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Super austenitic stainless steels are often welded using
high Mo, Ni base ® ller metals to maintain the corro-
sion resistance of the weld. An important aspect of
this processing is the weld metal dilution level, which
will control the composition and resultant corrosion
resistance of the weld. In addition, the distribution of
alloying elements within the weld will also signi® cantly
affect the corrosion resistance. Dissimilar metal welds
between a super austenitic stainless steel (AL ± 6XN)
and two Ni base alloys (IN625 and IN622) were
characterised with respect to their dilution levels and
microsegregation patterns. Single pass welds were
produced over the entire dilution range using the gas
tungsten arc welding process. Microstructural char-
acterisation of the welds was conducted using light
optical microscopy, scanning electron microscopy, and
quantitative image analysis. Bulk and local chemical
compositions were obtained through electron probe
microanalysis. The quantitative chemical information
was used to determine the partition coef® cients k of the
elements in each dissimilar weld. The dilution level was
found to decrease as the ratio of volumetric ® ller metal
feedrate to net arc power increased. Reasons for this
behaviour are discussed in terms of the distribution of
power required to melt the ® ller metal and base metal.
In addition, the segregation potential of Mo and Nb
was observed to increase (i.e. their k values decreased)
as the Fe content of the weld increased. This effect
is attributed to the decreased solubility of Mo and Nb
in austenite with increasing Fe additions. Since the
Fe content of the weld is controlled by dilution, which
in turn is controlled by the welding parameters, the
welding parameters have an indirect in¯ uence on the
segregation potential of Mo and Nb. The results of
the present work provide practical insight for corro-
sion control of welds in super austenitic stainless
steels. STWJ/306
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INTRODUCTION
Increasing importance is being placed upon using a ® ller
metal having a composition signi® cantly different from
that of the substrate during fusion welding in order to
compensate for diminished mechanical or electrochemical
properties. This technique is commonly used during welding

of super austenitic stainless steels. These relatively high Ni
stainless steels contain Mo additions ( ~5 ± 7 wt-%) for
improved corrosion resistance. However, during solidi ® ca-
tion of the weld, Mo segregates preferentially to the liquid,
owing to the low solubility of Mo in the austenite phase
( c ), and leaves the ® rst solid to form depleted in Mo.

1
In

addition, the low diffusion rate of Mo in c does not allow
for Mo to diffuse back towards the dendrite cores to
eliminate the concentration gradient.2 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, localised Mo
concentrations.3 ± 6 To compensate for this effect, high Mo,
Ni base ® ller metals such as IN625 ( ~9 wt-%Mo) and
IN622 ( ~14 wt-%Mo) are often utilised during fusion
welding of such alloys. Although these ® ller metals do not
eliminate microsegregation of Mo, the dendrite core Mo
contents in the fusion weld are increased relative to those in
autogenous welds, and this helps to minimise preferential
attack at the dendrite cores.

With this approach, the ® nal distribution of Mo (and
other alloying elements) will be controlled by the ® ller
metal composition, welding parameters (which control the
nominal weld metal composition), and the segregation
potential of each element. In addition, interactive effects
may exist in which the segregation potential of an alloying
element depends on the nominal weld composition. There-
fore, as potentially wide ranges of weld metal composition
and microsegregation behaviour are possible in practice,
a large variation in corrosion resistance may be encoun-
tered. However, no detailed study has been reported which
investigates the relationship between welding parameters,
nominal weld composition, and resultant microstructure
in detail to address these potential problems. Thus, the
objective of the present research was to characterise the
microstructures of fusion welds in a common super auste-
nitic stainless steel (AL ± 6XN) as a function of ® ller metal
composition (using IN625 and IN622) and welding para-
meters. The results of the present work will be useful for
ultimately controlling the corrosion resistance of welds in
this alloy.

EXPERIMENTAL PROCEDURE
Dissimilar bead on plate welds were produced between
AL ± 6XN and IN625 or IN622 using the gas tungsten arc
welding (GTAW) process by directly feeding the ® ller metal
into the weld pool of the substrate. The travel speed was
® xed at 2.0 mm s

­ 1
with a 2.5 mm arc gap. The average

voltage was 13.9 V+1.3 V. The AL ± 6XN and IN625 were
obtained in both plate and wire form, whereas IN622
wire and C ± 22 plate (compositional equivalent for IN622)
were used for the other Ni base alloy. Their respective
compositions are given in Table 1. The full range of weld
metal compositions that could exist between AL ± 6XN and
IN622 or IN625 were produced by systematic variations in
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® ller metal feed speed and arc current (Table 2). To achieve

this full range, welds were ® rst produced on the AL ± 6XN
base metal using both IN622 and IN625 ® ller metals. This
provided welds that consisted of from 100% to as little as

30% of the AL ± 6XN base metal. The remaining weld metal
compositions were produced by using either IN625 or C ± 22

plates as the base metal and AL ± 6XN as the ® ller metal.
The level of mixing between the substrate and ® ller metal
was quanti ® ed through measurement of the weld metal dilu-

tion level. These levels were determined via two methods:
chemical analysis and geometric dilution measurements.

For the former, dilution was determined using electron
probe microanalysis (EPMA). As explained below, the elec-
tron probe was rastered over of an area of approximately

1500 mm
2

for these measurements to obtain an average weld
metal composition and thereby to average out effects from

microsegregation. In the fully mixed fusion zone, the ® nal
weld composition will simply be a mixture of the base metal
and ® ller metal compositions as follows

Cfz ~Cfm (1{D) + Cs(D) : : : : : : : : : (1)

where Cfz , Cfm , and Cs are the elemental compositions of
the fusion zone, ® ller metal, and substrate, respectively, and
D is the dilution level. Thus, when Cfz , Cfm , and Cs are all

known, the dilution level, expressed as a fraction, is simply
determined by

D~(Cfz{Cfm )=(Cs{Cfm ) : : : : : : : : (2)

The values for the major constituents, namely, Fe and Ni

were used and averaged to obtain the ® nal dilution level of

the weld. Dilution levels were also determined using metal-
lographic methods to measure the individual geometric

cross-sectional areas of the deposited ® ller metal and melted
substrate. The ratio of the melted substrate area As to the
total melted cross-sectional area from the ® ller metal Afm

and substrate As is the dilution level, again expressed as a
fraction as follows

D~As=(As + Afm) : : : : : : : : : : : : (3)

Dilution levels are given in Table 2 as calculated values
using equation (3). In addition, values of 1 ± D are provided

for the Ni base alloys. These values are reported because
they provide the dilution level with respect to AL ± 6XN.

These values will allow the dilution levels to be more con-
veniently reported with a range of 0.0 to 1.0, where 0.0
and 1.0 represent autogenous welds on the Ni base and

AL ± 6XN alloys, respectively. Only dilution levels calcu-

lated for the alloys with Ni base substrates will be reported
differently as their values calculated from equation (3) were
subtracted from 1.0. Unless otherwise stated, the dilution

levels will be reported as percentages, multiplying D by
100%, and with respect to AL ± 6XN as the base material.

Samples were removed from the welds using an abrasive
cutoff wheel, mounted in cold setting epoxy, and polished

to a 0.04 mm ® nish using colloidal silica. Samples having
stainless steel substrates were electrolytically etched in a
mixture of nitric acid (HNO3 ) and water (H2O) in the pro-

portions of 60/40. The voltage was preset at 5 V and pure

Table 1 Compositions of raw materials as determined using electron probe microanalysis (EPMA): all values are in
wt-% (values in parentheses represent standard deviations)

Material Form Fe Ni Cr Mo Nb Mn Si Other

AL ± 6XN Wire 47.6 23.9 21.3 6.1 0.0 0.2 0.3 0.8
(0.7) (0.5) (1.1) (0.4) (0.0) (0.1) (0.1) ¼

Plate 47.0 24.4 20.9 6.3 0.0 0.2 0.3 0.9
(0.8) (0.3) (1.0) (0.3) (0.0) (0.0) (0.1) ¼

IN625 Wire 0.6 64.6 21.7 8.9 3.5 0.0 0.1 0.6

(0.2) (1.2) (1.7) (0.5) (0.6) (0.0) (0.0) ¼
Plate 4.5 60.8 20.8 8.7 3.5 0.1 0.2 1.4

(0.3) (0.9) (1.1) (0.7) (0.4) (0.0) (0.0) ¼
IN622 Wire 2.4 59.0 20.5 14.3 0.0 0.2 0.0 3.4

(0.1) (1.8) (0.7) (0.6) (0.0) (0.0) (0.0) ¼

C ± 22 Plate 3.6 56.7 21.3 13.2 0.0 0.2 0.0 5.0
(0.2) (1.5) (1.1) (0.5) (0.0) (0.0) (0.0) ¼

Table 2 Processing parameters used to fabricate single pass, dissimilar metal welds, and resulting geometric dilution
levels

Sample
Base
metal Filler metal

Arc
current,
A

Volumetric

® ller metal
feedrate,
mm3 s ­ 1

Geometric dilution

level (as determined
from equation (3)),

6100%

Dilution level (with

respect to AL ± 6XN
as base metal),
(1.00 ± D)6100%

1 AL ± 6XN ¼ 150 0 100 ¼

2 AL ± 6XN IN625 250 5.9 90 ¼
3 AL ± 6XN IN625 250 11.7 84 ¼
4 AL ± 6XN IN625 300 35.1 75 ¼

5 AL ± 6XN IN625 325 58.7 58 ¼
6 AL ± 6XN IN625 275 46.9 50 ¼

7 IN625 AL ± 6XN 250 39.0 63 37
8 IN625 AL ± 6XN 250 19.5 81 19
9 IN625 AL ± 6XN 300 19.5 88 12

10 IN625 ¼ 150 0 100 0
11 AL ± 6XN IN622 250 12.4 78 ¼
12 AL ± 6XN IN622 300 37.2 65 ¼

13 AL ± 6XN IN622 275 49.7 50 ¼
14 AL ± 6XN IN622 325 74.5 43 ¼
15 C ± 22 AL ± 6XN 300 29.2 78 22

16 C ± 22 AL ± 6XN 300 19.5 90 10
17 C ± 22 ¼ 150 0 100 0
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platinum was used as the cathode. A 10% oxalic acid solu-
tion was used for etching samples having Ni base substrates

under the same conditions. Microstructural characterisa-
tion was performed using light optical microscopy (LOM)

and scanning electron microscopy (SEM). Quantitative

bulk and local chemical analysis was carried out using
EPMA. A Jeol 733 SuperProbe, equipped with wavelength

dispersive spectrometers, was operated at an accelerating
voltage and probe current of 15 kV and 20 nA, respectively.

Bulk results were obtained from areas of approximately
1500 mm2 , suf® ciently large to avoid any deviations due

to microsegregation. Localised microsegregation measure-
ments were also obtained by holding the electron beam

stationary. In the analysis of Fe, Ni, and Cr, K a X-ray lines
were used, whereas Nb and Mo required L a X-ray lines

for analysis. Other elements present in minimal quantities
were not analysed. These counts were converted to weight

percentages using a ZAF correction scheme.
7

The volume

fraction of the second phase present in the interdendritic
regions of the welds was measured using a Leco 3001

quantitative image analysis system.
Differential thermal analysis (DTA) was conducted on

selected samples that were carefully sectioned out of the
homogenous portion of the fusion zone of the dissimilar

metal welds, as described below. Samples were heated to
10 K above their liquidus temperatures at 5 K min ­ 1 and

cooled at 20 K min
­ 1

to room temperature. This procedure

was conducted under ¯ owing argon to avoid oxidation
of the sample. These samples were also microstructurally
characterised using the techniques described above.

RESULTS AND DISCUSSION

Dilution levels
Bulk quantitative chemical information was obtained for
the fusion zone of the welds using EPMA, and these data
are presented in Table 3. The dilution levels as determined
from both chemical analysis and geometrical measure-
ments are compared in Fig. 1. Good agreement can be seen
between the two types of measurement. Unless otherwise
indicated, all dilution values discussed will be the geometric
dilution values. In addition, as described previously, the D
values for the Ni base alloys will be reported with respect
to AL ± 6XN by using the 1 ± D values. (It should be noted
that the Mn levels presented in Table 3 exhibit a systematic
error. The Mn levels in the ® ller metals and substrates
are between 0 and 0.2 wt-%. Thus, the fusion zone values
should always lie within this range or possibly be lower
owing to evaporation. However, the EPMA data given
in Table 3 consistently show higher values. This error is
attributed to the detection limits of the EPMA, in which
errors in detection of elements present in small quantities
are common.)

Figure 2 shows the composition variation for the major
matrix elements (Fe, Ni, Cr) as a function of the geometrical
dilution levels. A similar plot for the minor elements Mo
and Nb (the latter for alloys with IN625 only) can be seen in
Fig. 3. Figure 2 shows that as the dilution levels increase,
the amounts of Fe and Ni change inversely to each other
whereas the amount of Cr remains approximately con-
stant. Such trends would be expected as more of the Fe
rich substrate is mixed with the Ni base ® ller metal as
the dilution level increases. There is a slight deviation in
linearity for the Fe concentration values in Fig. 2 because
the Fe concentration of the ® ller metal is slightly different
from that of the substrate. In Fig. 3, the increase in dilution
leads to lower Mo and Nb concentrations in the weld metal.

The dilution level controls both the nominal weld metal
composition and, as will be discussed in more detail below,
the segregation potential of alloying elements in the weld.
Thus, careful control over dilution is required to control the
resultant corrosion resistance of the weld. It has previously
been demonstrated that the dilution is highly sensitive to
the welding parameters and will depend primarily on the

Table 3 Compositions (wt-%) for experimental alloys with
IN625 and IN622 ® ller metals as determined
using EPMA: values in parentheses represent
standard deviations

Dilution
level Fe Ni Cr Mo Nb Mn Si Other

IN625 ® ller
100% 46.9 23.5 21.6 6.2 0.0 0.3 0.3 1.2

(0.6) (0.4) (0.7) (0.4) (0.0) (0.0) (0.1) ¼

90% 41.9 25.2 21.5 6.7 0.2 0.4 0.3 3.8
(0.5) (0.3) (0.5) (0.4) (0.1) (0.0) (0.0) ¼

84% 39.3 28.4 21.4 6.4 0.5 0.4 0.2 3.3

(0.6) (0.3) (0.3) (0.5) (0.2) (0.0) (0.0) ¼
75% 33.8 33.6 21.1 6.8 1.1 0.4 0.1 3.2

(0.3) (0.8) (0.2) (0.2) (0.5) (0.0) (0.0) ¼
58% 26.4 38.6 21.0 7.6 1.5 0.3 0.2 4.4

(0.7) (0.5) (0.4) (0.4) (0.4) (0.1) (0.0) ¼

50% 22.1 43.7 21.0 7.7 2.0 0.3 0.1 3.1
(0.9) (0.2) (0.5) (0.3) (0.4) (0.0) (0.0) ¼

37% 20.2 45.2 21.0 7.7 2.2 0.4 0.2 3.2

(0.1) (0.7) (0.2) (0.1) (0.3) (0.0) (0.0) ¼
19% 10.6 54.5 20.0 8.2 2.9 0.3 0.1 3.4

(0.2) (0.5) (0.4) (0.2) (0.4) (0.0) (0.0) ¼

12% 7.7 57.0 20.5 8.4 3.3 0.3 0.2 2.5
(0.1) (0.4) (0.4) (0.3) (0.8) (0.0) (0.0) ¼

0% 4.6 61.4 20.4 8.5 3.5 0.2 0.1 1.3
(0.3) (1.2) (0.6) (0.4) (0.1) (0.0) (0.0) ¼

IN622 ® ller
100% 46.9 23.5 21.6 6.2 0.0 0.3 0.3 1.2

(0.6) (0.4) (0.7) (0.4) (0.0) (0.0) (0.1) ¼
78% 37.2 30.0 21.8 7.1 0.0 0.3 0.3 3.3

(0.4) (0.2) (0.4) (0.5) (0.0) (0.0) (0.0) ¼

65% 30.4 34.5 21.5 8.1 0.0 0.3 0.2 5.0
(0.6) (0.7) (0.5) (0.2) (0.0) (0.0) (0.1) ¼

50% 21.5 42 22.1 9.9 0.0 0.3 0.2 4.0
(0.6) (1.1) (0.5) (0.3) (0.0) (0.0) (0.1) ¼

43% 14.7 46.3 21.7 10.2 0.0 0.3 0.1 6.7
(1.0) (1.1) (0.8) (0.4) (0.0) (0.1) (0.1) ¼

22% 12.3 50.1 23.0 11.6 0.0 0.4 0.1 2.5
(0.6) (1.5) (0.8) (0.5) (0.0) (0.0) (0.0) ¼

10% 8.6 52.7 22.4 12.4 0.0 0.4 0.1 3.5
(0.4) (1.2) (0.9) (0.8) (0.0) (0.0) (0.0) ¼

0% 3.8 57.9 22.3 13.1 0.0 0.4 0.1 2.5

(0.3) (1.1) (1.3) (0.4) (0.0) (0.0) (0.0) ¼

1 Comparison of dilution levels as determined using both
chemical analysis and geometric calculations
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volumetric ® ller metal feedrate and arc power.
8

This is
shown in Fig. 4, where the geometric dilution level is

correlated with the ratio of the volumetric ® ller metal
feedrate Vfm to the net arc power g aP, where g a is the arc

ef® ciency (0.67 for the GTAW process
8
). For this plot only,

the actual dilution levels calculated from equation (3) were

used for alloys prepared with AL ± 6XN ® ller metal. The
dilution is controlled by the relative melting rates of the

® ller metal and base metal, which in turn are determined
by the distribution of arc power between the base metal

and ® ller metal. For example, as the ® ller metal feedrate is
increased for a ® xed arc power, the fraction of the arc power

used to melt the ® ller metal increases, and less power

remains for melting the substrate. Thus, the dilution level
decreases as less substrate melts and mixes with the ® ller

metal. Conversely, if the ® ller metal feedrate is decreased for
a ® xed arc power, then the fraction of arc power required to

melt the ® ller metal decreases, and the fraction of power
remaining to melt the base metal increases. Under this con-

dition, a larger amount of base metal melts and the dilution
level increases. These details (which have been quanti® ed

through process modelling in Ref. 8) account for the
observed trend shown in Fig. 4. Thus, dilution can be mini-

mised by maximising the volumetric ® ller metal feedrate to
net arc power ratio.

2 Bulk chemical information for major matrix elements
plotted as function of geometric dilution level for a
alloys with IN625 and b alloys with IN622

3 Bulk chemical information for minor elements plotted
as function of geometric dilution level for a alloys with
IN625 and b alloys with IN622

4 Geometric dilution level as function of ratio of volu-
metric ® ller metal feedrate to net arc power: for welds
prepared with AL ± 6XN ® ller, actual dilution levels
calculated from equation (3) were used
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Weld metal microstructures
Figure 5a shows a characteristic microstructure of the

dissimilar welds in cross-section, with the welding direction
normal to the plane of the paper. This particular image was
taken near the fusion line of a weld on AL ± 6XN prepared

with IN622 at a dilution level of 65%. There was a region
near the fusion line that etched differently from the rest

of the fusion zone (arrowed in Fig. 5a). This was observed
in all the dissimilar metal weld samples examined and may

be explained by a difference in composition or a change of
microstructural scale. The EPMA traces (Fig. 5b) obtained

across these regions showed that this was the combination
of the partially mixed zone and the unmixed zone. These

two regions are common in dissimilar welds as complete
mixing does not occur near the fusion line owing to the
presence of a stagnant boundary layer.6 In passing from

the substrate (`a’ in Fig. 5) into the homogeneous fusion
zone, where good mixing did occur (`b’ in Fig. 5), a gradual

transition in composition can be observed. The extent of the
unmixed zone was determined by observing the placement

of the microprobe during the trace on the actual micro-
structure. The size of these two zones generally increased

with increasing wire feed speed. Similar results have also
been obtained in other alloy systems.9

Figure 6 shows SEM images of the typical phases
observed in autogenous welds of AL ± 6XN and welds
prepared with the IN622 ® ller metal. In these welds, an

interdendritic phase having a globular morphology was
observed. Differential thermal analysis samples from welds

prepared with IN622 showed identical results. The inter-
dendritic phases in the DTA samples were larger because of
the lower cooling rates and could be analysed using EPMA.
Typical results are given in Table 4. The composition of
this phase is consistent with the sigma ( r ) phase com-

monly observed in welds of AL ± 6XN.
1 0

As this phase is
commonly found in AL ± 6XN and in IN622, it is not
unexpected to ® nd it in the present set of dissimilar
welds.1 0 ,1 1 Note that the sigma phase is high in Cr and very
high in Mo.

Figure 7 shows SEM images of the typical phase morpho-
logies observed in welds prepared with the IN625 ® ller.
There were two types of phase observed in these welds ±
one often referred to in the literature as a `Chinese script’

morphology (Fig. 7a), and one having a eutectic type
morphology (Fig. 7b).

1 2 ,1 3
The DTA samples exhibited

secondary phases with similar morphologies, but the phases
were not suf® ciently large to obtain accurate quantitative
information using EPMA. Qualitative energy dispersive

5 a light optical micrograph of dissimilar metal weld
(65% dilution, with IN622) near fusion line, showing
region that etched differently from rest of structure
(as indicated by arrows), and b electron probe micro-
analysis (EPMA) trace through structure shown in a,
showing various zones found in weld: trace in b is not
to scale with image in a

6 Characteristic morphologies of secondary phases
observed in interdendritic regions of a autogenous
weld of AL ± 6XN and b welds prepared with IN622
(SEM)

Table 4 Compositions (wt-%) for second phases found
within interdendritic region of dissimilar metal
weld samples after differential thermal analysis:
compositions determined via EPMA (values in
parentheses represent standard deviations)

Fe Ni Cr Mo Nb Mn Si Other

31.1 14.9 25.5 25.9 0.0 0.3 0.4 1.9
(1.5) (0.3) (1.1) (2.4) (0.0) (0.0) (0.0) ¼
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spectroscopy (EDS) results collected from the phases
exhibiting the Chinese script and eutectic type morphology
are shown in Fig. 8a and b, respectively. Note that the
Chinese script phase is very high in Nb. It has been well
established that Nb bearing superalloys terminate solidi® -
cation by the formation of a NbC phase having this Chinese
script morphology and a c /Laves constituent that exhibits
a eutectic type morphology.

1 2 ,1 4 ,1 5
This is consistent with

the SEM images and EDS spectra shown in Figs. 7 and 8.
More detailed analysis of these phases will be presented in a
future report. Quantitative image analysis was conducted to
determine the total amount of secondary phase within the
fusion zones. Figure 9 shows that as the geometric dilution
level decreased the amount of secondary phase increased
for welds prepared with IN625, but remained relatively
constant for samples prepared with IN622.

Elemental segregation
To investigate the segregation patterns that occurred upon
solidi® cation, EPMA traces were conducted across the
dendritic substructures found within the fusion zone of
the welds. Figures 10 ± 12 show typical EPMA traces and
the corresponding areas that were analysed. For most
welds, 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 segregate to the
liquid.

Electron probe microanalysis 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

a

b

a `Chinese script’ morphology; b eutectic type morphology

8 Energy dispersive spectra collected from a NbC and b
Laves phases in welds prepared with IN625

9 Total amount of secondary phase measured in fusion
zone for both sets of dissimilar metal welds, plotted as
function of geometric dilution level
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indication that melting had occurred, but EPMA traces

showed that the nominal Mo content is identical to that of
the base metal (Fig. 5b), and thus no mixing with the ® ller

metal occurred. On welds prepared with the AL ± 6XN base
metal, the scans across the unmixed zone showed that

the dendrite Mo core concentration was identical to that in
the fusion zone of an autogenous weld on AL ± 6XN, i.e. the

scans were similar to that shown in Fig. 10b. This is an
important observation which indicates that, regardless of

the ® ller metal composition, an unmixed zone will always
exist which contains dendrite core concentrations equiva-
lent to that of an autogenous weld. Thus, it is not possible

to increase the core composition of the dendrites in the

unmixed zone.
The EPMA data are summarised in Figs. 13 and 14,

which show the Mo and Nb nominal and dendrite core

compositions for all the welds. For both sets of data, as the
dilution level increased, both the nominal and dendrite core

compositions of Mo and Nb decreased. Also included in
Fig. 13b are the dendrite core compositions from two DTA

samples extracted from welds prepared with IN622. These
samples were analysed to assess the potential for back

diffusion of Mo toward the dendrite cores during the lower
cooling rate DTA conditions. It is interesting to note that,

although the DTA samples were solidi® ed at a rate of only
20 K min ­ 1 (i.e. a signi® cantly lower cooling rate than

for the welds), the Mo core concentrations are essentially
equivalent to those in the welds of identical nominal com-
positions. Thus, the Mo core concentration is essentially

independent of cooling rate within the range of cooling
considered in the present work.

This cooling rate independence of microsegregation stems
from the offsetting effects of increasing solidi® cation time
and increasing diffusion distance that occur with decreasing

cooling rate. As the cooling rate decreases, there is more
time available for back diffusion down the concentration
gradient towards the dendrite core. However, the length of
the concentration gradient (i.e. the distance over which the
solute must diffuse to eliminate the concentration gradient)
also becomes larger owing to an increase in cell size with
decreasing cooling rate. Thus, these two effects tend to

offset each other, and the experimental data suggest that
the potential for back diffusion is essentially cooling rate
independent under the range of cooling rate investigated in
the present work for DTA and arc welding. (It should be
noted that, at higher cooling rates typical of high energy
density welding processes, dendrite tip undercooling can
occur, which enriches the core composition and has the
effect of reducing microsegregation. This effect is not con-

sidered here.)
Under conditions in which solid state diffusion is

negligible, the EPMA data can be used to determine the
distribution coef® cient k of each alloying element via the

relationship

k~Ccore=Co : : : : : : : : : : : : : : (4)

where Cc o re is the dendrite core composition and Co is the

nominal composition. This provides a measure of k at the
start of solidi® cation. The k values of the major alloying
elements for the welds investigated are presented in Tables 5
and 6. These values are important from a corrosion per-
spective because they dictate the dendrite core composition
of the weld. A k value near unity indicates that the element

a analysed area (SEM); b microprobe trace

10 Characteristic segregation pattern observed for dendri-
tic substructure of autogenous weld of AL ± 6XN

a analysed area (SEM); b microprobe trace

11 Characteristic segregation pattern observed for dendri-
tic substructure of dissimilar metal weld with IN625,
58% dilution level
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will show little tendency to segregate and the core

composition will be close to the nominal composition.
The lower the k value, the lower the dendrite core

concentration of that element.

13 Nominal and dendrite core Mo concentrations for as
welded structures and two differential thermal analysis
samples as function of geometric dilution level for a
alloys with IN625 and b alloys with IN622

14 Nominal and dendrite core Nb compositions for as
welded structures as function of geometric dilution
level for alloys with IN625

a analysed area (SEM); b microprobe trace

12 Characteristic segregation pattern found for dendritic
substructure of dissimilar metal weld with IN622,
43% dilution level

Table 5 Partition coef® cient values for dissimilar metal
welds with IN622 ® ller metal

Geometric dilution level

Element 100% 78% 65% 50% 43% 22% 10% 0%

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 6 Partition coef® cient values for dissimilar metal
welds with IN625 ® ller metal

Geometric dilution level

Element 90% 84% 75% 58% 50% 37% 19% 12% 0%

Fe 1.09 1.08 1.10 1.12 1.08 1.10 1.09 1.15 1.05
Ni 1.06 1.03 1.04 1.09 1.07 1.06 1.05 1.05 1.03

Cr 0.97 0.91 0.90 0.95 0.84 0.91 0.90 0.93 0.95
Mo 0.73 0.77 0.75 0.76 0.77 0.79 0.85 0.85 0.86
Nb 0.05 0.20 0.15 0.27 0.32 0.40 0.45 0.39 0.45

Mn 0.87 0.89 0.84 0.82 0.83 0.85 0.77 0.83 0.81
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It can be seen that all the matrix elements (Fe, Ni, Cr)
show little tendency for segregation during solidi® cation
(k values close to unity). Since their values are larger than
unity, Fe and Ni segregate to the solid, whereas Cr par-
titions to the liquid. The k values for Mo are relatively low
and lie in the range 0.65 ± 0.86. These values are in good
agreement with other reported kM o values in similar alloy
systems.1 As shown in Fig. 15, the Mo partition coef® cient
decreases as the Fe content in the weld increases (i.e. as the
dilution level increases). A similar trend is observed for Nb
as shown in Fig. 16. These effects are controlled by the
in¯ uence 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.1 6

These diagrams indicate that the maximum solid solubility
of Mo in c -Ni is 35 wt-% (at 1200°C), whereas a maximum
of only 2.9 wt-%Mo can be dissolved in c -Fe (at ~1150°C).
A similar trend is observed for Nb, where the maximum
solid solubility of Nb in c -Ni is 18.2 wt-% (at 1286°C),
whereas it is only 1.3 wt-% at a similar temperature
(1210°C) in c -Fe. Based upon these observations, Fe addi-
tions to Ni base alloys will decrease the solubility of Mo and
Nb in austenite. Thus, as the Fe rich dendrites form, the
decreased solubility will reduce the amount of Mo and Nb
dissolved in the ® rst solid, and increased segregation to the
liquid will occur. The general trend of decreasing k values
for Mo and Nb with increasing Fe content (Figs. 15 and 16)
con® rms 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 ® ller metal feed speed (Fig. 4),
the segregation potential of Mo and Nb will be indirectly
affected by the welding parameters.

Signi® cance of results
The present results are important from a corrosion
perspective. It has been established that the Mo depleted
dendrite cores are susceptible to preferential corrosion
attack.3 ± 6 Overalloying with high Mo ® ller metals provides
a method for increasing the core composition and poten-
tially restoring the corrosion resistance of the weld.
Although the nominal weld composition may be high in
Mo, the present results show that the dendrite core Mo
concentration can be signi® cantly lower than the nominal
composition. In addition, the segregation potential is a
function of the nominal weld metal composition, which, in
turn, is very sensitive to the welding parameters. Therefore,

it is recommended that dilution of the high Mo ® ller metal
by the AL ± 6XN substrate be minimised. Minimising the
dilution will have two bene® cial effects. First, it will maxi-
mise the nominal Mo concentration in the weld, and second,
it will restrict the segregation potential of Mo (and Nb).
Dilution can be minimised by maximising the volumetric
® ller metal feedrate to net arc power ratio. However, there
exists an area in the fusion zone where complete melting
occurs, but mixing between the ® ller metal and substrate
material does not occur. This unmixed zone is located near
the fusion line and forms as a result of the presence of a
stagnant boundary layer, as shown in Fig. 5. As a result,
dendrite core Mo concentrations are expected to be lowest
in these areas as the Mo content is not enriched from the
® ller metal.

SUMMARY
Dilution and microsegregation patterns in dissimilar metal
welds between AL ± 6XN and IN625 and IN622 were inves-
tigated. From this work, it has been shown that the dilution
level and resultant weld metal composition will depend
on the volumetric ® ller metal feedrate and net arc power.
Maximising the ratio of volumetric ® ller metal feedrate to
net arc power will minimise the weld metal dilution level.
Additions of Fe to the weld decrease the solubility of Mo
and Nb in austenite. As a result, the distribution coef® ci-
ents of Mo and Nb decrease with increasing Fe content
of the weld. This, in turn, produces lower dendrite core
concentrations. The Mo core composition is essentially
independent of cooling rate over the cooling rate conditions
considered in the present work (i.e. those characteristic
of arc welding and DTA) owing to the offsetting effects
of increased diffusion time and increased length of the
concentration gradient that occur with decreasing cooling
rate. Minimising the weld metal dilution level will be useful
for maintaining corrosion resistance in the weld by maxi-
mising the nominal Mo concentration in the weld and
minimising the segregation potential of Mo. However, an
unmixed zone will always exist near the fusion line that
has the same dendrite core composition as that of an
autogenous weld in AL ± 6XN.
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