessary
to ensure long-term structural stability of
a Hf-bearing filler metal at typical service
temperatures. 

Ideally, the value of Fe could be re-
duced to ≈8–10 wt-%, as is common with
most commercially available, Nb-bearing
filler metals such as 52M or 52MSS, with-
out negatively impacting feut and STR.
Had the optimized value of Fe been less
than 10 wt-%, some concerns over the
long-term structural stability of the result-
ing filler metal would have resulted in a
need for more Fe, which would in turn
equate to a larger STR and feut. Since the
optimized value of Fe was greater than
that necessary to achieve a structurally sta-
ble alloy, decreasing this value to 9 wt-%
would benefit the weldability of the re-
sulting alloy by decreasing the STR, with-
out reducing feut.

From column 4 in Table 10 it can be
seen that the optimized level of Hf for all
three solutions to the optimization prob-
lem were in excellent agreement. This is
consistent with Equation 11, which indi-
cates that feut is solely a function of Hf
content. Based on this analysis, the nomi-
nal value for Hf in an experimental heat of
material should be ≈0.75 wt-%. The opti-
mized values for C (0.03–0.04 wt-%) did
vary somewhat but are in agreement with
range for C in commercially available, Nb-
bearing filler metals. Previous DDC test-
ing has shown that Mo reduces DDC sus-
ceptibility at equivalent Nb contents in
52MSS-type alloys (Ref. 16). The result
here shows that in a Hf-bearing alloy, Mo
was not important in determining an opti-
mized composition. This is seen in Table

10 as one result composition has 3.9 wt-%
Mo, and the others have almost no Mo.
However, EBSD analysis and weldability
testing of 30 wt-% Cr, Hf-bearing, Ni-
based alloys containing 0.75 wt-% Hf and
0–4 wt-% Mo is still needed to assess
whether or not Mo is beneficial and/or
needed in the final filler metal. Based on
this optimization, such a composition
should have STR less than 175°C, and feut
≈2 vol-%. These values should provide
good solidification cracking and ductility
dip cracking resistance. Further weldabil-
ity testing will be conducted to verify this. 

Summary

• A DOE methodology was employed to
computationally determine the elemental
effects of Fe, Mo, C, and Hf (or Nb), on
the solidification behavior of 30 wt-% Cr,
Ni-based alloys using data extracted from
Thermo-Calc™. 
• Main effects plots created from solidi-
fication data described effects of individ-
ual factors on solidus temperature (Tsol),
solidification temperature range (STR),
fraction eutectic (feut), and eutectic tem-
perature (Teut) using analysis of variance
calculations.
• Regression analyses of solidification
data provided empirical relationships that
described the response surfaces in terms
of Fe, Mo, C, and Hf (or Nb) on a weight
percentage basis.
• Thermocouple plunging experiments
and quantitative image analysis of LOM
and SEM images, used in conjunction with
a DOE methodology, allowed for the ex-
perimental determination of the elemen-
tal effects of Fe, Mo, C, and Hf (or Nb) on
the STR and feut of 30 wt-%, Ni-based
filler metals.
• Regression analyses of experimental
solidification data provided empirical re-
lationships that described the response
surfaces in terms of Fe, Mo, C, and Hf (or
Nb) on a weight percentage basis.
• Optimization of STR and feut data using
genetic algorithm-based statistical software
resulted in Hf-bearing filler metal composi-
tions for further weldability testing and mi-
crostructural characterization.

Conclusions

• Nb was found to be the most potent
factor for decreasing Tsol and increasing
the STR, followed by Hf, Fe, and Mo,
while C was found to increase Tsol, there-
fore reducing the STR.
• Hf, Nb, and C contributed significantly
to increases in feut compared to Fe and
Mo, which only increased feut slightly.
• C significantly increased Teut due to
promotion of MC carbide eutectic in lieu
of lower-temperature eutectic reactions.
• Recursive optimization of experimen-
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tal data using contour plots of the STR
and feut response surfaces, as a function of
the carbide former (Nb or Hf) and C,
demonstrated that a larger feut was achiev-
able with a smaller STR in the Hf-bearing
alloys relative to the Nb-bearing alloys.
• The composition spaced defined by Hf
from 0.8–1.1 wt-% and C from 0.03–0.04
wt-% C ensured feut ≈2 vol-% with an STR
< 175°C.
• The optimized compositions deter-
mined by the genetic algorithm consisted
of 0.75 wt-% Hf, with C from 0.03–0.04,
and Mo from 0 –4 wt-%. Optimum Fe con-
tents were between 12–14 wt-%.
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