
WELDING RESEARCH

-S125WELDING JOURNAL

ABSTRACT. Microstructural evolution
and solidification cracking susceptibility
of dissimilar metal welds between AL-
6XN super austenitic stainless steel and
two nickel-based alloys, IN625 and IN622,
were studied using a combination of elec-
tron microscopy, differential thermal
analysis, and Varestraint testing tech-
niques. Welds were prepared over the en-
tire dilution range (where dilution was de-
termined with respect to AL-6XN as the
base metal). The effect of processing pa-
rameters and filler metal chemistry on the
fusion zone composition, microstructure,
and resultant weldability was investi-
gated. 

Iron additions to the weld (which
occur with increasing dilution) increased
the segregation potential of Mo and Nb.
This behavior was attributed to a reduc-
tion in the solubility of Mo and Nb in
austenite with increasing iron additions,
as inferred from available binary phase di-
agrams. Welds prepared with IN622
formed a single interdendritic σ phase at
the end of solidification, and the amount
of this secondary phase was not sensitive
to changes in dilution. The σ phase
formed at a relatively high temperature
and led to a relatively narrow solidifica-
tion temperature range for welds pre-
pared with IN622. In contrast, welds pre-

pared with IN625 exhibited NbC and
Laves phases in the interdendritic re-
gions, and the total amount of secondary
phase decreased with increasing dilution.
Solidification of welds prepared with
IN625 terminated with formation of the
Laves constituent at relatively low tem-
perature and, thus, the solidification tem-
perature range of welds involving IN625
was relatively wide. 

The solidification cracking sensitivity
of welds prepared with IN622 was rela-
tively low and independent of weld metal
dilution level, while the cracking suscepti-
bility of welds produced with IN625 was
relatively high and increased with de-
creasing dilution. The dilution/cracking
relation is controlled by the solidification
temperature range and amount of sec-
ondary phase that forms at the terminal
stages of solidification. The good cracking
resistance of welds prepared with IN622 is
attributed to the small amount of sec-
ondary phase and narrow solidification
temperature range. The relatively poor
cracking resistance of welds prepared

with IN625 is attributed to a wide solidifi-
cation temperature range and increasing
amount of secondary phase that forms
with decreasing dilution.

Introduction

Super austenitic stainless steels such as
AL-6XN are used extensively in applica-
tions requiring good resistance to aque-
ous corrosion. These relatively high-
nickel stainless steels contain Mo
additions (~ 6–7 wt-%) for improved cor-
rosion resistance. However, during solid-
ification of the weld, Mo segregates pref-
erentially to the liquid due to the low
solubility of Mo in the austenite phase
and leaves the first solid to form depleted
in Mo (Ref. 1). In addition, the low diffu-
sion rate of Mo in γ does not allow for Mo
to diffuse back toward the dendrite cores
to eliminate the concentration gradient.
This can lead to poor corrosion resistance
of the weld metal. Previous research has
shown that the depleted dendrite cores
are susceptible to preferential corrosion
due to the low, localized Mo concentra-
tions (Refs. 2–5). To compensate for this
effect, high-Mo, nickel-based filler metals
such as IN625 (~ 9 wt-% Mo) and IN622
(~ 14 wt-% Mo) are often utilized during
fusion welding of these alloys (Ref. 5).
While these filler metals do not eliminate
microsegregation of Mo, the dendrite
core compositions in the fusion zone are
increased relative to those in autogeneous
welds, and this helps to minimize prefer-
ential attack at the dendrite cores. 

With this approach, the final distribu-
tion of Mo (and other alloying elements)
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will be controlled by the filler metal com-
position, welding parameters (which con-
trol the dilution and resultant nominal
weld metal composition), and the segre-
gation potential of each element. In addi-
tion, interactive effects may exist in which
the segregation potential of an alloying el-
ement depends on the nominal weld com-
position. These factors, in turn, will gov-
ern the solidification behavior and
resultant hot cracking susceptibility of the
fusion zone. Therefore, since potentially
wide ranges of weld metal composition are
possible in practice, a large variation in fu-
sion zone cracking susceptibility may be
encountered. However, no detailed study
has been reported that investigates the re-
lationship between welding parameters,
nominal weld composition, fusion zone
microstructure, and resultant weldability.
Thus, the objective of this research was to
characterize the microstructures and
weldability of fusion welds in AL-6XN
stainless steel as a function of filler metal
composition (using IN625 and IN622) and

welding parameters. The results of this
study will be useful for ultimately mini-
mizing solidification cracking in welds of
this alloy.

Experimental Procedure

Welds were produced between AL-
6XN stainless steel and nickel-based al-
loys IN622 and IN625 over the entire di-
lution range using the gas tungsten arc
welding (GTAW) process. With the
GTAW process, the volumetric filler metal
feed rate and arc power can be indepen-
dently controlled, thus easily changing the
dilution levels. The starting substrate ma-
terials were approximately 0.64 cm thick,
2.54 cm wide, and 15.25 cm in length. The
samples were held flush to the welding
table in order to maintain a constant and
reproducible heat sink, with the table
being at room temperature before begin-
ning each deposit. The travel speed was
fixed at 2.0 mm/s with a 2.5-mm arc length,
which produced a voltage of 14 ± 1.3 V.

Commercially pure argon was used as the
shielding gas. 

The materials used were AL-6XN and
IN625 both in plate and filler metal form.
A small heat of IN622 filler metal was ob-
tained while C-22 (compositional equiva-
lent for IN622) was used in plate form.
Table 1 shows the respective compositions
of all the materials. In order to produce di-
lution levels from 0 to 100%, with respect
to AL-6XN as the base metal, IN625 and
IN622 filler metal were deposited on AL-
6XN for high dilution levels, typically
above 50% dilution. For the lower values,
the materials were reversed with AL-6XN
filler metal being deposited onto IN625
and C-22 base metals.

Samples were removed from the welds,
mounted in cold setting epoxy, and pol-
ished to a 0.04-µm finish using colloidal
silica. Higher dilution level samples were
electrolytically etched in a mixture of ni-
tric acid (HNO3) and water (H2O) in the
proportions of 60/40 using a platinum
cathode at a preset voltage of 5 V. For the
lower dilution levels, 10% oxalic acid was
used under the same conditions. Mi-
crostructural characterization was per-
formed using electron microscopy tech-
niques. Dilution levels were determined
by two methods: chemical analysis and
geometric dilution calculations. For the
former, quantitative chemical information
was obtained through use of an electron
probe microanalyzer (EPMA). A JEOL
733 SuperProbe EPMA, equipped with
wavelength dispersive spectrometers, was
operated at an accelerating voltage and
probe current of 15 kV and 20 nA, re-
spectively. Sampled areas were approxi-
mately 1500 µm2, large enough to avoid

Fig. 1 — Experimental matrix of fusion welds produced where AL-6XN was
the substrate and IN625 was the filler metal. Numbers to the right signify the
dilution level with respect to AL-6XN as the substrate.

Fig. 2 — Comparison plot of dilution levels as determined through both geo-
metric measurements and chemical analysis showing good agreement be-
tween the two methods.

Table 1 — Compositions for Raw Materials (wt-%)

Filler Metal Fe Ni Cr Mo Nb Mn Si C
Diameter

AL-6XN
Filler metal 0.064 47.6 23.9 21.3 6.1 0.0 0.2 0.3 0.023
Plate 47.0 24.4 20.9 6.3 0.0 0.2 0.3 0.029

IN625
Filler metal 0.035 0.6 64.6 21.7 8.9 3.5 0.0 0.1 0.010
Plate 4.5 60.8 20.8 8.7 3.5 0.1 0.2 0.080

IN622
Filler metal 0.035 2.4 59.0 20.5 14.3 0.0 0.2 0.0 0.003

C-22
Plate 3.6 56.7 21.3 13.2 0.0 0.2 0.0 0.013
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any deviations that may be encountered
due to microsegregation. X-ray counts
were converted to weight percentages
using a ZAF correction scheme (Ref. 6).
EPMA traces were also conducted in spot
mode (i.e., with no beam raster) in order
to investigate microsegregation patterns
from solidification. 

In the fully mixed fusion zone, the final
weld composition will simply be a mixture
of the substrate and filler metal and is
given by

Cfz = Cfm(1–D) + Cs(D) (1)

where Cfz, Cfm, and Cs are the elemental
compositions of the fusion zone, filler
metal, and substrate, respectively, and D is
the dilution level. Thus, when Cfz, Cfm, and
Cs are all known, the dilution level is sim-
ply determined by

(2)

The values for the major constituents of
Fe and Ni were used and averaged to get
the final dilution level of the weld. Dilu-
tion levels were also determined using
metallographic methods to measure the
individual geometric cross-sectional areas
of the deposited filler metal and melted
substrate. The ratio of the melted sub-
strate (As) to the total melted cross-
sectional area from the filler metal and
substrate (As + Afm) is the dilution level 

(3)

Solidification cracking susceptibility

was determined using Varestraint testing
with subsize specimens (165 x 25 x 3.2
mm). The crown of each weld deposit was
first machined flush with the top surface of
the plate. The back side of the surface was
then machined to obtain the final 3.2-mm
thickness. This process for making Vare-
straint samples from dissimilar welds was
described previously in more detail (Ref.
1). A welding current of 100 A and 12 V
was chosen for Varestraint testing so that
the material melted during the autoge-
neous Varestraint pass resided entirely
within the homogeneous portion of the
original dissimilar metal weld fusion zone.
(In this work, the “homogeneous portion”
of the fusion zone refers to the fully mixed
fusion zone where, on a macroscopic
scale, the composition is uniform. In other
words, the partially melted and partially
mixed zones were avoided.) The travel
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Fig. 3 — SEM photomicrographs of the typical phases observed in welds of AL-6XN (A) and welds prepared with the IN622 (B).

A

A

B

B

Fig. 4 — SEM photomicrographs of the typical phases observed in welds prepared with the IN625. A — “Chinese script;” B — eutectic-type.
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speed was 3.3 mm/s while a high-purity
argon gas was used for the shielding gas. 

Three samples of each dilution level
were tested at an augmented strain of
3.75%, which was determined to be the
saturation strain from preliminary experi-
ments. The standard deviation for 95%
confidence interval for each crack length
value was determined from the individual
measurements. The crack lengths were
measured perpendicular to the edge of the
weld pool using a light optical microscope
interfaced with the LECO 3001 quantita-
tive image analysis system. The maximum
crack length was defined as the longest

crack for each sam-
ple, while the total
crack length was
the addition of all
the crack lengths
per sample. 

Differential ther-
mal analysis (DTA)
was conducted on
selected samples
carefully sectioned
out of the homoge-
nous portion of the
fusion zone of the
dissimilar metal
welds. Samples
were heated to
10°C above their
liquidus tempera-
tures at 5°C/min
and cooled at
20°C/min to room
temperature. This
procedure was con-
ducted under flow-

ing argon to avoid oxidation of the sample.
The amount of second phase in each weld
was measured by Quantitative Image
Analysis on at least 20 fields for each dilu-
tion level, and the standard deviation for
the 95% confidence interval was deter-
mined from the measurements. 

Results and Discussion

Information on fusion zone composi-
tions, microsegregation, and secondary
phase formation are presented below. De-
tailed descriptions of these results have
been provided in Refs. 7 and 8. The infor-

mation is briefly summarized here, as it
forms a basis for interpreting the weld-
ability results, which are the main focus of
this article.

Fusion Zone Compositions

The relation between dilution and
welding parameters for these dissimilar
welds has already been described in quan-
titative detail through process modeling in
Ref. 7. The results will only be briefly sum-
marized here to support the remaining
sections on microstructural evolution and
weldability. Welds were produced to ob-
tain the full range of dilution levels for
both sets of dissimilar metal welds be-
tween AL-6XN and IN625 or IN622. Vol-
umetric filler metal feed rates between 0
and ~80 mm3/s were used while the cur-
rent was varied between 250 and 325 A in
25-A increments and voltages averaged 
14 V ± 1.3 V. This produced a range of arc
power (VI) from 3475 to 4520 W. Figure 1
displays a typical experimental matrix pro-
duced for samples where AL-6XN was the
substrate and IN625 was the filler metal.
Each data point represents a weld de-
posited at the specified volumetric filler
metal feed rate and arc power. The num-
bers located to the right of the symbols sig-
nify the resultant dilution levels deter-
mined by EPMA measurements.
Attempts were made to decrease the dilu-
tion to lower levels using AL-6XN as the
substrate. However, a point was reached
where the filler metal was not being com-
pletely melted and exited the weld pool
still in solid form. Therefore, the full range
of dilution and resultant weld metal com-

Fig. 5 — EDS spectra collected from NbC (A) and Laves (B) phases in weld prepared with IN625.

A B

Fig. 6 — Amount of second phase measured in the fusion zone for both sets
of dissimilar metal welds plotted as a function of dilution level.
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position was obtained by reversing the ma-
terials during the process and depositing
AL-6XN filler metal onto the nickel-
based substrates. Relatively good agree-
ment can be seen over the entire range of
samples between the two methods used to
calculate the dilution levels, as shown in
Fig. 2. More detail on these results can be
found in Ref. 7.

Secondary Phase Formation and
Microsegregation

Figure 3 shows SEM photomicro-
graphs of the typical phases observed in
autogeneous welds of AL-6XN (Fig. 3A)
and welds prepared with IN622 — Fig. 3B.
In these welds, an interdendritic phase
was observed with a globular morphology.

DTA samples from welds prepared with
IN622 showed identical results. The inter-
dendritic phase in the DTA samples was
larger because of the slower cooling rates
and could be analyzed by EPMA. Typical
results are shown in Table 2. The compo-
sition of this phase is consistent with the
sigma (σ) phase commonly observed in
welds of both AL-6XN (Ref. 9) and IN622
(Ref. 10). As this phase is commonly
found in welds of both AL-6XN and
IN622, it is not surprising to find it in this
set of dissimilar welds. Note that the sigma
phase is very high in Cr and Mo. 

Figure 4 shows SEM photomicrographs
of the typical phase morphologies ob-
served in welds prepared with IN625.
There were two types of phases observed
in these welds: one often referred to in the

literature as a “Chinese script” morphol-
ogy (Fig. 4A), and one with a eutectic-type
morphology (Fig. 4B) (Refs. 11–14). Typi-
cal EDS spectra collected from the phase
with the “Chinese script” and eutectic-type
morphology are shown in Figs. 5A and 5B,

Fig. 7 — Characteristic segregation pattern found for dendritic structures of a dissimilar metal weld with IN622 filler metal, 32% dilution level. A — Analyzed
area; B — microprobe trace. 

Table 2 — Composition of Second Phase(a)

Fe Ni Cr Mo Nb Mn Si

31.1 14.9 25.5 25.9 0.0 0.3 0.4
1.5 0.3 1.1 2.4 0.0 0.0 0.0

(a) Found within the interdendritic region of dissimilar metal
weld samples prepared with IN622 after DTA testing.
Compositions determined by EPMA, with all values reported
in weight-percent. Values under reported compositions
represent standard deviations.

A

A

B

B

Fig. 8 — Nominal and dendrite core Mo compositions for the as-welded structures and DTA samples plotted as a function of dilution level. A — Welds pre-
pared with IN625; B — welds prepared with IN622. 
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respectively. Note the “Chinese script”
phase is very high in Nb. It has been well
established that Nb-bearing superalloys
terminate solidification by the formation
of a NbC phase with this Chinese script
morphology and a γ/Laves constituent that
exhibits a eutectic-type morphology (Refs.
11–14). This is consistent with the SEM
photomicrographs and EDS spectra
shown in Figs. 4 and 5. Quantitative image
analysis was used to measure the total
amount of secondary phases that  formed
in each weld, and the results are shown in
Fig. 6. The volume percent of secondary
phase formed in welds prepared with
IN625 decreased with increasing dilution

levels. In contrast, the amount of sec-
ondary phase that formed in welds pre-
pared with the IN622 filler metal was es-
sentially insensitive to changes in dilution.

EPMA traces were conducted across
the dendritic substructures found within
the fusion zone of the welds and across the
large cells of the DTA microstructures to
investigate the segregation patterns that
occurred upon solidification. Figure 7
shows a typical EPMA trace and the cor-
responding area that was analyzed. In all
cases, the dendrite cores were depleted in
Mo and Nb (the latter for alloys with
IN625 only) and enriched in Fe and Ni. In
general, Cr had a slight tendency to segre-

gate to the liquid. Similar results were ob-
tained for traces across the structures ob-
served within the DTA samples.

EPMA traces were also conducted
across the dendritic substructures in the
unmixed zone of the dissimilar metal
welds. In these areas of the fusion zone,
the presence of the dendritic substructure
was a direct indication that melting oc-
curred, but EPMA traces showed the
nominal Mo content was identical to the
base metal, and thus no mixing with the
filler metal occurred. On welds prepared
with the AL-6XN base metal, EPMA
scans showed the Mo concentration in the
dendrite core in the unmixed zone was
identical to the Mo dendrite core concen-
tration in the fusion zone of an autoge-
nous weld on AL-6XN. This is an impor-
tant observation that indicates, regardless
of the filler metal composition, an un-
mixed zone will always exist that contains
dendrite core concentrations equivalent
to that of an autogeneous weld. Thus, it is
not possible to increase the core compo-
sition of the dendrites in the unmixed
zone. The formation of unmixed zones in
AL-6XN has been investigated previously
(Ref. 5) and will not be described here
further. 

The amount of Mo and Nb in the den-
drite cores for all the welds and DTA sam-
ples, as well as those for the nominal com-
position of the fusion zone, is plotted as a
function of dilution level in Figs. 8 and 9.
For both sets of data, as the dilution level
increased, the amount of Mo and Nb were
found to decrease in both the nominal and
dendrite core compositions. It is interest-
ing to note that, although the DTA sam-
ples were solidified at a rate of only

Table 3 — Partition Coefficient Values for Dissimilar Metal Welds with IN622

Dilution 100% 81% 67% 46% 32% 20% 12% 0%
Level

Fe 1.06 1.09 1.07 1.17 1.16 1.09 1.04 1.06
Ni 1.02 1.06 1.09 1.03 1.02 1.07 1.07 1.04
Cr 0.99 0.91 0.92 0.91 0.94 0.89 0.93 0.95
Mo 0.65 0.76 0.76 0.75 0.74 0.79 0.79 0.82
Mn 0.76 0.74 0.87 0.87 0.80 0.86 0.84 0.82

Table 4 — Partition Coefficient Values for Dissimilar Metal Welds with IN625

Dilution 87% 74% 49% 46% 40% 16% 9% 0%
Level

Fe 1.08 1.10 1.08 1.09 1.10 1.09 1.15 1.05
Ni 1.03 1.04 1.07 1.07 1.06 1.05 1.05 1.03
Cr 0.91 0.90 0.84 0.90 0.91 0.90 0.93 0.95
Mo 0.77 0.75 0.77 0.79 0.79 0.85 0.85 0.86
Nb 0.20 0.15 0.32 0.32 0.40 0.45 0.39 0.45
Mn 0.89 0.84 0.83 0.87 0.85 0.77 0.83 0.81

Fig. 9 — Nominal and dendrite core Nb compositions for the as-welded struc-
tures and DTA samples plotted as a function of dilution level for welds with
IN625.

Fig. 10 — Mo partition coefficient as a function of dilution level for both sets
of welds.



WELDING RESEARCH

-S131WELDING JOURNAL

20°C/min, the Mo core compositions are
similar to those in the welds of identical
nominal compositions. Thus, Mo segrega-
tion persists even under the slower cooling
rate conditions used for DTA. The reasons
for this have been explained in detail in
Ref. 8. The dendrite Nb concentration
(for welds prepared with IN625) is slightly
higher in the DTA samples than those in
the as-welded condition, indicating that
some back diffusion of Nb can occur dur-
ing the slow cooling rate used for DTA. 

It is well known that solid-state diffu-
sion of substitutional alloying elements
(particularly Mo and Nb) in face-cen-
tered cubic alloys are insignificant under
cooling rates typical of arc welding (Refs.
12, 14). Under this condition, the EPMA
data can be used to determine the distri-
bution coefficient (k) of each alloying el-
ement at the onset of solidification by k =
Ccore/Co, where Ccore is the core concen-
tration and Co is the nominal concentra-
tion of the element of interest. Tables 3
and 4 summarize the k-values of the
major alloying elements for the welds in-
vestigated. These values are important
from a corrosion perspective because they
dictate the dendrite core composition of
the weld. A k-value near unity indicates
that particular element will show little
tendency to segregate and the core com-
position will be close to the nominal com-
position. The lower the k value, the lower
the dendrite core composition.

It can be seen that all of the matrix el-
ements (Fe, Ni, Cr) show little tendency
for segregation during solidification (k-
values close to one). Since their values are
larger than unity, Fe and Ni segregate to
the solid, while Cr partitions to the liquid.

The k-values for
Mo are relatively
low and span the
range from 0.65 to
0.86. These values
are in good agree-
ment with other re-
ported kMo values
in similar alloy sys-
tems (Refs. 12, 13).
As shown in Fig. 10,
the Mo partition
coefficient de-
creases as the iron
content in the weld
increases (i.e., as
the dilution level in-
creases). A similar
trend is observed
for Nb, as shown in
Fig. 11. These effects are controlled by the
influence of Fe on the solubility of Mo and
Nb in austenite and can be explained by
consulting the phase diagrams for the Ni-
Mo, Fe-Mo, Ni-Nb, and Fe-Nb systems
(Ref. 15). These diagrams indicate that
the maximum solid solubility of Mo in γ-
Ni is 35 wt-% (at 1200°C), while a maxi-
mum of only 2.9 wt-% Mo can be dissolved
in γ-Fe (at ~1150°C). A similar trend is
observed with Nb, where the maximum
solid solubility of Nb in γ-Ni is 18.2 wt-%
(at 1286°C), while it is only 1.3 wt-% at a
similar temperature (1210°C) in γ-Fe.
Based upon these observations, Fe addi-
tions to nickel-based alloys will decrease
the solubility of Mo and Nb in austenite.
Thus, as the Fe-rich dendrites form, the
decreased solubility will lower the amount
of Mo and Nb dissolved in the first solid,
and increased segregation to the liquid

will occur. The general trend of decreas-
ing k-values for Mo and Nb with increas-
ing Fe (Figs. 10 and 11) confirms this.
Therefore, the segregation potential of
Mo and Nb is a function of the nominal
composition of the weld metal. Since the
fusion zone composition depends on the
arc power and volumetric filler metal feed
speed, the segregation potential of Mo
and Nb will be indirectly affected by the
welding parameters.

The information presented above can
be used to understand the microstructural
evolution of welds prepared with each
filler metal. In the case of welds made on
“pure” AL-6XN and welds prepared with
IN622 (each of which contain no Nb), Mo
segregated from the solid to the liquid and
the Mo-rich sigma (σ) phase formed at the
terminal stages of solidification. Thus, so-
lidification initiates by a L → γ (austenite)

Fig. 11 — Nb partition coefficient as a function of dilution level for welds pre-
pared with IN625.

Fig. 12. Plots. A — Maximum crack length;  B — total crack length as a func-
tion of the dilution.

A

B
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primary reaction, in which the γ dendrites
reject Mo into the interdendritic liquid. As
solidification progresses, the γ dendrites
become richer in Mo at the solid/liquid in-
terface until the maximum solid solubility
of Mo in austenite is reached at the edge
of the γ dendrites. At this point, solidifica-
tion goes to completion by a L → (γ + σ)
reaction, where the σ phase forms in order
to dissolve the Mo in the interdendritic
liquid. This solidification reaction se-
quence accounts for the γ dendrites that
exhibit a concentration gradient and Mo-
rich interdendritic σ phase. The terminal
solidification reactions that occur in welds
prepared with IN625 are different due to
the presence of Nb. It is well established
that Nb is a very strong segregant that con-
trols the terminal solidification reactions

in Nb-bearing superalloys (Refs. 10–14).
Direct evidence to this end is provided in
this work by the low k values for Nb re-
ported in Fig. 11. The primary solidifica-
tion reaction for welds prepared with
IN625 is similar and involves the L → γ re-
action. However, both Mo and Nb segre-
gate to the liquid, and solidification goes
to completion by two terminal eutectic-
type reactions that involve Nb-rich phases:
L → (γ + NbC) followed by (L → γ +
Laves). More details of the segregation
behavior and resultant solidification se-
quences can be found in Ref. 8.

Weldability

It is well known that solidification
cracking susceptibility of austenitic alloys

depends on the solidification temperature
range and amount/distribution of solute
rich liquid that exists at the terminal stages
of solidification (Refs. 1, 11, 14). A larger
solidification temperature range increases
the size of the crack-susceptible two-phase
solid/liquid zone that trails the liquid weld
pool, thus increasing cracking susceptibil-
ity. In fact, correlations have been made
between the maximum crack length and
solidification temperature range (Ref.
11). The amount of terminal solute-rich
liquid that forms can be directly assessed
by examining the amount of secondary in-
terdendritic phases, since these secondary
phases form from the solute-rich liquid. It
is generally known (Refs. 11, 13) that so-
lidification cracking susceptibility in-
creases with increasing amount of sec-

Fig. 13 — DTA traces obtained on AL-6XN base metal. A — During heating; B — during cooling.

Fig. 14 — DTA traces obtained on weld made with IN622 at 46% dilution. A — During heating; B — during cooling.

A

A

B

B
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ondary constituent up to approximately 10
vol-%, at which point cracking susceptibil-
ity begins to decrease with increasing sec-
ondary phase amount. The initial increase
in cracking susceptibility occurs because
the solute-rich liquid wets the grain
boundaries and interdendritic regions.
Under this condition, shrinkage strains
that develop across these partially solidi-
fied boundaries cannot be accommodated
and cracks form due to boundary separa-
tion. With increasing secondary phase
amount (above approximately 10 vol-%)
the excess solute-rich liquid can lead to
back filling of the solidification cracks,
thus providing crack healing and reducing
cracking susceptibility. The weldability re-
sults are provided below and interpreted
based on the solidification temperature
range (determined from DTA testing) and
secondary phase formation. 

Figure 12 shows both the maximum
and total crack lengths for both sets of
samples as a function of dilution level. As
previously noted, three samples of each
dilution level were tested at an augmented
strain of 3.75%, which was determined to
be the saturation strain from preliminary
experiments. A 316L stainless steel sam-
ple, tested under identical conditions, was
also added for comparison since this alloy
is known to exhibit excellent weldability.
The data point for the 316L alloy is lo-
cated at the 50% dilution level simply for
convenience. Average and standard devi-
ation values were determined from at least
three samples. The AL-6XN alloy and
welds prepared with the nickel-based filler
metals were more susceptible to cracking
compared to the 316L alloy. This is read-
ily expected because the 316L tested here
had a chemical composition that pro-
moted solidification to occur in a primary

ferrite mode, which provides excellent
cracking resistance. In contrast, the AL-
6XN alloy and welds prepared with the
nickel-based alloys solidify in a purely
austenitic primary mode, and cracking
susceptibility is thus relatively higher.
Welds prepared with IN625 had the poor-
est resistance to hot cracking, and the
cracking susceptibility increased with de-
creasing dilution. In contrast, welds pre-
pared with IN622 were more resistant to
solidification cracking, and cracking sus-
ceptibility is not particularly sensitive to
the dilution level. 

Figures 13 through 15 show DTA
traces, which are useful for assessing the
influence of filler metal composition on
the solidification temperature range. As
previously indicated, autogeneous AL-
6XN welds and dissimilar welds prepared
with IN622 exhibit a two-step solidifica-
tion reaction sequence represented by L
→ γ followed by L → (γ + σ). The welds
prepared with IN625 undergo a three-step
solidification process: L → γ, L → (γ +
NbC), followed by L → (γ + Laves). DTA
can be used to determine the temperature
associated with these reactions and, there-
fore, can be used to determine the rela-

tions between weld composition, solidifi-
cation temperature range, and resultant
weldability. The heating trace shown in
Fig. 13A for the AL-6XN base metal ex-
hibits a single endothermic peak that
starts at approximately 1375°C. This peak
is associated with melting of the austenite
matrix. This trace was conducted on the
homogeneous, single-phase austenite
base metal, which contained no secondary
σ phase, and thus no secondary peaks are
observed. The apex of the single peak oc-
curs at 1410°C, which represents the liq-
uidus temperature of the alloy. Figure 13B
shows the solidification behavior on cool-
ing. Solidification initiates at 1403°C after
7°C of undercooling and terminates at
1354°C by a secondary reaction. The as-
solidified microstructure exhibited γ den-
drites as the major phase and smaller
amounts of interdendritic secondary σ
phase. Thus, the large peak initiating at
1403°C is associated with formation of the
γ dendrites, and the small secondary peak
at 1354°C is associated with the L → (γ +
σ) reaction. The solidification tempera-
ture range of the weld metal is best repre-
sented from DTA data by using the liq-
uidus temperature from the heating trace

A B

Table 5 — Summary of Solidification Reaction Temperatures

Alloy/ Liquidus Terminal Terminal Temp. Solidification
Weld Temp. (°C) Solidification Reaction Reaction (°C) Temp. Range (°C)

AL-6XN 1410 L → (γ + σ) 1354 54
IN622 1393 L → (γ + σ) 1285 108
IN625 1360 L → (γ + Laves) 1152 208
AL-6XN/IN622 1383 L → (γ + σ) 1305 78
(46% Dilution)
AL-6XN/IN625 1368 L → (γ + Laves) 1172 196
(46% Dilution)

Fig. 15 — DTA traces obtained on weld made with IN625 at 46% dilution. A — During heating; B — during cooling. 
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and the lowest terminal reaction tempera-
ture from the cooling trace. The heating
trace best represents the liquidus temper-
ature of the weld because solidification in
the fusion zone occurs by epitaxial growth
off of existing base metal grains and re-
quires no undercooling (Ref. 16). Thus,
use of the heating trace avoids the under-
cooling associated with nucleation in the
cooling trace. However, the microsegrega-
tion that occurs under the nonequilibrium
solidification conditions during cooling of
the fusion zone leads to the buildup of
solute-rich liquid and formation of sec-
ondary phases at low temperature that are
best represented by the cooling portion of
the DTA trace. Thus, the solidification
temperature range of autogeneous welds
on AL-6XN is 1410°C – 1354°C = 56°C. 

Figures 14 and 15 show the DTA traces
of fusion welds prepared with IN622 (Fig.
14) and IN625 (Fig. 15). Each of these
welds were prepared at identical dilution
levels (46%). Since these traces were con-
ducted on samples extracted from the fu-
sion zone, secondary interdendritic phases
are present from the onset of the test, and
evidence for liquation of these minor
phases is evident in each DTA heating
trace. The σ phase liquates at 1304°C in
the weld prepared with IN622 — Fig. 14A.
The heating trace for the weld prepared
with the IN625 displays only one small en-
dothermic peak, but two minor con-
stituents are present in the microstructure
(NbC and Laves). Of these two con-
stituents, it is well established that NbC
forms at higher temperatures (on the
order of 1350°C) and its presence can typ-
ically only be detected by DTA techniques
in higher carbon alloys, which form rela-
tively large amounts of the NbC con-
stituent (Refs. 11, 12). In contrast, Laves

usually forms in higher quantities (and is
therefore easier to detect with DTA tech-
niques), and it forms in the temperature
range of 1150 to 1200°C. Thus, the minor
liquation reaction observed at 1195°C for
the weld prepared with IN625 (Fig. 15A)
can be linked to the Laves constituent.
The liquidus temperatures are 1383 and
1368°C for the welds prepared with IN622
and IN625, respectively. During cooling,
the L → (γ + σ) reaction occurs at 1305°C
for the weld prepared with IN622, and the
solidification temperature range is 78°C.
For the weld prepared with the IN625, so-
lidification terminates with the L → (γ +
Laves) reaction at 1172°C, and the solidi-
fication temperature range is 196°C. Table
5 summarizes the DTA results. Included in
this data are liquidus and terminal reac-
tion temperatures previously reported for
IN622 (Ref. 17) and IN625 alloys (Ref.
13.). Thus, the data presented in Table 5
bound the possible range of behavior ex-
pected for dissimilar welds on AL-6XN
made with IN622 and IN625. This data,
along with the quantitative image analysis
data shown in Fig. 6, can be used to un-
derstand the weldability behavior.

First, the results presented above show
that the autogeneous welds on the AL-
6XN base metal solidify over a relatively
narrow temperature range of 56°C. The
IN622 alloy exhibits a similar reaction se-
quence and solidifies over a larger tem-
perature range of 108°C. The weld be-
tween the AL-6XN and IN622 exhibits the
same reaction sequence as the “end mem-
bers,” and exhibits an intermediate solidi-
fication temperature range of 78°C. This
change in solidification temperature
range can primarily be attributed to the in-
crease in the L → (γ + σ) reaction tem-
perature, which occurs as the iron content

of the weld increases. This influence from
iron has also been observed for the L → (γ
+ Laves) reaction in welds prepared with
IN625 and has been documented in other
work as well (Ref. 12). However, the gen-
eral solidification behavior of fusion welds
made with the IN625 is significantly dif-
ferent. In this case, the addition of Nb
leads to the formation of Laves at low tem-
peratures and results in a significant
widening of the solidification temperature
range. This difference in reaction se-
quence and solidification temperature
range accounts, in part, for the observed
differences in weldability between the
welds prepared with IN622 and IN625.

The data presented in Table 5 does not
explain, however, the observed depen-
dence of total and maximum crack length
on dilution displayed in Fig. 12. The de-
tails of this dependence can be understood
by considering the relationship between
weld metal dilution and secondary phase
formation shown in Fig. 6. As previously
discussed, increasing amounts of solute
rich liquid (which transforms to secondary
phase) lead to increased solidification
cracking susceptibility because it inter-
feres with the formation of solid/solid
boundaries, thus preventing accommoda-
tion of shrinkage strain across the bound-
aries. Figure 16 shows the direct relation
between crack length (both total and max-
imum) and volume-percent of secondary
phase for all the dilution levels. Note that
the data for the welds prepared with
IN622 are grouped at the lower left por-
tion of the plots where low amounts of sec-
ondary phase correspond to low crack
lengths (good weldability). It is also inter-
esting to note that, although a wide range
of welds were investigated with different
compositions, there is a smooth transition

Fig. 16 — Plots. A — Total crack length; B — maximum crack length as a function of the volume-percent second phase. 
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between the data represented by the welds
prepared with IN622 and IN625. 

In summary, then, the weldability be-
havior can be interpreted as follows: The
solidification cracking resistance of auto-
geneous AL-6XN welds and welds pre-
pared with IN622 is consistently better
than welds prepared with IN625 because
the terminal L → (γ + σ) reaction tem-
perature in welds prepared with IN622 is
significantly higher than the L → (γ +
Laves) reaction temperature that occurs
in welds prepared with IN625. This effec-
tively leads to smaller solidification tem-
perature ranges for autogeneous AL-6XN
welds and welds prepared with IN622. The
L → (γ + Laves) reaction is promoted by
the Nb additions to IN625. The amount of
secondary phase that forms in welds pre-
pared with IN622 is not very sensitive to
changes in weld metal composition (dilu-
tion) and, thus, solidification cracking re-
sistance is also not a strong function of di-
lution. (Discussion on the reason for this
insensitivity of secondary phase amount
on dilution is beyond the scope of the cur-
rent article and will be the subject of a fu-
ture article on solidification modeling.) In
contrast, the amount of secondary phase
that forms in welds made with IN625 de-
pends on the dilution level and, as a result,
the weldability also depends on dilution
level. In this case, higher dilutions are fa-
vored in order to reduce the risk of solid-
ification cracking in the fusion zone. Un-
fortunately, the higher dilution levels also
have reduced nominal and dendrite core
Mo concentrations, and are not optimal
from a corrosion perspective. Thus, IN622
filler metal is generally favored over
IN625 because the weldability is insensi-
tive to dilution.

Conclusions

A study was conducted on microstruc-
tural evolution and weldability of dissimi-
lar metal welds between AL-6XN super
austenitic stainless steel and two nickel-
based alloys, IN625 and IN622. The effect
of processing parameters and filler metal
chemistry on the final fusion zone compo-
sition and microstructure was investi-
gated. These results were related to Vare-
straint weldability tests. The following
conclusions can be drawn from these re-
sults:

1) Iron additions to the weld (which
occur with increasing dilution) decrease
the distribution coefficient of Mo and Nb.
This, in turn, produces lower dendrite
core concentrations with increasing dilu-
tion.

2) Welds prepared with IN622 exhibit a
two-step solidification reaction sequence
consisting of L → γ followed by L → (γ +
σ). Welds prepared with IN625 exhibit a

three step solidification sequence consist-
ing of L → γ , L → (γ + NbC), and L → (γ
+ Laves). The L → (γ + σ) reaction tem-
perature in AL-6XN/IN622 welds de-
pends on dilution level and ranges from
1354°C for “pure” AL-6XN to 1285°C for
“pure” IN622. In contrast, the terminal L
→ (γ + Laves) reaction temperature in
AL-6XN/IN625 welds is considerably
lower (approximately 1150°C to 1170°C)
and less dependent on weld metal dilu-
tion. Thus, welds produced with IN625
have an appreciably wider solidification
temperature range.

3) The total amount of secondary
phase that forms in welds prepared with
IN622 is generally less than about 2 vol-%
and does not depend on dilution level. The
total amount of secondary phase that
forms in welds prepared with IN625 varies
from about 7 vol-% at 0% dilution to ap-
proximately 2 vol-% at 87% dilution. 

4) Welds produced with IN622 exhibit
better resistance to solidification cracking
than those prepared with IN625. The so-
lidification cracking sensitivity of welds
prepared with IN622 is essentially inde-
pendent of weld metal dilution level, while
welds produced with IN625 filler metal ex-
hibit increased cracking susceptibility with
decreasing weld metal dilution. The dilu-
tion/cracking relation is controlled by the
solidification temperature range and
amount of secondary phase that forms at
the terminal stages of solidification. The
good cracking resistance of welds pre-
pared with IN622 is attributed to the small
amount of secondary phase and narrow
solidification temperature range. The rel-
atively poor cracking resistance of welds
prepared with IN625 is attributed to a
wide solidification temperature range and
increasing amount of secondary phase
that forms with decreasing dilution.
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