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Solidification modeling results are utilized to relate fusion zone
composition to mushy zone characteristics and resultant

solidification cracking susceptibility in Alloy 20Cb-3

ABSTRACT. The solidification behavior
and fusion zone solidification cracking
response of Alloy 20Cb-3 was investi-
gated by Varestraint testing, differential
thermal analysis (DTA) and microstruc-
tural characterization techniques includ-
ing light optical microscopy (LOM),
scanning electron microscopy (SEM) and
electron probe microanalysis (EPMA).
Autogenous 20Cb-3 welds were evalu-
ated, along with composite fusion zones
prepared with 20Cb-3 base metal and
INCO 112 filler metal. The 20Cb-3 alloy
initiated solidification by a primary L →
γreaction and completed solidification at
~1300°C (2372°F) by a eutectic-type L →
(γ + NbC) transformation. The composite
20Cb-3/INCO 112 fusion zone also ex-
hibited the primary L → γ and eutectic-
type L → (γ + NbC) reactions, but
solidification did not terminate until
1223°C (2233.4°F), with a second
eutectic-type reaction consisting of L →
(γ + Laves). The solidification paths of
each fusion zone composition were cal-
culated and plotted on a γ-Nb-C pseudo-
ternary liquidus projection as an aid to
understanding the influence of alloy
composition on the progression of solid-
ification transformations, and the pre-
dicted results were in good agreement
with the experimentally determined
solidification reaction sequences. Both
the autogenous 20Cb-3 and composite
20Cb-3/INCO 112 fusion zones exhib-
ited a higher degree of solidification
cracking susceptibility than 304 stainless
steel. The 20Cb-3/INCO 112 composite
fusion zone displayed the highest crack-
ing propensity. A recently developed
model was utilized to calculate the vari-
ation in fraction liquid with distance
within the crack-susceptible solid + liq-
uid (mushy) zone for each fusion zone

composition. The modeling results di-
rectly showed that the presence of the
low temperature L → (γ + Laves) reaction
in the 20Cb-3/INCO 112 fusion zone
extended the mushy zone out to large
distances, thus accounting for the higher
crack lengths observed in this composite
fusion zone sample during Varestraint
testing. These results were used to un-
derstand the relation between fusion
zone composition, solidification behav-
ior and the resultant solidification crack-
ing response.

Introduction

Alloy 20Cb-3 is a high-Ni austenitic
stainless steel stabilized with Nb addi-
tions and is utilized for aggressive corro-
sion environments in the chemical and
process industries. Because of the high
Ni content, the weld metal solidifies in
the fully austenitic mode and is, there-
fore, prone to solidification cracking
(Ref.1). In applications where filler metal
is utilized, the alloy was originally
welded with the 320 class filler metals, in
which no special effort was placed on
control of minor elements. Subsequent
work by Brown, et al. (Ref. 1), showed
that the cracking resistance of welds in
20Cb-3 increased when 320 electrodes
were used with reductions in Nb, Si and

P, along with increases in Mn. This work
led to the development of a 320LR elec-
trode, in which these elemental concen-
trations were controlled for improved
weldability.

The solidification cracking suscepti-
bility of fully austenitic weld metal de-
pends on the solidification temperature
range and terminal solidification events
that occur at the grain boundaries and in-
terdendritic regions (Refs. 2, 3). This is
particularly true for austenitic alloys con-
taining Nb, which are known to form Nb-
rich phases such as NbC and Laves at the
terminal stages of solidification (Refs.
4–6). These secondary solidification
phases typically form in a eutectic-type
morphology with the austenite matrix. Of
the two possible phases that can form,
the Laves phase is known to be more
detrimental because it forms at a lower
temperature and, thus, widens the solid-
ification temperature range (Refs. 4, 7).
The propensity for forming each type of
constituent (i.e., NbC and/or Laves) and
the resultant solidification cracking sus-
ceptibility is highly dependent on the
nominal alloy composition (Refs. 4, 8).
However, no published data are avail-
able that link the solidification behavior
of Alloy 20Cb-3 to solidification cracking
susceptibility. Thus, in this work, Vare-
straint weldability evaluations are
combined with microstructural charac-
terization and differential thermal analy-
sis results to establish an understanding
of solidification behavior/hot cracking
relations of Alloy 20Cb-3.

Experimental Procedure

Materials

Table 1 lists the chemical composi-
tions of the base metals and shielded
metal arc welding (SMAW) electrodes
utilized in this work. All of the measured
compositions are within the values spec-
ified for these alloys. The base metals
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were received in the mill-annealed con-
dition. The 3.2-mm-thick base metal
samples were used for autogenous Vare-
straint tests, while the 7.9-mm-thick base
metals were utilized for preparation of
composite Varestraint samples, as ex-
plained below. Two electrodes were
evaluated: E320LR and INCO 112 (AWS
ENiCrMo-3). The E320LR is typically
used in SMAW applications for Alloy
20Cb-3, while the INCO 112 was evalu-
ated as part of a program to investigate
the use of high-Mo electrodes for im-
proved corrosion resistance. The elec-
trode compositions listed represent the
core wire (i.e., flux was removed for the
analysis). It should be noted that the final
weld metal composition depends on the
core wire composition, the flux compo-
sition, the base metal composition and
the extent of dilution between the base
metal and filler metal. Thus, as described
below, the actual weld metal composi-
tion was determined directly through
electron probe microanalysis to account
for these factors. Each electrode type had
a 3.2-mm diameter.

Varestraint specimens of 165 mm
length x 25 mm width were prepared
from the 3.2-mm-thick sheet for autoge-
nous weldability evaluations. As shown

schematically in Fig. 1, composite spec-
imens were prepared with the 7.9-mm-
thick plate and two electrode types by
first depositing single-pass welds along
the center of 25-mm-wide samples under
the following SMAW parameters: 120 A,
25 V, 3 mm/s travel speed and 10-deg
electrode angle. The SMAW process was
conducted semiautomatically. Travel
speed and electrode angle were con-
trolled by an automated travel carriage,
and electrode feed rate was controlled by
a manual screw feeder. This procedure
produced welds of uniform and repeat-
able width. After welding, the plates
were cold-straightened and the weld
crown machined just flush with the plate
surface. The reverse side of the plate was
then machined to achieve a 3.2-mm-
thick specimen for Varestraint tests.

Weldability Evaluations

Varestraint tests (Refs. 9, 10) were
conducted for each sample type (20Cb-3
autogenous, 20Cb-3/E320LR, 20Cb-3/
INCO 112) over an applied strain range
of 0.74% to 2.5%. The maximum strain
of 2.5% was selected on the basis of a
large number of tests at varying stain lev-

els (conducted using essentially identical
testing equipment, welding conditions
and weld sizes) on a range of alloys with
similar solidification characteristics and
solidification microstructures (Refs. 6,
11, 12). These results have shown that in
these test conditions, for alloys that so-
lidify over similar temperature ranges
and exhibit maximum crack length
(MCL) values spanning the range ob-
served in this study, the MCL is generally
saturated at the 2.5% strain level. At
these strain levels, it is normally expected
that cracking will span a major fraction
of the mushy zone. The gas tungsten arc
welding (GTAW) process was used with
the following parameters: 100 A, 8.5 V,
3 mm/s travel speed, 3.2-mm-diameter
2% thoriated tungsten with a 60-deg
tip angle and argon shielding gas. The
20Cb-3/E320LR and 20Cb-3/INCO 112
composite samples were lightly etched
and cleaned in acetone prior to the tests,
to accurately center the tungsten elec-
trode on the composite fusion zone. With
this procedure, the GTA weld utilized for
the Varestraint tests was contained com-
pletely within the previous weld de-
posited by the SMAW process. MCL was
used as the indicator of cracking suscep-
tibility and was measured at 100X, using

Table 1 — Chemical Compositions of Base Metals and Filler Metals (All values in wt-%)

Base Metals SMAW Electrodes

20Cb-3 20Cb-3
Element 7.9-mm-Thick 3.2-mm-Thick 304 SS E320LR INCO 112

Fe 40.49 40.18 Bal. 37.61 1.19
Ni 33.12 33.24 9.30 33.48 64.40
Cr 19.89 19.88 18.50 20.18 20.72
Mo 2.01 2.08 — 2.25 8.41
Nb 0.48 0.49 — 0.31 3.81
Cu 3.21 3.26 — 3.22 0.03
Mn 0.39 0.51 0.93 1.78 0.03
Si 0.25 0.28 0.32 0.10 0.25
C 0.010 0.033 0.04 0.008 0.019
P 0.015 0.016 0.011 0.015 0.017
S 0.004 0.004 0.002 <0.001 0.001

Fig. 1 — Schematic illustration of 20Cb-3/INCO 112 composite Varestraint sam-
ple containing original SMA weld and subsequent GTA autogenous weld. Fig. 2 — Varestraint weldability results.



a light optical microscope (LOM) inter-
faced with a quantitative image analysis
(QIA) system.

Differential Thermal Analysis (DTA)

A small sample of all-weld-metal was
removed from the 20Cb-3/INCO 112
SMAW fusion zone for differential ther-
mal analysis, by electro-discharge ma-
chining. The cross-sectional dimensions
required to obtain an all-weld-metal
deposit were determined metallographi-
cally. The 3.2-mm-thick 20Cb-3 base
metal was also evaluated by DTA. The
DTA was conducted on a Netzsch STA
409 thermal analyzer, using argon cover
gas and an alumina crucible. The sample
size was ≈0.65 gram and pure Ni was
used as the reference material. The sam-
ples were heated to 1440°C (2624°F) at
a rate of 5°C (9°F)/min, at which point
they were completely molten. The sam-
ples were then cooled at 20°C (36°F)/min
through the solidification temperature
range. The weight of the sample was
simultaneously monitored by a thermo-
gravimetric balance to ensure that no
weight change occurred during the test.

The DTA system was calibrated by deter-
mining the melting temperature of pure
Ni and was found to be within 2°C
(3.6°F) of the literature value. Consistent
with previous work on similar alloy sys-
tems, reaction temperatures were taken
as deviations from the local baseline
(Refs. 4–7).

Microstructural Characterization

Specimens were removed from the
Varestraint samples for microstructural
characterization by light optical mi-
croscopy (LOM) and scanning electron
microscopy (SEM). The samples were
mounted in planar view to examine the
solidification cracks, which intersected
the sample surface. All samples were pol-
ished to a 0.04-µm finish using colloidal
silica and electrolytically etched at ≈3 V
in a 10% chromic acid/90% water solu-
tion. SEM was conducted at 30 kV in the
secondary electron mode on carbon-
coated samples with a JEOL 6300 field
emission gun high-resolution micro-

scope. The area fraction of minor con-
stituent in the welds was determined on
a LECO 2001 QIA system. Area fraction
was assumed to be equal to volume
fraction.

A 20Cb-3 autogenous Varestraint
sample and a 20Cb-3/INCO 112 com-
posite sample were examined in more
detail by electron probe microanalysis
(EPMA). The 20Cb-3/INCO 112 com-
posite specimen was examined in the
as-deposited condition (i.e., before ma-
chining flush with the base metal surface)
to obtain an EPMA trace across the entire
fusion zone. The objective of this broad
trace was to determine the extent (if any)
of macrosegregation within the fusion
zone of the dissimilar metal weld. For this
EPMA trace, the electron beam was
scanned over an area of 415 µm2 to
smooth out effects from dendritic micro-
segregation and provide an average com-
position for the relatively large scan area.
This scan was conducted from the fusion
line to the surface of the weld. Localized
composition gradients due to dendritic
microsegregation were also investigated
(i.e., with no beam raster). This was ac-
complished by marking small areas of
parallel dendrites on polished and
etched samples with a precision micro-
scope scribe. The EPMA samples were
then re-polished to a 0.04-µm finish and
carbon coated. EPMA was conducted on
a JEOL 733 microprobe equipped with
four wavelength-dispersive spectrome-
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(A)

(B)

(A)

(B)

(A)

(B)

NbCNbC

NbCγ/ Laves

250 µm

250 µmFig. 3 — DTA cooling curves for: A — 20Cb-3;
B — 20Cb-3/INCO 112 composite fusion
zone sample. Fig. 4 — Light optical photomicrographs of

typical solidification cracks induced by the
Varestraint tests in: A — 20Cb-3 autogenous
fusion zone; B — 20Cb-3/INCO 112 compos-
ite fusion zone.

Fig. 5 — Scanning electron photomicrographs
of solidification crack tips in: A — 20Cb-3
autogenous fusion zone; B — 20Cb-3/INCO
112 composite fusion zone.
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ters. The microscope was operated at an
accelerating voltage of 15 kV and beam
current of 20 nA. Under these conditions,
the interaction volume of the EPMA
technique is approximately 1 µm3. Com-
position traces were performed perpen-
dicular to several cellular dendrites. The
Kα lines were used for all elements ana-
lyzed, except Mo and Nb, where Lα lines
were used. Raw data were reduced to
weight percentages (wt-%) using a ZAF
algorithm. EPMA was conducted on sec-
ond-phase particles in the DTA speci-
mens by the same procedure.

Results

Weldability

Figure 2 shows the Varestraint results.
As a basis for comparison, data are also
shown for 304 stainless steel evaluated
under identical conditions. As shown in
Table 1, the 304 stainless steel used here
for comparison contained 0.04 C, 9.3 Ni
and 18.5 Cr (in wt-%). At this composi-
tion, the WRC diagram predicts a pri-
mary ferrite solidification mode, which
leads to the excellent solidification
cracking resistance displayed in Fig. 2.
The 20Cb-3 type samples evaluated here
all show a greater solidification cracking
tendency than the 304 stainless steel. The
20Cb-3 autogenous and 20Cb-3/E320LR

samples show similar levels of weldabil-
ity, while the 20Cb-3/INCO 112 com-
posite fusion zone shows the highest
cracking susceptibility. The similarity in
weldability for the 20Cb-3 and 20Cb-3/
320LR is not surprising, considering the
similarity in the 320LR and 20Cb-3 com-
positions; therefore, the 20Cb-3/320LR
results will not be discussed further.

Differential Thermal Analysis

Figures 3A and 3B show DTA cooling
curves acquired on the 20Cb-3 and
20Cb-3/INCO 112 composite samples,
respectively. The DTA curve for the
20Cb-3 alloy exhibits a large exothermic
peak at 1408°C (2566.4°F), which is as-
sociated with formation of the primary
austenite dendrites. No secondary solid-
ification reaction was identified on the
DTA trace. The DTA curve for the 20Cb-3/
INCO 112 composite fusion zone sample
exhibits a large exothermic peak at
1376°C (2508.8°F) from solidification of
the primary austenite dendrites, and so-
lidification is completed at 1223°C by a
terminal solidification reaction.

Microstructural Characterization

Figure 4 presents LOM photomicro-
graphs of typical solidification cracks in-
duced by the Varestraint tests. Higher

magnification SEM photographs of these
crack tips are shown in Fig. 5. The cracks
always coincided with second phases lo-
cated at the grain boundary and inter-
dendritic regions. The 20Cb-3/INCO 112
composite fusion zone also exhibited
small amounts of this globular phase in
addition to a secondary phase that ex-
isted in a eutectic-type morphology with
the austenitic matrix. The following val-
ues of vol-% second phase were mea-
sured on 20 random fields of each weld
metal: 20Cb-3 autogenous – 0.9%
± 0.2%; 20Cb-3/INCO 112 – 3.3%
± 0.3%. In the 20Cb-3 autogenous fusion
zone, this measurement represents only
the amount of the isolated second-phase
particles. In the 20Cb-3/INCO 112 sam-
ple, this value represents the amount of
the isolated second-phase particles plus
the eutectic constituent.

The EPMA trace conducted from the
20Cb-3/INCO 112 weld interface area to
weld surface (with the electron beam
scanned over an area of 415 µm2) is pre-
sented in Fig. 6. A relatively narrow tran-
sition zone (TZ in Fig. 6A) of ≈400 µm
exists where the composition varies from
the 20Cb-3 base metal to that of the
20Cb-2/INCO 112 fusion zone. After this
region, the fusion zone composition is
fairly constant with distance. This indi-
cates that good mixing occurs in the liq-
uid state between the 20Cb-3 base metal

(A)

(B)

(A)

(B)

(A)

(B)

Fig. 6 — Electron microprobe composition
trace conducted from the 20Cb-3/INCO 112
weld interface area to weld surface (with the
electron beam scanned over an area of 415
µm2).

Fig. 7 — Electron microprobe composition
trace conducted across several dendrites in
the 20Cb-3 autogenous fusion zone.

Fig. 8 — Electron microprobe composition
trace conducted across several dendrites in
the 20Cb-3/INCO 112 composite fusion zone.
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and INCO 112 electrode, so that macro-
scopic concentration gradients in the
weld are not significant. This result has
also been reported in previous work on
welds deposited by consumable elec-
trode processes (Refs. 5, 13). Thus, the
EPMA data can be used to determine a
bulk fusion zone composition. This is
presented in Table 2, where the average
of EPMA values collected after the
1000 µm position in Fig. 6 are listed.

From the values listed in Table 2, an av-
erage dilution value of 0.55 ± 0.05 was
determined. The dilution was calculated
by

where E represents the concentration of
each element in the fusion zone (fz), filler
metal (fm) and base metal (bm). The dilu-
tion value determined above from EPMA
data is in good agreement with the mea-
sured cross-sectional areas of the melted
base metal, Abm, and deposited filler metal
Afm, [Dilution = Abm/(Abm + Afm)], which
yielded a value of 0.50. The dilution value
from Equation 1, in turn, can be used to
estimate the carbon content in the fusion
zone from knowledge of the base metal
and filler metal composition and is also
listed in Table 2. As explained in the next
section, the carbon content in the fusion
zone plays a key role in the fusion zone
microstructural development and solidifi-
cation cracking response of these alloys,
but when present in such low concentra-
tions, its concentration cannot be accu-
rately determined experimentally by
EPMA techniques. Thus, the dilution
value is useful for estimating the fusion
zone carbon content. Estimated values of
the phosphorus and sulfur concentration
in the fusion zone are also provided in
Table 2, since these elements can be im-

portant from a solidification cracking per-
spective.

Figures 7 and 8 are EPMA traces con-
ducted across several dendrites in the
20Cb-3 autogenous and 20Cb-3/INCO
112 weld metals, respectively. As an ex-
ample, Fig. 9 shows a region of parallel
dendrites that were analyzed by EPMA.
Typical examples of dendrite core and in-
terdendritic areas are noted in the EPMA
composition traces. For each weld metal
type, the dendrite cores are significantly
depleted in Mo and Nb. The elements Ni
and Cr show very little tendency for
microsegregation, while the Fe segre-
gates moderately in the opposite direc-
tions of Nb and Mo (i.e., to the dendrite
core regions). The behavior of Cu varies.
In the Fe-rich 20Cb-3 weld metal, Cu
segregates to interdendritic areas rather
strongly. In the Ni-rich 20Cb-3/INCO
112 weld, Cu segregates only slightly.

The DTA samples exhibited charac-
teristics similar to the welds where sec-
ond phases formed in the interdendritic
areas. However, as shown in Fig. 10, the
second-phase particles were larger due
to the slower cooling rates. The 20Cb-3
DTA sample exhibited an isolated sec-
ondary phase — Fig. 10A. The 20Cb-3/
INCO 112 sample also exhibited this iso-
lated phase, in addition to a large blocky
phase that existed in a eutectic-type ar-
rangement with the austenite matrix. The
eutectic morphology was not as well de-
veloped in the DTA sample shown in Fig.
10B as the weld metal sample shown in
Fig. 5B, because of the slower cooling
rate of the DTA sample. The size of the
secondary phases in the DTA specimens
were large enough (≈5– 15 µm) to permit
chemical analysis by EPMA (resolution
≈1–2 µm), and typical results for each of
the phases observed are summarized in
Table 3. The Nb content of the isolated
second phase in each fusion zone (87
wt-% Nb) is consistent with the NbC
phase, which is well known to form
during solidification of austenitic alloys

containing Nb and C (Refs. 4, 6, 7, 14,
18). The second phase observed in a
eutectic morphology with the austenite
matrix, which was found only in the
20Cb-3/INCO 112 fusion zone, had a Nb
content of 23.5 wt-%, consistent with the
Laves (A2B) phase. As with the NbC
phase, it is well established that Laves
forms as a secondary solidification con-
stituent in Nb-bearing austenitic alloys
(Refs. 4, 6, 7, 14, 18).

Discussion

Solidification

The two fusion zone compositions
evaluated in this work (20Cb-3 and 20Cb-
3/INCO 112) exhibit two types of solidifi-
cation sequences that are similar to those
expected in the simple ternary Ni-Nb-C
system (Ref. 15) and recent work con-
ducted on a wide range of experimental
multicomponent Nb-bearing superalloys
(Ref. 8). The liquidus projection for the
Ni-Nb-C system is shown in Fig. 11. The
projection exhibits three primary-phase
fields that are of interest here: γ, NbC and
Ni3Nb. A primary C (graphite) phase field
exists at high C contents, which is not of
importance. Additions of Fe, Cr and Si to
the Ni-Nb system are well known to pro-
mote Laves at the expense of Ni3Nb in
commercial superalloys, as well as the
experimental alloys utilized in this work
(Refs. 16,17). Thus, by replacing Ni3Nb
with Laves, the Ni-Nb-C liquidus projec-
tion can be utilized as a guide in devel-
oping a description of the solidification
reactions in these alloys.

The 20Cb-3 alloy initiates solidifica-
tion by formation of primary austenite
dendrites (large exothermic peak in the
DTA cooling curves). As explained in de-
tail below and documented for other
austenitic alloys containing Nb and C
(Refs. 6–8, 18), the distribution coeffi-
cients (k) for Nb and C are less than unity,
indicating that these elements preferen-
tially segregate to the liquid during solid-
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Table 2 — Chemical Composition of 20Cb-3/
INCO 112 Fusion Zone as Determined by
EPMA Data in Fig. 6 (All values in wt-%)

Average Fusion Zone
Element Composition

Fe 24.0 ± 0.9
Ni 46.3 ± 1.0
Cr 20.2 ± 0.1
Mo 5.20 ± 0.1
Nb 2.20 ± 0.1
Cu 1.70 ± 0.1
Mn 0.41 ± 0.1
Si 0.36 ± 0.1
C(a) 0.014
P(a) 0.016
S(a) 0.003

(a) Calculated from an average dilution of 0.55.

Table 3 — Typical EPMA Results of NbC and Laves Second Phases Observed in 20Cb-3
Autogenous and 20Cb-3/INCO 112 DTA Samples (All values in wt-%)

NbC Observed in 20Cb-3
Autogenous Weld and Laves Observed in

20Cb-3/INCO 112 20Cb-3/INCO 112
Element Composite Fusion Zone Composite Fusion Zone

Fe 1.00 12.4
Ni 1.20 31.6
Cr 1.10 12.4
Mo 0.30 16.6
Nb 87.0 23.5
Si 0.70 2.80
Cu 0.25 0.40



ification. Thus, the interdendritic liquid
becomes enriched in Nb and C during
the primary L → γsolidification stage. Ev-
idence of this behavior for Nb is obvious
in the EPMA traces shown in Figs. 7 and
8, where the interdendritic regions are
Nb-rich compared to the dendrite cores.
This process continues until the primary
solidification path intersects the line of
twofold saturation separating the γ and
NbC phases on the liquidus surface. At
this point, the γ and NbC phases begin
forming simultaneously from the liquid
by a L → (γ + NbC) eutectic-type reac-
tion. For the 20Cb-3 alloy, solidification
is terminated with this reaction, since no
other secondary phase was identified in
the DTA sample. There is only a small
amount of NbC (0.9 vol-%) that forms in
this alloy. At this low quantity, there is in-
sufficient heat released during the reac-
tion to permit identification of the L → (γ
+ NbC) transformation in the DTA cool-
ing curve.

The start of solidification is similar for
the 20Cb-3/INCO 112 composite fusion
zone, where the primary L → γ stage of
solidification induces progressive enrich-
ment of Nb and C in the interdendritic
liquid, until the L → (γ + NbC) reaction
occurs. However, for this fusion zone
composition, solidification does not ter-
minate with this reaction. Instead, the in-
terdendritic liquid continues to be
enriched in Nb (and depleted in C) until
the L → (γ + Laves) reaction occurs, at
which point solidification is complete.
As with the 20Cb-3 sample, the NbC
forms in very small amounts and, there-
fore, cannot be detected by the DTA. The
solidification behavior of these alloys
can be understood in more detail with
the aid of a recently developed pseudo-
ternary γ-Nb-C solidification model (Ref.
8). The model requires several key input
parameters — equilibrium distribution
coefficients, k, for the solutes Nb and C,
a liquidus surface to identify the lines of
twofold saturation separating primary
phase fields and appropriate solute re-
distribution relations — that describe so-
lute transport in the liquid and solid
during solidification.

Cieslak, et al. (Ref. 18), have previ-
ously determined the distribution coeffi-
cient for C, kC, by DTA techniques in
alloy IN625 and found that kC = 0.21.
Considering the similarity in composi-
tion between IN625 and the pertinent al-
loys in this study, and that each alloy
solidifies as primary austenite, this value
should serve as a good estimate for the
segregation potential of C in the alloys of
interest to this work. The EPMA data can
be used with simple solidification con-
cepts to determine values for kNb. It has
been noted (Ref. 6) that the diffusion of
Nb and other solid-solution alloys in

austenite is negligible; therefore, solute
redistribution can be described with the
Scheil equation as

where Cs
* is the solid composition at the

solid/liquid interface, Co is the nominal
composition, k is the equilibrium distri-
bution coefficient and fs is the fraction
solid. Equation 2 assumes that solid-state
diffusion and dendrite tip undercooling
are insignificant, equilibrium is main-
tained at the solid/liquid interface and
there is complete mixing in the liquid. At
the start of solidification, fs = 0 and k =
Ccore/Co, where Ccore is the composition
at the dendrite core, at which the first
solid forms from liquid at the nominal
concentration. The dendrite core com-
positions, nominal compositions and k
values for the major alloying elements
are summarized in Table 4.

As previously noted, the major alloy-
ing elements (Fe,Ni,Cr) show little ten-
dency for segregation and their k values
are, therefore, close to unity. The value of
kNb is of particular interest to the present
work, since each of the secondary phases
that form at the terminal stages of solidi-
fication (NbC and Laves) is Nb-rich. The
value of kNb is 0.55 in the Ni-rich 20Cb-
3/INCO 112 fusion zone, but only 0.33
in the Fe-based 20Cb-3 alloy. This indi-
cates that Nb segregates more aggres-
sively to the liquid in the 20Cb-3 alloy
than in the 20Cb-3/INCO 112 composite
fusion zone. Considering the differences
in solubility of Nb in the Fe-Nb and Ni-
Nb systems, this behavior is not surpris-
ing. For example, the maximum solid
solubility of Nb in γ-Ni is 18.2 wt-% Nb,
at 1286°C (2346.8°F) (Ref. 19). In con-
trast, γ-Fe can only dissolve a maximum
of 1.5 wt-% Nb at a comparable temper-
ature of 1210°C (2210°F) (Ref. 19). Thus,
based on these significant differences, it
is expected that Fe-rich alloys would ex-
hibit a lower solubility of Nb than Ni-rich
alloys. As the Fe-rich γdendrites begin to
form, less Nb is taken into the solid and,
as a result, more is rejected to the liquid
(in comparison to the Ni base alloys), thus,
leading to a decrease in the value of kNb.

Quantitative treatment of solute redis-
tribution during solidification of these al-
loys requires two sets of expressions: one
to describe the solidification path (i.e.,
variation in liquid composition) during
primary L → γ solidification and one to
describe the variation in fraction liquid,
fl, with liquid composition, Cl, during the
L → (γ+ NbC) eutectic-type reaction. The
model utilized here is based on a previ-
ous treatment proposed by Mehrabian,
et al. (Ref. 20), with modifications being
made to account for the high diffusion
rate of carbon in the solid. The approach

C kC f (2)s
*

o s
k= −[ ] −1 1
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50 µm

Fig. 9 — Light optical photomicrograph of par-
allel dendrites in 20Cb-3 fusion zone, which
were analyzed by an electron microprobe.

NbCNbC

NbCLaves

50 µm

50 µm

Fig. 10 — Light optical photomicrographs of
secondary solidification phases observed in
the DTA samples. A — NbC in the 20Cb-3
DTA sample; B — Laves phases in the 20Cb-
3/INCO 112 composite fusion sample that was
remelted during DTA.

A

B



is briefly outlined below, with further de-
tails of the model provided elsewhere
(Ref. 8).

The solidification path during primary
L → γ solidification is obtained by first
writing the expressions describing the re-
lation between fraction liquid, fl, and liq-
uid composition, Cl, for each solute (Nb
and C). As previously discussed, diffu-
sion of Nb in the solid is negligible and
the relation between fl and Cl,Nb is given
by the counterpart of Equation 2:

where Co,Nb is the nominal Nb concen-
tration. This relation also assumes that
dendrite tip undercooling is negligible,
thermodynamic equilibrium is main-
tained at the solid/liquid interface and
diffusion is infinitely fast in the liquid. For
transport of C, diffusion in the solid is typ-
ically fast enough to maintain equilib-
rium (Ref. 21), and the equilibrium lever
law provides the relation between fl and
Cl,C:

At any particular temperature during so-
lidification, the fraction liquid, fl, can
have only one value. Thus, following the
same approach developed by Mehra-
bian, et al. (Ref. 20), Equations 3 and 4
are equated and solved for Cl,Nb to obtain
the solidification path relation for the pri-
mary L → γ stage of solidification:

Thus, when the distribution coefficients
(kC and kNb) are known along with the
nominal alloy content (Co,Nb and Co,C),
Equation 5 can be used to calculate the
Nb content in the liquid for any given
value of carbon content in the liquid (i.e.,
the solidification path). Once the primary
solidification path intersects the line of

twofold saturation between γ and NbC,
additional terms are needed in the mass
balance equations to account for forma-
tion of two solid phases (γ + NbC) from
the liquid and a finite difference tech-
nique is utilized to solve the differential
mass balance equations. This has been
described in detail elsewhere (Ref. 8).

Figure 12 shows the solidification
paths (solid lines) of 20Cb-3 and the
20Cb-3/INCO 112 composite fusion
zone superimposed on the γ-Nb-C
pseudo-ternary liquidus projections (dot-
ted lines). These two pseudo-ternary pro-
jections were previously determined by
EPMA techniques (Ref. 8). Two separate
projections were determined — one for
Fe-based alloys (applicable to the Fe-rich
20Cb-3 fusion zone as shown in Fig.
12A) and one for Ni-based alloys (appli-
cable to the Ni-rich 20Cb-3/INCO 112
fusion zone shown in Fig. 12B). Due to
the Laves stabilizing effect of Fe, the
twofold saturation line separating the γ
and Laves primary phase fields is dis-
placed to slightly lower Nb contents on
the liquidus surface for the Fe-based al-
loys compared to the that for the Ni-
based alloys. Otherwise, the two
projections are similar. The direction of
decreasing temperature on the liquidus
surface is indicated on the dotted lines.
Note that the start temperature of the L →
(γ + NbC) reaction increases with in-
creasing carbon content.

The solidification path of each alloy
initiates at the nominal alloy composi-
tion, where fl = 1 and progresses toward
the line of twofold saturation separating
the γ and NbC primary phase fields, as
the interdendritic liquid becomes en-
riched in Nb and C. For the 20Cb-3/
INCO 112 composite fusion zone, the
nominal C content is relatively low and
the Nb content is relatively high. Thus,
the liquid does not become significantly
enriched in C and the solidification path
of this alloy remains close to the γ-Nb
“binary” side of the liquidus surface. The
primary solidification path barely inter-
sects the γ/NbC twofold saturation line at
a calculated fraction liquid of 0.01, at
which point the solidification path turns
and travels down the γ/NbC twofold sat-

uration line during the L → (γ + NbC) re-
action. Only 0.002 fraction liquid is cal-
culated to be consumed during the L →
(γ + NbC) reaction, before solidification
goes to completion with the terminal L →
(γ + Laves) transformation. The final so-
lidification microstructure is predicted to
have 0.01 fraction total eutectic (γ/NbC
plus γ/Laves). Of this, 0.002 is calculated
to be γ/NbC and the remaining 0.008 is
expected to be γ/Laves. Although the in-
dividual amounts of each eutectic con-
stituent could not be measured here, the
total calculated amount of 0.01 is in rea-
sonable agreement with the measured
value of 0.033, considering the assump-
tions in the model and the difficulty in
measuring secondary phases at these low
levels.

Due to the higher C/Nb ratio, the so-
lidification path of the 20Cb-3 alloy
shown in Fig.12A extends significantly
further into the C-rich side of the liquidus
surface, as the interdendritic liquid be-
comes enriched in C. The L → (γ + NbC)
transformation is predicted to initiate at
0.005 fraction liquid, and this small
amount of liquid is predicted to be com-
pletely consumed soon after the L → (γ +
NbC) reaction is started so that no liquid
remains to undergo the L → (γ + Laves)
transformation. This is in agreement with
the experimental observations, where
the 20Cb-3 alloy formed only small
amounts of NbC (0.009 fraction) and no
evidence of Laves was observed in the
DTA trace or during microstructural ob-
servation. As explained below, these two
different solidification paths are largely
responsible for the observed differences
in weldability behavior — Fig. 2. When
the C/Nb ratio is relatively high, as for the
autogenous 20Cb-3 fusion zone, the pri-
mary solidification path extends far into
the C-rich side of the diagram and inter-
sects the γ/NbC twofold saturation line at
a relatively high temperature. As a result,
the temperature interval for the primary
L → γ stage of solidification is small for
alloys with a high C/Nb ratio. Based on
previous DTA data where the variation in
L → (γ + NbC) temperature along the
twofold saturation line was established
(Ref. 8), the L → (γ+ NbC) transformation
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Table 4 — Summary of Dendrite Core Compositions, Nominal Compositions and k Values (Composition values in wt-%)

20Cb-3 20Cb-3/INCO 112

Element Co Ccore k Co Ccore k

Fe 40.2 43.3 1.08 24.0 25.8 1.08
Ni 33.2 32.3 0.97 46.3 44.8 0.98
Cr 19.9 19.1 0.96 20.2 20.8 1.03
Mo 2.08 1.79 0.86 5.20 4.50 0.87
Cu 3.26 2.71 0.83 1.70 2.00 1.18
Nb 0.49 0.16 0.33 2.20 1.21 0.55



in the 20Cb-3 alloy is estimated to be
complete at ~1300°C. In contrast, the
20Cb-3/INCO 112 fusion zone, with its
lower C content and higher Nb content,
terminates solidification at the edge of
the γ-Nb “binary” system at 1223°C — as
shown by DTA data in Fig. 3B — which
is about 80°C lower than the 20Cb-3
alloy. The effect of these different solidi-
fication behaviors on fusion zone crack-
ing susceptibility is discussed in more
detail below.

Weldability

In terms of alloy parameters, fusion
zone solidification cracking susceptibility
depends primarily on the solidification
temperature range and amount/ distribu-
tion of liquid in the solid + liquid mushy
zone where cracking occurs (Refs. 2, 3).
Under a fixed temperature gradient (i.e.,
processing parameters), the solidification
temperature range controls the size of the
mushy zone. The mushy zone is bounded
by the liquidus temperature and the ter-
minal solidus temperature. However, not
all of the mushy zone is susceptible to
cracking. As noted by Borland (Ref. 2),
cracking occurs within regions that are
between the coherent temperature and
the terminal solidus temperature. The co-
herent temperature is the temperature at
which the primary dendrites initially
make contact and interlock to provide a
coherent network. Since the coherent
temperature is below the liquidus tem-
perature, cracking will occur through
some fraction of the solid + liquid mushy
zone. In view of this description, the ter-
minal solidus temperature is an important
quantity in terms of solidification crack-
ing susceptibility. Alloys that exhibit a ter-
minal eutectic reaction at a low
temperature widen the region over which
cracking can occur and which, in turn, in-
creases cracking susceptibility.

The amount and distribution of termi-
nal liquid — typically at or near a eutec-
tic composition — will govern the ease
with which a crack can propagate
through the region bounded by the co-
herent temperature and terminal solidus
temperature. When the solid/liquid sur-
face tension is low and/or the amount of
terminal liquid high, the liquid tends to
form a continuous film that covers a rel-
atively large portion of the grain bound-
ary and interdendritic regions. This type
of morphology interferes with the forma-
tion of solid/solid boundaries, thus re-
ducing the ability of the boundaries to
support solidification strains and increas-
ing crack susceptibility. However, an
upper limit on the amount of terminal eu-
tectic liquid often exists, above which
cracking tendency can be reduced by the
process of back-filling (Ref. 22). A model
has recently been developed (Ref. 23)
that can be used to estimate the size of
the mushy zone and variation in fraction
liquid with distance within the mushy
zone as an aid to understanding the rela-
tion between alloy composition and
cracking susceptibility. The model is
briefly outlined below and then applied
to understand the relation between alloy
composition and solidification cracking
susceptibility for the two fusion compo-
sitions of interest in this work.

Ignoring possible interactive effects
among the solutes and assuming that the
liquidus slopes are constant, the liquidus
equation for any multicomponent system
is given by

where Tl is the liquidus temperature, ml,i
is the liquidus slope for the ith solute in
the system, Cl,i is the concentration of the
ith solute in the liquid, and To is the melt-
ing temperature of the pure solvent. As
described above and elsewhere for other
alloy systems (Refs. 7, 18, 23), Nb and C
play the most important role in control-
ling the liquidus temperature and forma-
tion of secondary solidification phases in
these alloys. The presence of Si is also
important, since it is known to signifi-
cantly reduce the liquidus temperature of
the alloy (i.e., its liquidus slope is nega-
tive) (Refs. 7, 18, 23). Thus, Nb, Si and C
are treated as the solutes in these alloys,
and the remaining elements in the solid
solution with γ are treated as the
“γ-solvent.”

The diffusion of Nb and Si in the solid
during solidification is insignificant and
solute redistribution of these elements
can, therefore, be described with the
Scheil equation. The relation between
Cl,i and fraction liquid, fl, for these two
elements during primary L → γ solidifi-
cation is given by

The diffusion rate of C is high enough to
permit use of the lever law (Ref. 21) and
the relation between Cl,i and fl is given by

Inserting Equations 7a–c into 6 yields a
relation between temperature and frac-
tion liquid:

Equation 8 relates the fraction liquid to
temperature during primary solidifica-
tion as a function of nominal alloy com-
position, liquidus slopes and equilibrium
distribution coefficients. The values for
the equilibrium distribution coefficients,
liquidus slopes and To values determined
in previous work (Refs. 8, 18, 23) are
summarized in Table 5.

The variation in fraction liquid with

T = T m C f m C f

m
C

f k f
(8)

l o l,Nb o,Nb l
k

l,Si o,Si l
k

l,C
o

l C l

Nb Si+ +

+
+ −

− −( ) ( )

( )










1 1

1

C
C

f k f
(7c)l,C

o,C

l C l
=

+ −( )1

C C f (7b)l,Si o,Si l
kSi= −( )1

C C f (7a)l,Nb o,Nb l
kNb= −( )1

T T m  C (6)l o l,i l,i= +∑

260-s | JULY 1999

R
E

S
E

A
R

C
H

/D
E

V
E

L
O

P
M

E
N

T
/R

E
S

E
A

R
C

H
/D

E
V

E
L

O
P

M
E

N
T

/R
E

S
E

A
R

C
H

/D
E

V
E

L
O

P
M

E
N

T
/R

E
S

E
A

R
C

H
/D

E
V

E
L

O
P

M
E

N
T

(A)

(B)

Fig. 11 — Liquidus projection for the Ni-Nb-C
system.

Fig. 12 — Solidification paths (solid lines) of
20Cb-3 (A) and the 20Cb-3/INCO 112 com-
posite (B) fusion zone compositions super-
imposed on the γ-Nb-C pseudo-ternary
liquidus projections (dotted lines).



distance in the mushy zone during the
primary L → γ stage of solidification can
be determined by combining Equation 8
with the temperature gradient. The tem-
perature gradient is given by the ratio of
cooling rate, ε, to growth rate, R, where
the growth rate at the weld centerline
(where the maximum crack length typi-
cally develops) is generally equivalent to
or approximated by the travel speed. The
travel speed utilized here is 3 mm/s. The
cooling rate in the welds can be deter-
mined experimentally through measure-
ments of the dendrite arm spacing, λ,
using the following semi-empirical rela-
tion developed for Type 310 stainless
steel (Ref. 24), an alloy that also solidifies
as primary austenite:

where λ is in µm and ε is the cooling rate
in°C/s. Type 310 stainless steel has a
nominal composition of Fe-21Ni-25Cr,
which is similar to the 20Cb-3 alloy com-
position. Values of λ were determined by
making measurements at the weld cen-
terline in the 20Cb-3 autogenous fusion
zone. The average λ was 13 µm, indicat-
ing that under these processing condi-
tions, the welds cool at a rate of ~250°C
(450°F)/s. Thus, the temperature gradi-
ent, G (= ε/R), is ~80°C/mm. At the trail-
ing edge of the weld pool, the liquid is at
the liquidus temperature, Tl. Assuming G
is constant and taking x = 0 at T = Tl, the
relation between temperature and dis-
tance, x, in the mushy zone is given by

Thus, Equations 8 and 10 can be com-
bined to determine the variation in fl with
distance in the mushy zone during the
primary solidification stage. When the
L → (γ + NbC) reaction begins, the rela-
tion between fl and Cl is given as previ-
ously modeled (Refs. 8, 23). The L → (γ+
Laves) reaction occurs over a relatively
narrow temperature range and is, there-
fore, estimated to occur isothermally.
Thus, the point at which the liquid com-
position satisfies conditions for the L → (γ
+ Laves) reaction is taken as the end of
the mushy zone and the value of fl at that
point corresponds to the amount of the
γ/Laves constituent that forms “isother-
mally” at that location. Lastly, the fl-x re-
lation developed for the eutectic-type
transformations is joined to the fl-x rela-
tion for primary solidification to con-
struct the entire fl-x curve in the mushy
zone.

Figure 13 schematically illustrates the
variation in fraction liquid with distance
that is calculated with the procedure ex-
plained above. (For simplicity, the condi-

tion is illustrated for a system in which
the eutectic solidifies isothermally.) At
the liquidus temperature (i.e., the bound-
ary between the liquid weld pool and
solid + liquid mushy zone), the fraction
liquid is equal to one and x = 0. As dis-
tance increases beyond this boundary,
there is a mixture of solid and liquid,
which is uniquely defined by tempera-
ture. At the position where the actual
temperature coincides with the eutectic
temperature, solidification is complete
and the fraction liquid is equal to zero.
For the multicomponent systems consid-
ered here, the eutectic solidifies over a
range of temperatures and thus over a
range of positions (not shown for sim-
plicity). As previously discussed (Ref. 7),
it should be emphasized that the
schematic illustration in Fig. 13 is not in-
tended to suggest that single primary
cells or dendrites will traverse the entire
mushy region, but the diagram is in-
tended to reveal the features calculated
with the approach described above. Due
to the simplifying assumptions (i.e., con-
stant liquidus slopes and distribution co-
efficients), the method utilized here is
only semi-quantitative. However, as
shown below, the results provide realis-
tic estimations of the mushy zone sizes
and are very useful for making compar-
isons among alloys with composition
variations.

Figure 14 compares the variation in
fraction liquid in the mushy zone for the
20Cb-3 and 20Cb-3/INCO 112 fusion
zones. As previously noted, cracking
does not necessarily occur through the
entire mushy zone, but is generally ex-
pected to occur through some fraction of
the mushy zone that is bounded by the
coherent temperature and the terminal
solidus temperature. In this regard, the
terminal solidus temperature is important
since it controls the location of the ex-
tremity of the mushy zone and, thus, will
affect the distance over which cracking
can occur. As explained below, these
plots reflect how this factor is influenced
by alloy composition. In addition, the
calculations also reveal important
information concerning the variation in

fraction liquid with distance within this
region, and this characteristic controls
the ease with which a crack can propa-
gate through the crack-susceptible
region.

Figure 14A shows the variation in
fraction liquid with distance over the en-
tire range of solidification (0 < fl < 1),
while Fig. 14B shows an expanded view
near the terminal stages of solidification
(0 < fl < 0.1). The distance over which the
primary L → γ stage of solidification oc-
curs is noted in Fig. 14B for each alloy.
As described previously, the 20Cb-3
alloy terminates solidification near the
edge of the mushy zone with the L → (γ+
NbC) reaction, while the last remaining
liquid in the 20Cb-3/INCO 112 compos-
ite fusion zone is enriched in Nb to the
point where solidification ends with the
L → (γ + Laves) transformation. The in-
fluence of alloy composition on the dis-
tribution of liquid and size of the mushy
zone is readily evident — particularly in
Fig. 14B for the terminal stages of solidi-
fication (i.e., near the edge of the mushy
zone where cracking occurs). Note that
the 20Cb-3 alloy always has a lower level
of liquid present, particularly at the edge
of the mushy zone. As demonstrated in
Fig. 12, the 20Cb-3 alloy — with a rela-
tively high C/Nb ratio — exhibits a solid-
ification path that extends far into the
C-rich side of the pseudo-ternary liq-
uidus projection where the primary L →
γ solidification path intersects the line of
twofold saturation between γ and NbC at
high temperatures. As a result, the L → (γ
+ NbC) reaction occurs at a relatively
high temperature (~1300°C) and the re-
action is, therefore, initiated at a short
distance behind the liquid weld pool.
Once the reaction starts, the very small
amount of remaining liquid is consumed
over a short distance (small temperature
range). Thus, the solid + liquid mushy
zone in the 20Cb-3 alloy is relatively
small. As a result, the region over which
cracking can occur is also small and the
resistance to cracking is, therefore, rela-
tively good. The calculated size of the
mushy zone, ~2 mm, is similar to the
measured maximum crack length of 1.8

x
T T

G
(10)l= −

λ ε= −80 0 33. (9)
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Table 5 — Summary of Liquidus Slopes, Equilibrium Distribution Coefficients and To Values

Quantity 20Cb-3 20Cb-3/INCO 112

ml,Nb, (°C/wt%) –5.0 –8.3
ml,Si, (°C/wt%) –14.1 –23.4
ml,C, (°C/wt%) –20.5 –34.1
kNb 0.33 0.55
kSi 0.58 0.71
kC 0.21 0.21
To, °C 1447.5 1437.7



mm. While the calculations are not ex-
pected to provide exact values of the
mushy zone, the similarity in these two
values suggests that the calculated values
are reasonable. (In addition, reference to
Fig. 2 indicates that the 20Cb-3 alloy may
not have been tested to the full-saturation
strain level and, therefore, its MCL may
be slightly larger than that shown by the
current Varestraint results. However, pre-
vious work on similar alloys [Refs. 6, 11,
12] has shown that a 2.5% applied strain
level is at saturation strain. By compari-
son, the C/Nb ratio of the 20Cb-3/INCO
112 composite fusion zone is much
lower. As a result, the primary solidifica-
tion path travels closer to the γ-Nb “bi-
nary” edge of the pseudo-ternary
projection, where the eutectic transfor-
mations occur at lower temperatures
[1223°C for the terminal L → (γ + Laves)
reaction]. Thus, the edge of the mushy
zone is extended out to larger distances.
This is readily evident for the 20Cb-3/
INCO 112 curve shown in Fig. 14B.
Since the crack-susceptible zone is
contained within the low-temperature
region of the mushy zone, extension of
this low-temperature region out to larger
distances translates into higher solidifi-
cation cracking susceptibility and a
larger MCL. The calculated mushy zone

size of ~3.5 mm is reasonably close to the
maximum crack length of ~3 mm. Again,
the calculated size of the mushy zone is
not expected to be exact and cracking
will not occur through the entire mushy
zone, but the similarity in these two
values indicates the calculations are
realistic.

The approach developed here permits
prediction of mushy zone characteristics
and resultant weldability as a function of
alloy composition. In particular, alloys
with a high C/Nb ratio exhibit better
weldability than alloys with low C/Nb ra-
tios. The influence of Fe concentration
can also be considered through the dis-
tribution coefficient for Nb, kNb, since
kNb is known to decrease as the Fe con-
centration increases (Ref. 8). This can
provide a useful method for optimizing
alloy or filler metal composition for min-
imizing fusion zone solidification crack-
ing susceptibility. Note that the influence
of welding parameters can also be con-
sidered through their influence on the
temperature gradient. For example, the
temperature gradient decreases with in-
creasing heat input. This, in turn, will
cause the crack-susceptible region to en-
large and increase the maximum crack
length. However, these processing pa-
rameter effects are fairly straightforward

and well understood, and the model is
expected to be more useful for providing
insight into composition-weldability re-
lations that are more complicated and
difficult to predict.

Summary

The solidification behavior and solid-
ification cracking response of autoge-
nous 20Cb-3 and composite 20Cb-3/
INCO 112 fusion zones were investi-
gated by Varestraint testing, differential
thermal analysis and microstructural
characterization techniques. The 20Cb-3
alloy initiated solidification by a primary
L → γ reaction. Due to its relatively high
C/Nb ratio, the interdendritic liquid be-
came highly enriched in C, until solidi-
fication terminated at ~1300°C by a
eutectic-type L → (γ + NbC) transforma-
tion and none of the γ/Laves constituent
formed. In contrast, the lower C/Nb ratio
of the composite 20Cb-3/INCO 112
fusion zone caused the interdendritic
liquid to become more highly enriched
in Nb, so that solidification terminated
at a lower temperature (1223°C) by the
eutectic-type L → (γ + Laves) reaction.
The higher resistance to solidification
cracking displayed by the autogenous
20Cb-3 fusion zone is attributed to its rel-
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Fig. 13 — Schematic illustration showing boundary conditions. At the
liquidus temperature, the fraction liquid is one at x equal to zero. The eu-
tectic temperature defines the edge of the solid + liquid region, where
the fraction liquid is zero.

Fig. 14 — Variation in fraction liquid with distance within the mushy
zone for 20Cb-3 and the 20Cb-3/INCO 112 composite fusion. A — Vari-
ation in fraction liquid with distance over the entire range of solidification
(0 < fl < 1); B — expanded view near the terminal stages of solidification
(0 < fl < 0.1).



atively high C/Nb ratio and concomitant
ability to avoid formation of the low tem-
perature L → (γ + Laves) reaction, thus
decreasing the size of the crack suscepti-
ble solid + liquid mushy zone.
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Presentations Sought for Pipe Fabricating Conference

The Tube & Pipe Association, International (TPA), is currently accepting submissions to present
technical papers at Pipe Fabricating 2000, April 2000, in Fort Lauderdale, Fla.

All material presented must be free of commercialism and should pertain specifically to pipe
fabrication methods and technology. Presentation topics appropriate for this conference
include forecasting/trends, quality control, industry standards, new research and development,
welding considerations and mechanical contracting operations. Case studies that examine
small pipe fabrication shops are of special interest.

To request a speaker application, contact TPA customer service at 815-399-8775, or e-mail
info@tpatube.org. Application deadline is October 1, 1999.

The Tube & Pipe Association, International, is the leading educational association serving the
metal tube and pipe fabricating industry. TPA offers technical conferences, expositions, indus-
try publications such as TPJ — The Tube & Pipe Journal®, a technical research library,
industry wage surveys, networking opportunities and much more. For more information, con-
tact TPA at 815-399-8775 or fax 815-399-7679 (USA).


